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FOREWORD BY THE GENERAL CHAIRMAN

The International Meeting on Fast Reactor Safety and Related Physics was
jointly sponsored by the American Nuclear Society (Nuclear Reactor Safety
Division, Reactor Physics Division, Chicago Section), and the European Nuclear
Society. It provided a forum for exchange of information concerning all aspects
of fast reactor safety. The timeliness and international character of the
meeting was apparent from the large attendance (580 engineers and scientists),
coining from ten different countries.

The European Nuclear Society, organized shortly before detailed planning
for the meeting was started, joined in co-sponsorship through the good offices
of Alain Cclomb and Pierre Zaleski, respectively, President and Vice-President
of ENS. There is no doubt that the large attendance from outside the US was
due to a considerable extent to the organizational support received from Europe
and Japan as well.

Special gratitude is expressed to Michel Banal, General Co-Chairman of the
meeting representing ENS, Member of the Board of Directors of Electricity de
France and President of the Board of Directors of NERSA, and to Robert G. Sachs,
Honorary Chairman of the meeting, Director of Argonne National Laboratory and
Professor at the University of Chicago, for their support and contributions.
The presence of Laura Fermi at the banquet was greatly appreciated and added
historical perspective to the significance of the meeting.

The luncheon address by Jean Me*gy, Deputy President of Novatome, the
dinner address by Hans A. Bethe, Professor at Cornell University, and the closing
address by Michel Banal, formed some of the highlights of the meeting and added
considerably to its significance.

The Steering Committee acknowledges its indebtedness to many persons for
their support and contributions, including the chairmen and members of the
various committees, the conference staff, the student projectionists, etc. While
it is not possible to thank everybody individually, it is appropriate that the
names of some of the key persons are given in the committee listings included
in these volumes. Special thanks for outstanding services rendered are due to
the Technical Program Committee, the International Advisory Committee, and the
Special Consultant; their efforts resulted in a most valuable technical program.
The difficult and lengthy tasks of transcribing and editing the recorded discus-
sions pertaining to all the special sessions was performed under the able and
careful direction of William J. Sturm, Chairman Publication Committee, as- :ted
by Jan B. van Erp, Associate Technical Program Chairman.

Finally, sincere thanks are due to all attendees for their many contributions,
either through participation in the discussions or otherwise. It is hoped that
this set of Proceedings will provide an accurate record of the state-of-the-art
and the spirit of international cooperation prevalent during the meeting.

Donald T. Eggen
Evanston, Illinois
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FOREWORD BY THE TECHNICAL COMMITTEE CHAIRMAN

The safety of nuclear power reactors is, by its nature, a subject that is
best studied and dealt with on an international basis. The co-sponsorship, on
an equal basis, of the International Meeting on Fast Reactor Safety and Related
Physics held in Chicago, Illinois, by the American Nuclear Society and the
European Nuclear Society, is in keeping with a long-standing tradition of inten-
sive and open international dialogue on all matters concerning nuclear reactor
safety.

The usefulness, and thus the success, of any scientific and technical
meeting depends to a very large extent on the resourcefulness and willingness
to contribute of the members of the Technical Program Committee, who are
charged with the planning and organization of the technical content of the
meeting. Therefore if the International Meeting on Fast Reactor Safety anc'
Related Physics is judged to have been successful it is to a very large extent
attributable to the Technical Program Committee, which consisted primarily of
members of the Nuclear Reactor Safety Division and the Reactor Physics Division,
the two sponsoring ANS professional divisions.

Consistent with the international character of the meeting, a particularly
large contribution in the planning and organization of the meeting was also
made by the non-US members of the Technical Program Committee, namely the
Special Consultant, the ENS-appointed Associate Technical Program Chairman, and
the Members of the International Advisory Committee. No doubt the large parti-
cipation and the high quality of the contributions from outside the US are to
a large extent due to their considerable efforts.

The apparent timeliness of the meeting resulted in a large number of contri-
buted papers, necessitating an increase in the number of parallel sessions
beyond that originally intended and beyond what is usually considered optimum.
The alternative, a large rejection rate, was considered but found not to be
acceptable in view of the high quali'.y of the papers.

Nuclear reactor safety, like most aspects of any technology, has evolu-
tionary characteristics, and can only develop hand-in-hand with the development
of the technology itself. Though perhaps some safety issues pertaining to
postulated low-probability events have not been answered in all detail, there
is no doubt that - and this appears to have been the consensus at the meeting -
the large body of safety-related knowledge amply justifies proceeding prudently
with the construction and operation of demonstration fast breeder power plants
at this time. It is therfore also not too soon to initiate the development of
internationally accepted safety-related design criteria and standards. This
point was forcefully and eloquently brought home by, among others, M. Jean Megy
in his interesting luncheon speech. This is on of many areas for profitable
international cooperation.

It would be an omission not to mention the important contributions to the
meeting made by Professor Hans A. Bethe, truly the internationally accepted
mentor of fast reactor safety, which vere not limited to his interesting and
informative dinner speech but included many penetrating remarks and questions
made during the sessions as well. We wish to thank him most cordially for his
willingness to participate. Finally thanks are due to all attendees - authors,
session chairmen, and others - for their contributions to, and t^rticipation in,
this meeting which is hoped to have promoted continued and intensified inter-
national cooperation in the development of fast breeder reactors.

R. Avery, Chairman
Tachnical Program Committee



PREFACE

As presented in these volumes, the Proceedings of the International Meeting
on Fast Reactor Safety and Related Physics incorporate a number of departures
from straightforward replication of the technical program. First, the textual
matter was regrouped into four somewhat topical or functional categories as
follows:

Volume I - Invited Papers; Panels; Summary
Volume II - Licensing; Safety-Related Oesign
Volume III - Accident Analysis; Structural Dynamics
Volume IV - Phenomenology.

With this separation of papers it is possible for the reader to purchase or
consult volumes more specific to his individual needs or interests. Volume I
should have the broadest appeal to lay and professional readers; subsequent
volumes are topically grouped to be more conveniently useful to the teennical
generalist and specialist alike.

The Proceedings also include the floor discussion associated with the
invited papers of the five Special Sessions in Volume I, as veil as a complete
transcription of the panel discussions following these sessions. This material
was compiled from tape recordings made during the meeting and, although they
considerably increased the editorial production problems and delayed printing
somewhat, the discussions are expected to increase the usefulness of the
Proceedings. The audience questions provide a valuable complement to the
technical papers and summary discussions, revealing much about the current
status of the technology and something of the differences in opinion and atti-
tude toward the remaining problems in the field.

In a similar vein, the banquet address of Hans Bethe, the luncheon address
of Jean Megy and the closing remarks of Michel Banal have been transcribed from
recordings and manuscript. Appearing at the end of Volume I, these talks pro-
vide international and historical perspective as well as sage practical admoni-
tions both technical and philosophical.

Although taking moderate editorial privilege in the interest of readability,
the Publication Chairman has throughout exercised his responsibility to retain
the absolute integrity of the speaker's message (even including an occasional
apparent lapsus linguae) in the transcription of the tape-recorded material. As
is clear from some of the interchanges however, what is said in the discussions
represents the opinion of the speaker and not necessarily that of the sponsoring
organizations nor the consensus of the attendees.

It is a pleasure to acknowledge my indebtedness to the professional advice
and productive competence of Ms. Joyce A. Kopta, Assistant Publication Chair-
man, who reduced an overwhelming task to tractability and contributed many of
her own ideas to the usefulness of the publication.

William J. Sturm
Publication Chairman
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A MULTICH/ NEL ANALYSIS FOR PREDICTING TEMPERATURES AND BOILING
INITIATION IN LMFBR SUBASSEMBLIES DURING A FLOW TRANSIENT

Dr. Ir. R. Nijsingand D'. Ing. W. Bifler

EURATOM, J.R.C. -1 21020 Ispra (Varese), Italy

ABSTRACT

This paper deals with the transient t her mo-hydraulic subchannel behaviour of LMFBR
subassemblies subjected to loss-of-coolant-flow conditions. It fccusses on the temperature beha-
viour in the stage prior to boiling inception. The model applied is based on the description of a
significant number of subchannels and associated fuel rods and takes account of transverse mixing
between adjacent subchannels. An analytical approach is used for solving the energy equations
pertaining to both the coolant and the solid material region. Illustrative results are given for va-
rious rod bundle configurations subjected to a prescribed flow decay.

INTRODUCTION

. Loss of coolant flow accidents in LMFB reactors - initiated by highly unlikely events as: pump
coast down without scram, pipe rupture, sudden channel inlet blockage - may lead to coolant boiling
and partial voiding of the core, followed by melting of fuel rod material and reassembly of large
amounts of fuel into a more reactive configuration. An accurate description of void propagation with-
in the core is of key importance for evaluating reactivity insertion rates and for predicting the course
of the accident. In currently applied accident-analysis code systems [1,2,3] it is assumed that boiling
inception and voiding occur simultaneously across large sections of the core and across single sub-
assembly sections. This assumption is excessively pessimistic and in recent years it has been pointed
out that allowing for delays between boiling inception at various radial positions of a subassembly
may result in a considerable reduction of the accident consequences [4,5,6]. The incoherency effects
referred to here originate from radial variations in the coolant temperature prior to boiling. As re-
ported in previous publications [7,8] under normal reactor operating conditions radial coolant tempe-
rature differences develop in the flow direction due to radial power gradients and/or geometry effects.
In first approximation these differences are proportional to the ratio power/flow, consequently they
increase at reduced flows.

It is important to bear in mind that during normal reactor operation the coolant is highly sub-
cooled, tn fact, the axial coolant temperature rise has to be increased by about 4 times its nominal
steady state value before boiling can occur. Therefore, when a subassembly is subjected to a flow
transient, during a significant part of the transient single phase conditions will prevail. During this
timt the coolant temperature varies due to transient convection, mixing between subchannels and
transient conduction effects in fuel rods and structure materials. The single-phase-flow part of the
transient merits detailed analysis for the following reasons:

a) it allows determination of position and time of boiling inception
b) the spatial temperature distribution, at boiling inception, of both the coolant and fuel rod

materials may have a significant effect on the subsequent transient boiling process
c) the physical situation in the preboiling stage is well defined and is thus amenable to reliable

analysis
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The results presented in this paper chiefly regard the single phase stage prior to inception of
boiling. The computational approach adopted is briefly described below.

COMPUTATIONAL MODEL

The central problem is to find a solution for combined transient coolant heat transfer and
transient fuel rod conduction in a bundle with a significant number of fuel rods. The essential features
of the analysis adopted by us for this purpose are:

- subdivision of the flow area into KT subchannels in which the hydrodynamic and thermal
coolant conditions are characterized by bulk average values (Fig. 1 ).

heat source density of
"equivalent rod"associatad
with subchannel K is
obtained by averaging
heat source density of
bounding rods

"wall-associated"
subchannel

fuel red

"rod-associated"
subchannel

Fig. 1: Subdivision of bundle flow area

description of thermal coolant interactions between adjacent subchannels in terms of a mix-
ing coefficient
association of a single equivalent fuel rod or channel wall segment with each subchannel
(Fig. 1 ); the former being radially discretized for a specified number (NAX) of axial posi-
tions (Fig. 2)

wall

I
fuel rod section channel will section

Fig. 2: Radial discretisation of fuel rod and channel wall segment

application of energy balances to the fuel rod (wall) elements, yielding for each axial posi-
tion X(NA) a system of differential equations with the average element temperature T(l)
as dependent variable and time as independent variable
application of energy balances to subchannel cooiant elements in motion yielding a diffe-
rential equation system with subchannel coolant enthalpy H(K) as dependent variable
and time as independent variable
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- formulation of separate analytical solutions foi the coolant - and solid material - regions by
satisfying the continuity requirements for heat flux and temperature at the solid-coolant
boundaries for each subchannel and for each of the axial positions considered.

Intersubchannet mixing

The models applied for evaluating intersubchannel mixing coefficients, take account of conduc-
tion, turbulent diffusion and/or the action of helical spacing wires and have been described by us in a
previous publication [7 j .

Fuel rod (wall segment) heat conduction aspects

Neglect ot axial conduction reduces the fuel rod (wall) problem to one of one-dimensional
transient cond i t i on . For a given subchannel K and axial position X(NA) the radial temperature dis-
tribution in a rod (wall segment) is governed by:

dT

dt
= [DSf1 [AS] | T | + Q(t) (1)

where [DS] is a diagonal matrix of rod (wall) - element heat capacities and [AS] a symmetrical tridiago-
nal matrix of coefficients governing conductive heat transport between adjacent elements, whereas

dT
dt

and Q(t) represent column vectors of temperature and heat source terms. Eq.(1) is

solved analytically, as described by us, in ref. [9], via tiie solution of an algebraic eigenvalue problem.
Important is that all the different fuel rod positions require a single solution of the algebraic eigenvalue
problem and storage of a single set of eigenvalues and associated eigenvectors.

Coolant heat transfer

The bundle is subdivided into axial segments of equal length A x (Fig. 3). For subchannel
coolant elements travelling during a time interval At(N) from initial axial positions XfNA) [10] to arri-
val positions X(NA+1) the time dependence of subchannel coolant enthalpies is governed by:

[AC]{H QH(t) (2)

where [DC] is a diagonal matrix of subchannel coolant heat capacities and [AC] a symmetrical matrix
of intersubchannel heat transport coefficient whereas

represent column vectors of coolant enthalpy change rates: coolant ent-

halpies and time-dependent subchannel heat input terms. The procedure adopted for solving eq (2) is

again based on an "eigenvalue approach" and is similar to that described by us in ref. [7].

dH
i i and QH(t)

axial heat flux
profile at time
UN)

coolant Ax-axial distance
travelled by coo-
lant element in

to " " period At (N)

subchannel

x —r—tx—r- -&x—r—&x —1—Ax

solid {heat generatinglmaterial x . x
\\\\\\^\\\\\\\\\\\\\\^X^1

axial direction

Fig. 3: Schematic representation of heat input into subchannel coolant elements
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Coupling between coolant- and solid material-regions

The solution of eq.(1) for a given position in the bundle depends on the time variation of ther-
mal coolant conditions, whereas the solution of eq.(2) depends on the rod (wall) heat flux experien-
ced by the coolant elements in their axial motion through the bundle. For a sufficiently large number
of axial positions and (consequently) sufficiently small time intervals At(N) it is justified to make the
following assumptions:

- the local heat flux at the solid-coolant boundary varies in a linear fashion with time during
a time interval At(IM)

- the heat flux, at a given time, varies linearly over the axial distance interval Ax .
The combined solution of eqs.d) and (2) is now straightforward and yields temperature and heat flux
results at t(N) = t(N-1) + At(N) representing initial conditions for a subsequent computation step.

APPLICATIONS

The illustrative results presented in this section regard the effect of prescribed flow decays on
the thermal behaviour of bundles of different sizes and with different spatial distributions of heat ge-
neration. The most important parameters underlying the computations have been collected in table I.

Table I : Input parameters for illustrative calculations (kg-m-sec units)

pitch-to-diameter ratio
distance rod centre-channel wall

relative to rod radius
outer cladding diameter
inner cladding diameter
outer fuel diameter
axial pitch for wire spacers
fuel properties

thermal conductivity
sn^ific heat
density

cladding properties
thermal conductivity
specific heat
density

channel wall properties
thermal conductivity
specific heat
density

1.2

1.4
0.006
0.0052
0.005
0.15

2.5
400

• 10000

20
500
8000

20
500
8000

fuel cladding gap heat transfer coefficient
radial discretisation of fuel, cladding.

channel wall
average linear power (W/m) in

fuel region
axial power distribution

217-pin subassembly
19-rod, 37-rod and
61-rod bundles

lateral power distribution
217-pin subassembly

19-rod, 37-rod and
61-rod bundles

coolant
initial bulk coolant velocity
inlet coolant temperature
coolant saturation temperature
boiling superheat

10000
15,5,10
elements

30000

see Fig. 10

uniform

40%
variation

uniform
sodium
7
400° C
1000°C
20°C

For all cases considered the ir.et bulk coolant velocity undergoes a rapid exponential decay
according to

ub = 7 exp ( - 2t) (3)

from an initial vai^e ub = 7 m/sec until ub = 1 m/sec at t = 0.973 sec, after which it remains constant.

Hexagonal wire-spaced bundles containing 19,37 and 61 fuel rods

The attention given to small bundles is justified by their frequent use in experimental out-of-
pile and in-pile investigations. The results presented here regard wire-spaced bundles with 19, 37 and
61 rods respectively and with a radially and axially uniform heat source distribution. Figs. 4 to 7 deal
with transient temperatures and heat fluxes in a 19-rod bundle.

In transient experiments with small bundles central subchannel tem|. ratures tend to be higher
thun the bulk coolant temperature due to the important fraction of coolant flowing in the relatively
large peripheral subchannels and due to a transient heat sink effect of the channel wall. Fig. 4 provides
information on this aspect. It shows axial profiles of bulk coolant temperature and central subchannel
coolant temperature for the initial steady state and f two times after start of the transient. It is ob-
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served that both the bulk coolant temperature and the subchannel coolant temperature increase du-
ring the flow decay and continue to increase after the time t = 0.973 sec at which the coolant velocity
has assumed the new steady value of 1 m/sec. The difference in temperatures of suboiannel coolant
and bulk coolant appears to be less important than that expected from considerations based on the
power to flow ratio. The effects referred to here can be explained by the thermal inertia of the fuel
rod- and channel wall-materials, which alter the spatial distribution of heat input into the coolant. In-
formation on this is provided by Fig. 5 which shows the axial distribution of heat flux associated with
the central subchannel of the 19-rod bundle at various times.

woo

Fig. 4: Axial profiles of bulk coolant temperature
and central subchannel coolant temperature
in 19-rod bundle

t.Q973sre

02 04 06 09 10

Fig. 5.' Axial distribution of heat flux for central
subchannel of 19-rod bundle at various times

It is observed that during the flow transient the heat flux diminishes sharply from the initial
axially uniform value of 159 W/cm2 to less than 70 W/cm2, the axial heat flux variation being steep-
est near the bundle inlet. For times beyond t = 0.973 sec characterized by a constant coolant velocity
of 1 m/sec the thermal situation tends newly towards
a steady state. This explains the observed increase
of heat flux at t = 1.573 sec. In small bundles the
thermal inertia of the channel wall may have an im-
portant effect on the transient thermal behaviour
and hence on the time and position of boiling incep-
tion. The effect of channel wall thickness on the out-
ward heat flux into the channel wall is shown in
Fig. 6 for the axial position at the bundle outlet. It
appears that the heat sink effect exerted by the
channel wall is very important and corresponds to
outward heat fluxes beyond 100 W/cm2. In line
with expectations the effect of wall thickness is re-
latively more important for larger times. The time
history of central subchannel coolant temperatures
at the bundle outlet is shown in Fig. 7 for various
thicknesses of the channel wall. It may be observed
that the effect of channel wall thickness on the cen-
tral subchannel coolant temperature starts to be
significant for times exceeding 1 sec. Fig. 8 provides
a comparison of transient coolant temperatures in

central subchannels of wire-spaced hexagonal fuel Fig 6 . time^ependent outward heat flux into
rod bundles wi th a channel wall thickness of 2 mm cnanne, watl at outlet of 19-rod bundle
contaihing 19, 37 j n d 61 rods respectively. for various wall thicknesses
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As to be expected an increase in bundle size entails an increase in coolant temperature for the
central subchannels. The temperature difference AT between central subchannels and bulk coolant is
a measure for the radial temperature incoherency in the bundle. Fig. 8 shows that AT is largest for the
61-rod bundle and may amount to more than 100°C. This at first sight surprising behaviour is associa-
ted with intersubchannel mixing.

1100

1000

TPC)

WOO

Z-~<~

900

T
(•C)

BOO

700

0.32 064 0.96 12S' 1.6

Fig. 7: Time history of central subchannel coolant
temperatures in 19-rod bundle for various
wall thicknesses

'."V.
* *37 ods / '

7/\
iZ7

•61 rods

3?r«fc

150

KX>

PC)
SO

ctfltral subchannd

0 032 0.6t 096 128 1.6
ttetc)

Fig. 8: Transient coolant temperatures in bundles
containing 19, 37 an* 61 rods

Hexagonal 217-pin subassembly with 40% lateral power variation

The case considered here is that of a hexagonal 217-pin subassembly including axial blanket
with a lateral power variation of 40% along the diagonal of the hexagonon. The subchannels conside-
red are those located along the diagonal (Fig. 9). Channel wall heat capacity effects are supposed to be
of negligible importance here.

direction of power variation

3 5 7 9 Tl 13 15 T7 S 21 23 25 27 29 31 33 35

4 3 8 10 12 14 16 18 20 22 24 26 28 30 32 / .

tfith highest rating rod with smallest rating

Fig. 9: Numbering of subchannels along diagonal
in hexagonal 217-rod assembly

Fig. 10 deals with the steady state situation of a bare rod system. It shows the axial distribu-
tion of heat source density in fuel (0 -1.0 m) and axial blanket (1.0 -1.4 m) and additionally the ini-
tial axial coolant temperature profiles for subchannels 2,4, 32 and 34. Noteworthy is that the diffe-
rence in temperature between subchannels 4 - 2 and 32 - 34 respectively represents the maximal peri-
pheral cladding temperature difference for a "high power" rod and "low power" rod respectively.
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Fig. 10: Axial distribution of power and of initial
subchannel coolant temperatures in sub-
assembly with bare rods

I 5 7 9 H 1315 17 19 21 Z325 27 2931 3335
subchannel number along diagonal

Fig. 11: Time history of lateral subchannel coolant
temperature profiles for subassembly with
bare rods

Figs. 11 and 12 show how at x = 0.9 m lateral temperature profiles develop with time for bare
rod systems and wire-spaced systems respectively. Both figures show that during the transient the
temperature incoherency increases with respect to that pertaining to ilie initial steady state. This in-
crease is however much smaller than that expected from considerations based on the power to flow
ratio. Axial profiles of coolant temperature and heat flux associated with the "hot" subchannel no.5#

for the case of bare rods, are given in Figs. 13 and 14 respectively.
Fig. 13 shows that in the fuel region (0-1.0 m) both the subchannel coolant temperature and

the bulk coolant temperature increase with time. The difference between the latter is again much

1000

217-rod bundle
helical wire spacers
».0 9m I

1000r •-1

900

500
1 3 5 7 9 1 1 1 3 1 5 1 7 1 9 2 1 2325272931 3335

subchannel number along diagonal

Fig. 12: Time history of lateral subchannel coolant
temperature profiles for subassembiy with
helical wire spacers

Fig. 13: Time history of axial profiles of hot sub-
channel coo/ant temperature and bulk
coolant temperature for subassembly with
bare rods
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smaller as expacted from power to flow considerations. The heat sink effect exerted by the axial bree-
der is remarkable. At x = 0.9 m the hot subchannel increases in temperature from 675°C to 992°C in
0.973 sec whereas the corresponding increase at the blanket outlet is less than 60°C. The importance
of heat capacity effects associated with pins in both the fuel and blanket regions is supplemented by
the results of Fig. 14. The heat flux decreases rapidly during the transient assuming negative values
in the blanket region beyond -60 W/cm2.

2600

0 02 04 06 OS 10 12 U 20

Fig. 14: Time history of heat flux pertaining to
hot subchannel in subassembly with
bare rods

Fig. 15: Transient cladding • and fuel-temperatures
at axial position x = 0.6 m and for sub-
channel No. 5

Figs. 15 and 16 deal with boiling inception in the 217-pin subassembly. The data were compu-
ted for conditions where sodium boiling initiates at 20°C superheat and where at boiling initiation a
liquid coolant film of 3 mm is formed at the outer cladding surface. It is assumed that this film is not
affected by the boiling-flow process and that it may disappear only due to evaporation. Further
assumptions underlying the present computations are that (a) upon start of boiling in the subassembly
all coolant at temperatures above the saturation temperature is involved in the boiling process, (b) the
boiling process does not affect the inlet flow conditions and does not give rise to internal subchannel
flow-redistribution phenomena upstream of the position of boiling inception. Fig. 15 presents tempe-
rature data pertaining to inner cladding, bulk fuel and fuel centre for the "hot" subchannel No. 5 at
axial position, x = 0.6 m where the linear power q' = 380 W/cm. During the flow transient the inner
cladding is rising in temperature up to a fraction of a second after local inception of boil g. The inner
claddingtemperature then slightly decreases until occurrence of dry-out, after which it rises rapidly to
reach at about 2 sec after start of the transient the value of the melting point. Fig. 15 shows that, as
to be expected, bulk fuel temperature and fuel centre temperature change much less drastically, the
respective increases at t = 2 sec being less than 260°C and 80°C.

Fig. 16 shows how boiling boundaries propagate upstream for 3 characteristic subchannels of
the 217-pin bundle. Boiling in the subassembly starts in subchannel 5 at x = 0.9 m at 1.045 sec after
start of the flow transient. It appears from Fig. 16 that at boiling initiation relatively large axial por-
tions of the coolant are involved in the boiling process. It further may be observed that the lateral
power gradient entails a significant incoherency of boiling inception, the delay of subchannel No. 31
with respect to subchannel No. 5 amounting to more than 0.5 sec.

FINAL REMARKS

The computational approach put forward in this paper provides the possibility to determine
accurately the transient temperature field during the single-phase flow part of accidental fuel bundle
transients. Although no special efforts were made to minimize computation times, the latter are quite
satisfactory. The 217-pin subassembly case dealt with in this paper required, for the IBM 370/165
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Fig. 16: Upstream propagation of boiling boundary in subchannels 5, 18 and 31

computer, 3.45 minutes. This feature makes the method an efficient tool for performing parametric
studies for flow/power transients in large fuel rod bundles.

ACKNOWLEDGEMENT: The authors express acknowledgement to Mr. G. Oe Vries for his assistance in computer
programming.

REFERENCES

(1 ] J.C. CARTER et al., "SAS 1 A, A Computer Code for the Analysis of Fast-Reactor Power and Flow Transients,'
Transients", ANL-7607, Argonne National Laboratory (1970)

[2j A.E. WALTAR et al., "MELT- I I I , A Neutronics Thermal Hydraulics Computer Program for Fast Reactor
Safety Analysis", HEDL-TME74-47, Hanford Engineering Development Laboratory (1974)

[3] P.WI RTZ, "Ein Beitrag zur theoretischen Beschreibung des Siedens unter Storfallbedingungen in natrium-
gekuhlten schnellen Reaktoren", KFK 1858, Gesellschaft fur Kernforschung m.b.H., Karlsruhe (1973)

[4] T.C. CHAWLA and H.K. FAUSKE, "On the Incoherency in Subassembly Voiding in FTR and Its Possible
Effect on the Loss-of-Flow Accident Sequence", Trans. Am. Nucl. Soc.,17, 285 (1973)

[5] T.C. CHAWLA et al., "A Comparative Study of Temperature Distributions in FTR Subassembly near
Boiling Inception during Loss-of-Flow due to Pipe Rupture and Pump Coastdown", Trans, Am. Nucl. Soc,
19, 243 (1974)

[6] M.G. STEVENSON et al., "Current Status and Experimental Basis of the SAS LMFBR Accident Code Sys-
tem", Proc. Fast Reactor Safety Meeting, CONF-740401- P3 (1974)

(7] R. NIJSING and W. EIFLER, "A Computation Method for the Steady State Thermohydraulic Analysis of
Fuel Rod Bundles with Single-phase Cooling", Nucl. Eng. Des. 30, 145 (1974)

[8] R. NIJSING and W. EIFLER, "Axial Development of Temperature Fields in Hexagonal Fast Reactor Fuel
Rod Assemblies with Liquid Metal Cooling", Proc. Int. Meeting on Reactor Heat Transfer, Karlsruhe,
p. 252 (1973)

[9] R. NIJSING and W. EIFLER, "The Hybrid Method, a New Accurate Computation Method for Transient
Temperature Distributions in Fuel Rods", Nucl. Eng. Des. 32, 208 i 1975)

[10] Note: When the radial flow distribution is non-uniform the initial axial positions differ for the various sub-
channel coolant elements

1447
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ABSTRACT

A two-zone mixing model based on the lumped-parameter approach
was developed for the analysis of transient thermal response in the
outlet plenum of an LMFBR. The maximum penetration of core flow is
used as the criterion for dividing the sodium region into two mixing
zones. The model considers the transient sodium temperature affected
by the thermal expansion of sodium, heat transfer with cover gas,
heat capacity of different sections of metal and the addition of by-
pass flow into che plenum. The results of numerical calculations
indicate that effects of flow stratification, chimney height, metal
heat capacity and bypass flow are important for transient sodium
temperature calculation. Thermal expansion of sodium and heat trans-
fer with the cover gas do not play any significant role on sodium
temperature.

INTRODUCTION

The current design of loop-type Liquid Metal Cooled Fast Breeder Reactor
(LMFBR1 plant contains a large volume of sodium stored in the i pper outlet
plenum. This large fluid volume can significantly attenuate the magnitude of
transient temperature change issuing from the core prior to its impacting on the
primary lcop heat transport system. Thus, predicting the thermal response of
the fluid in the upper plenum under various off-normal or accident conditions is
important for the overall safety evaluation of the reactor system.

In the simplest mixing (perfect or complete mixing) model, the mixing pro-
cess is characterized as that occurring in a well-stirred chamber. This model
is satisfactory if the temperature of coolant entering the plenum is higher than
the average temperature of the fluid in the plenum. It is believed that the
momentum of the core flow aided by the positive buoyancy force is sufficient to
provide a full penetration and results in complete mixing in the plenum. How-
ever, recent experiments have shown that this simplified model is inadequate
under certain off-normal or accident conditions. The flow stratification within
the plenum can occur if (a) the fluid entering the plenum is colder than that in

This work was done under the auspices of the U.S. Nuclear Regulatory Commission.
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the plenum and (b) the fluid experiences a large decrease in momentum. Conse-
quently, recent analytical models1*2 have attempted to include the stratifica-
tion effect by confining the mixing of fluids within the penetrating region only.
The penetration distance is calculated from Bernoulli's equation.

In addition to the two aforementioned mixing models, the mixing process is
further complicated by the interactions among the various components in the
upper plenum. These interactions involve the metal heat capacity, bypass flow,
thermal expansion of sodium and interface heat transfer between sodium and the
cover gas, etc. A review of various analytical models shows that systematic
study of the effects of these interactions on the two basic mixing processes has
not been reported in literature.

This paper presents a detailed study of the mixing process in a general
form. The maximum penetration distance of the core flow is determined from the
analysis of one-dimensional turbulent jet equations.3 The penetration distance
is used to develop the two-zone mixing model. The model includes the interac-
tions among the various components in the plenum. The purpose of this study is
to determine the relative importance of different effects for the safety analy-
sis of an LMFBR plant.

ANALYSIS

The physical model considered in this study is shown in Fig. 1. The upper

COVER GAS
RESERVOIR

I SODIUM MIXING ZONE B
H SODIUM MIXING ZONE A

••OUTLET NOZZLE

8YRASS
FLOW CORE FLOW BYR&SS

FLOW

Figure 1. Schematic diagram for fluid mixing
in the upper outlet plenum.

plenum contains a large volume of sodium, an annular bypass channel, a small
region occupied by the cover gas and three sections of metal. Fluid leaving
iihe reactor core enters the plenum from the bottom section, while a small per-
centage of cold bypass flow enters the plenum through the annular space formed
by the thin thermal liner and the vessel wall. The outlet flow is represented
by an exit nozzle. The support columns, chimney of the outlet module, control
rod drive mechanism, vertex suppressor plate, control assembly, cellular flow
collector, baffle, and all other structures are lumped together and represented
by a section of mass (ml) immersed in fluids. The cylindrical thermal liner is
indicated as m2. The vessel closure head and other metals above the cover gas
region are considered as mass m3. The cover gas region is connected to a large
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reservoir which represents all its connections, such as the overflow tank,
equalization line header and gas region of the loop pumps. The sodium region
is divided into two zones according to the maximum penetration distance of the
core flow. The upper mixing zone is denoted as zone A and the lower zone as
zone B.

The basic assumptions are:

1) Core flows from different channels into the upper plenum are repre-
sented by a single equivalent flow. This flow is associated with the
mass-average enthalpy of the different channel flows.

2) The maximum penetration distance, which is related to the initial
Froude number, divides the upper plenum into two mixing zones. Full
penetration is assumed for flow with positive buoyancy.

3) The mixing process in both zones is described by the lumped-parameter
approach, i.e., perfect mixing in each zone is assumed.

4) The cover gas obeys perfect gas law, and it is initially in equilibrium
with the gas in reservoir.

The governing equations which determine the instantaneous sodium level and
various temperatures are given below:

Sodium level:

W, - W r dTB
I (1 - f) - < V ̂ + f a

(TA) ̂ J (1)

Sodium in upper mixing zone A:

WBP(EBPE - V + S1WC<EB ~ EA> + h V ( T B " Vd t pA A . H f "BPviJBPE "AJ ^ " C ^ B "A' " gZ^B XA

- V
Sodium in lower mixing zone B:

WC(EC - V + 6* WBP(EA - V + h V T A - V

V 1 -f > Km <-\r V
Cover g a s :

dT^ U
- / ~s i« »v- . - T ) + A (T - T )

d t (mC) gJl A g guil ml g
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Metal ml (Internal structure):

dT , 1
T + f "I — f ^ T — T I + 1 1 A (T — T } \ (5^

Metal m2 (Thermal liner):

dT 1
'U A If (TA - T ) + (1 - f) (Tn - Tdt }Dt V 2 [

f

Ug Agm2
(Tg " V + (UA)BP (TBPM

Metal m3 (Vessel Closure head):

dT , D A ,
m3 _ g gm3 /^ - T )

d t (mC) „ g m3

T
BPE

T
BPM

W =

= T + (T
m2 U B P

WC + WBP

I " V

- T )
I BPE^

/ UA\
exp(" we/

/wc\
WBP

The auxiliary equations required by the above governing equations are

(8)
E?

(9)

(10)

f = 1 - z.(t) / H(t) (11)

p- = (1 - f) PB + f P A (12)

and the liquid sodium densities, p^ and PB. are obtained from its constitutive
relationships. The contact areas between the cover gas and liquid or metals
rAg£, Agjji, Agj^ , Agj^) and between liquid and metals (A)j,mj, A£,m2) are obtained
y assuming tnat the cross-sectional areas in direction perpendicular to the jet

are constant during transients.

In the above equations, there are two control indices 6i and 32 which take
values of either 0 or 1 depending upon the relative location of the outlet
nozzle and the maximum jet penetration height, z.. Their values are noted
below: •*

Bi = 0 and 62 = 1 for z. > (z + h D)
J ex

8l = 0 and g2 = 0 for (z - h D) < z. < (z +!$D)
£X j ex

and
&1 = 1 and 82 = 0 for z. < (z - h t>)

j ex
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The maximum penetration height is taken from a semi-empirical correlation.3 It
is given as

Zj - (1.0484 F ^

where Fr is the local Froude number and is defined as
o

For the case of full penetration, i.e., for Zj(t) = H(t), f becomes zero.
Equations (2) and (3) are then replaced by the following equations:

5
dt - V + WBP(EBPE - V + U g V T g " V

" V + A*m2<
Tm2 " TB>>]i

(16)

The cover gas mass is determined by assuming that the temperature of the
gas in the reservoir remains constant and its pressure equals that of the cover
gas in the vessel at any instant. The cover gas mass is then given by

M V (t) T

V ° = V T (t) + V (O T <17>
6 res g gv res

where

Vg(t) = [L - H(t)] Ag£

These equations when coupled with the boundary conditions (Wc(t), Wgp(t),
Ec(t), TBPi(t)and Wgx(t)) provide for a complete solution to the problem, i.e.,
the height of sodium, and coolant and other temperatures are obtained.'* Using
prototypical CRBR parameters actual computations were performed for two cases.
Results are discussed in the following.

RESULTS AND CONCLUSIONS

A simplified boundary condition, which corresponds approximately to the
case of normal scram and flow coastdown, was used so that our results can be
compared with that obtained from the MIX code.5 The average core exit tempera-
ture was assumed to decrease linearly from 834 K to 693 K in ten seconds and to
667 K in 110 seconds. The core flow race was dropped exponentially to about 10%
in 35 seconds and was assumed to remain constant beyond this time. The computed
sodium temperature at outlet nozzle and mixing zone heights are shown in Fig. 2.
Our computations were made by using perfect mixing (1-zone) as well as two-zone
models. The flow stratification is illustrated by the instantaneous height of
the two mixing zones. Initially, the core flow yields a full penetration and
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the entire plenum can be considered as a 9ingle mixing zone. As the momentum
and temperature of the core flow are continuously decreasing, the penetration of
the core flow is reduced and develops into a two-zone mixing.
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Figure 2. Comparison of the present mixing
models with MIX code.

The present results were also compared with that obtained from a more
detailed two-dimensional MIX code. As it can be seen from Fig. 2, MIX predicts
a much slower change in sodium temperature during first twenty seconds. During
this time, the MIX code prediction differs significantly (maximum difference of
about 15 K) from either single-zone or two-zone mixing models of the current
analysis. An inspection of comparison between MIX predictions and ANL experi-
mental data2'5 reveals that for most of the cases, MIX predicts a very slow
response during the first 10 or 20 seconds. As the transient continues, the
2-zone mixing model (one-dimensional in space) exhibits a reasonably good agree-
ment with the 2-D MIX code and is clearly better than the single-zone model.

An analysis of sodium mixing in the outlet plenum was also performed for
the case of a double-ended pipe rupture. The boundary conditions (shown in Fig.
3) such as the core flowrate, upper plenum exit flow rate and core flow temper-
ature were obtained from the preliminary computations with the DEMO code. The
predicted sodium temperature in the lower mixing zone (zone B) is also included
in this figure. It is seen that the core flow is characterized by negative
buoyancy during the period between 11 to 52 seconds. Thus, it is expected to
have one-zone and two-zone mixing occurring alternately during the transient.

Computed values for various temperatures are plotted in Fig. 4. The curves
of two sodium temperatures reveal the short period (27 to 52 seconds) of two-
zone mixing. Due to the large time constant associated with metals, the metal
temperatures (Tml> Tm2 and Tm3) remain practically constant. The cover gas
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temperature, on the other hand, follows closely that of sodium in the upper zone
since the cover gas was assumed to be isolated from the reservoir tank. The
small discontinuity (̂  1 K) in sodium temperature at 52 is caused by the sudden
change from the two-zone mixing into single mixing as the buoyancy force of the
core flow changes from negative to positive.

Figure 5 shows (a) sodium temperature at the outlet nozzle and (b) the
maximum jet penetration distance for three different chimney heights. This
figure illustrates the importance of chimney on the coolant mixing in the plenum.
For Curves 1 and 2, the top of the chimney is higher than the height of the out-
let nozzle and the nozzle is completely located within the lower mixing zone.
Fence, the sodium temperature at the outlet nozzle does not differ much for the
LWO cases. In contrast to Curves 1 and 2, a large variation of the temperature
is predicted (nee Curve 3) when chimney height is reduced below the outlet
nozzle. In this case, the nozzle is exposed to both upper and lower mixing
zones. A large temperature variation occurs when the interface of the two zones
passes through the outlet nozzle. Further calculations show, as expected, that
the temperature variation is even more pronounced when the chimney is completely
removed.
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Figure 5. Effect of chimney height in sodium
temperature at outlet nozzle.

The effects of metal heat capacity, bypass flow, the thermal expansion of
sodium and heat transfer with the cover gas on the upper plenum were also inves-
tigated. The details are given in Ref. [4],
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Based on these studies the following conclusions have been arrived at;

1. The transient mixing process in the upper plenum can be characterized
by the present 2-zone, one-dimension in space mixing model.

2. Stratification effect is important when the exiting core flow is char-
acterized by negative buoyancy. Perfect mixing model is inadequate
for this situation.

3. Metal heat capacity and bypass flow are not negligible for calculation
of transient sodium temperature.

4. Thermal expansion of sodium and heat transfer to cover gas have no
significant effect on transient sodium temperature.

5. Chimney structure attached to the core is important in promoting com-
plete mixing. Height of the chimney has an important effect on sodium
temperature at the outlet nozzle.
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INTEGRAL BOILING PHENOMENA UNDER RADIAL TEMPERATURE
GRADIENTS IN A TWELVE ROD BUNDLE OF LMFBR GEOMETRY

H.H. Boswinkel, J.R.C. Maarleveld, E. Turkman

Netherlands Energy Research Foundation ECN
Petten (N.H.)» The Netherlands

ABSTRACT

In this paper steady boiling patterns obtained from a partly
heated twelve rod bundle are discussed. A comparison with existing
boiling models gives preference to the two-phase flow patterns which
are usually applied in calculations for water cooled reactors. An
attempt is made to apply the results obtained to the core of a fast
breeder reactor under loss of flow conditions.

INTRODUCTION

The aim of this presentation is to contribute to the understanding of
integral sodium boiling in a core which is a requirement for the loss of flow
analysis of future commercial fast breeders. The title of this contribution
refers to a bundle experiment carried out in 1974 originally with twelve heated
rods. However, during introductory heat transfer measurements the inner three
rods failed. Therefore the entire boiling programme had to be performed with
radial temperature differences ranging from 20°C, as present in full size fuel
elements under nominal conditions, up to 50°C, a value which is reached in a
fuel element at the onset of boiling during a pump run down accident.

Although integral boiling could also result from an inlet blockage of a
fuel element, or from a steadily increasing local blockage in the core region,
the main part of this paper is devoted to integral boiling during a pump coast
down.

The interpretation of the experimental results and other considerations in
this paper apply to the SNR 300 | ] , 2, 3, 4|.

1. REDISTRIBUTION OF THE FLOW IN A CORE PARTLY VOIDED DUE TO A PUMP COAST DOWN
ACCIDENT

During a hypothetical accident in which the primary pumps fail simulta-
neously and in which at the same time a failure occurs of the shut down system,
voiding of the cora is inevitable. Voiding starts with boiling in the central
fuel element wher. its residual flow is about 25% of the nominal value. The cal-
culated voiding rate is highly dependent on the boiling model assumed. Especial-
ly the multi-bubble slug models as for instance applied in the Capri-2/Kadis
whole core accident code forecasts a quick voiding which prohibits a net posi-
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tive flow through the boiling elements. (Fig. 1)

Furthermore the present WCAC do not account for the flow redistribution
which occurs due to the increase in hydraulic resistance resulting from these
boiling models.

If it is possible to improve the boiling model the present codes could
better describe the pre-disassembly phase without the complication of a re-
fined flow redistribution calculation.

Nevertheless it seems worthwhile at least for safety evaluations of
future larger cores to include in the whole core accident codes a module which
handles flow redistributions during voiding.

2. EXPERIMENTAL RESULTS OF THE TWELVE ROD BUNDLE

2.1. Description of the bundle and test section

In Fig. 2 a drawing of the bundle housed in a test section is shown. The
main sodium flow fron the EM induction pump of the loop is split into two
flows. After passing a regenerative heat exchanger one of these supplies the
bundle. The second flow serves as a controlled bypass flow stabilizing the
pressure drop over the bundle and lowering the mixed outlet temperature of the
upper plenum below the maximum loop operating temperature of 625°C. The sodium
samples taken showed that the impurity level of the loop was low, an oxygen
content < 10 ppm was achieved while the concentration of carbon and metals
stayed below 1 - 2 ppm.

TASLK I

Loop characteristics

Cooling capacity 500 kW

Pump: 16 m^/hr at 6 kg/cm^

Maximum loop temperature 625°C

Main piping 2"

* cold trap

* sodium sampling system

* argon cover gas

The twelve r are surrounded by a profiled shroud adjusting the flow in
the edge channels further by a helium filled double walled tube which pre-
vents heat losses to the bypass flow. The measured radial temperature gradients
resulting from the non-heated central rods compared well with Hectic (Sceptic)
|5| calculations.

The thermocouples used for these single phase measurements and also the
instruments used for two-phase measurements are indicated in the same Fig. 2.
Two important void detectors from which most of the experimental results are
deduced are described in more detail in Fig. 3.

The first is an adaption of a proposal made by Chen |6|. An alternating
current is led through one of the wires of a normal thermocouple with a
grounded junction. The change in resistivity between the thermocouple tip and
mass due to a passing vapour bubble results in a voltage change between mass
and the second thermocouple wire.

The void network on the right hand side detects vapour in a cross section.
The sodium in the subchannels and the heater cladding may be represented by a
resistive network. If sodium vapour changes the local resistance a change in
the voltage distribution along the boundary of the network occurs |7|.

The signals of the instruments are transmitted to a data registration sys-
tem (Fig. 4). Signals with high frequencies are stored on analogue recorders
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and afterwards digitized on a small computer. Later on the signals are
recovered on our main CDC 6600 computer with the aid of a data evaluation pro-
gramme |8|. Low frequency signals are treated separately and stored on a data-
logger.

2.2. Description of the boiling experiments

The boiling behaviour on the time scale of interest for a pump run down .
accident, approximately 1 s, can be treated quasi stationary (Fig. 1). During
this second in a reactor fuel element the level at which the sodium reaches
the saturation temperature moves towards the inlet. In our experiments the
flow was kept constant and the distinct stages in the boiling progression were
obtained from different bulk superheats at boiling inception. Due to a careful
degasing procedure superheats of 70°C were reached, covering more than one
second in the Loss of Flow accident.

Almost each boiling experiment was initiated by a reduction of the inlet
flow until the start of boiling. The superheat is responsible for an initial
flow reduction superseding a flow decrease due to steady two-phase flow. With-
in one boiling run, which itself lasted several minutes, stable boiling could
be interrupted many times after which boiling restarted with or without super-
heat.

Our boiling runs showed about 50 times bulk superheat at the onset of
boiling. No statistically significant correlation has been found between the
amount of superheat on the one hand and system pressure, sodium velocity and
heat flux on the other. An influence on the superheat of small entrained gas
bubbles cannot be excluded |9|.

In several boiling runs subcooled boiling has been indicated by the Chen
detectors and by the acoustical detector prior to stable saturated boiling.

Details of three different runs are given in Figs 5, 6 and 7. In each
figure from the top downwards the amplitudes of various signals as a function
of time are shown in a sequence corresponding with the axial location of the
instruments.

Figure 5 contains a part of run number 1 seven seconds after the onset of
boiling. The boiling process started smoothly without superheat and as a con-
sequence the saturation level stayed at the outlet. Due to a nearby mixing
chamber also no additional two-phase pressure drop occurred. The length of the
boiling zone in the bundle was smaller than 3 cm. Therefore we do not see any
boiling indicated by the detectors below Ch 06.

The bubble frequency at Ch 07 is above 20 Hz, this means that if no slip
occurs between liquid and vapour, bubbles with a length of 15 mm pass along the
wall.

At the boiling inception of run number 6 a superheat of 28°C induced an
initial void "burst" with a duration of 150 ms. The void network indicated an
asymmetric bubble. After this initial burst stable boiling (Fig. 6) was reached
again. The sodium flow has in this period oscillations with an amplitude of 4%
of the nominal value. Ch 07 almost continuously detects vapour but also indi-
cates that the liquid film on the wall obviously varies in thickness.

The vapour volume at Ch 07 level is fed with slug type bubbles from the
Ch 06 and Ch 05 levels. There is also an oscillation between the void volumes
at the Ch 07 and Ch 06/05 levels. When the vapour volume at Ch 06 increases
the liquid film at Ch 07 grows and is sometimes completely wetting Ch 07. But
at the same time sharp vapour peaks obviously resulting from small bubbles,
appear at Ch 07. Combined with the persisting positive flow we must describe
the flow pattern in the heated section of the bundle as a slug flow.

The length of the boiling zone is somewhat less than 12 cm which means
that the mean bundle outlet temperature stays below the saturation level.
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Run number 13 (Fig. 7) is the only experiment with a flow reversal. For
approximately 1.2 s a negative flow of 3 cra/s existed. This was caused by a
bulk superheat of 70°C, which means that already the last 17 cm of the bundle
was above its saturation temperature. After a flow recovery to 40% of the ini-
tial value the boiling zone comprises 60% of the heated length of the bundle.
Because of the additional two-phase pressure drop the flow recovery could not
be complete. The appropriate Chen detectors in the boiling region almost con-
tinuously indicate vapour. Only from time to time liquid is detected.

This pattern agrees well with the volume of vapour produced in the boiling
zone. Already a few centimeters within the boiling zone the void fraction has
grown to 100%. At the end of the heated length the vapour velocity has risen
far above 200 m/s. This type of boiling can be described as a combination of
churn and dispersed annular flow. The annular flow regime is not fully deve-
loped, probably due to the restricted length of the boiling zone. A survey of
the observed boiling modes is given in Table II.

TABLE II

Survey of the observed boiling patterns

Run number

1

6

13

Radial tempera-
ture gradient

21°C

50°C

23°C

Dominating
boiling mode

bubbly flow

slug flow

churn / annular
dispersed flow

Length of
boiling zone

3 cm

12 cm

24 cm

3. AN EXTRAPOLATION TO LOF CIRCUMSTANCES IN FAST BREEDER CORES

We have seen in the previous chapter a sequence of boiling runs in which
the length of the boiling zone steadily increased. After the initial superheats
stable boiling with only minor oscillation in flow and temperature was obs-.ved.
If we neglect the superheats because they are not expected in fast breeder
cores, it must be concluded that the multi-bubble slug models developed from
sodium experiments in tubes do not apply to these bundle experiments.

Therefore in the previous chapter the observed patterns were described
in terms of the nomenclature which is applied mostly in two-phase flow through
water cooled tubes.

A comparison with a rough prediction for sodium tube flow jlOJ fits rea-
sonably well.

In a fuel element saturation is reached at a pressure of 1.8 atm and a
heat flux of 180 W/cm^. Therefore in a F.E. the volume of the vapour produced
per m^ is smaller than it was in these bundle experiments. This means that the
axial extension of the two-phase region could be the same for both cases, or
even less for the Fuel Element case, and that stable boiling under these con-
ditions is possible. Implementation in the WCAC of this stable boiling model
which has a net positive flow through the fuel elements, seems worthwhile.

Another argument for the introduction of more refined boiling models in
the WCAC is that as long as small superheats are assumed to be realistic, it is
unlikely that boiling will start simultaneously throughout the whole cross
section of a fuel element. The radial temperature differences across the fuel
elements in core zone 1 of the SNR 300, excluding the steep gradients at the
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wrapper tube, will exceed on the average 20°C at the onset of boiling. \t low
superheats the voided region will expand downstream into the upper blanket.
Upstream it will follow the moving level at which the saturation temperature
is reached.

Our experiments are not suitable for predicting dryout: due to the lower
heat flux in the bundle the evaporation rate from the rest films is smaller
than in the core. As a consequence dryout in the core may occur sooner than in
the twelve rod bundle.

CONCLUSION .

If we try to summarize cautiously we arrive at the following:

- The boiling models currently employed in whole core accident codes do not
apply to our bundle experiments.

- The application of a more refined boiling model in these codes may lead to
a more realistic description of the pre-disassembly phase of a Loss of Flow
accident.

- For the safety evaluation of future bigger cores it seems worthwhile to in-
clude in the whole core accident codes a module which handles flow redistri-
bution in the core due to voiding.
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A NUMERICAL SIMULATION OF THE TWO-DIMENSIONAL
BOILING (VOIDING) IN LMFBR SUBASSEMBLIES

C. Miao and T. G. Theofanous

School of Nuclear Engineering
Purdue University

W. Lafayette, Indiana 4/yu7

ABSTRACT

Preliminary estimates of the two-dimensional voiding effects
indicate that they are not likely to be very significant in
affecting the time to flow reversal.

1. INTRODUCTION

The consideration of intra-subassembly incoherencies in boiling and
dryout [lj.clad melting and relocation [2,3], and fuel melting and relocation,
is important in understanding in realistic physical terms the early evolution
(initiating phase) of unprotected Loss-of-Flow Accidents (LOFA) in LMFBRs.
Th(:se incoherencies are due to non-uniform radial temperature and power,
distributions at steady-state, and their enhancement during the Loss-of-Flow
transient. These radial variations can be responsible for departures from
one-di.mensional behavior within each one subassembly. These departures must
be assessed within the context of system's accident analysis codes (i.e.
SAS-3A) which by necessity are one-dimensional. This paper is concerned
with boiling incoherencies or, as they usually are referred to, two-dimensional
subassembly voiding phenomena.

The currently available experimental information in the area of two-
dimensional voiding is limited to the 7-pin TREAT R-Series [4], and the cor-
responding OPERA tests [5], Experiments with larger bundles are plarned and/or
are in progress both in the U.S. and abroad [6]. However, the calculational
tools for the detailed evaluation of these experiments do not presently exist.
The one-dimensional, SAS, slug-bubble type calculation has produced a shorter
(by several hundred milliseconds) time interval between boiling inception and
inlet flow reversal, than that determined experimentally [7], This discrepancy
has been attributed to SAS's failure to model the two-dimensional nature of the
early boiling process [7], It has been also argued that this discrepancy was
overemphasized by the conditions of the 7-pin tests, and it would not be ex-
pected to be significant for full 217-pin LMFBR bundles.

Boiling incoherencies will have an impact upon the subsequent phenomena of
cladding melting and relocation and fuel melting and relocation. However, they
may also be important in their own right in that they could influence voiding
histories and thus affect reactivity insertion histories. Further for large
cores for which LOFA proceeds into an overpower transient, it is important to
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predict as accurately and reliably as possible the degree and pattern of core
voiding for all stages of the accident. Each one of these areas of relevance
is affected to a different degree and thus exhibits different sensitivity, with-
in the Context of accident scenarios and system's behavior, to the details of
the voiding process. The approach taken in this work is that the development
of a "separate effects" detailed, computational tool, would be helpful in
scoping the magnitude of these effects, and if necessary, in guiding the devel-
opment of system's oriented models containing all the essential features of the
problem.

In the prediction of two-dimensional boiling under the LMFRR conditions of
high power densities, large and rapid changes in density and density gradients
one encounters unknowns associated with both the "physics" and the "numerics"
of the problem. In this discussion "physics" aspects refer to flow regimes,
phase slip, frictional characteristics, heat transfer characteristics etc. The
work presented herein deals primarily with the numerical aspects. It is the
intention that having established computational capability, the "physics"
aspects can be appropriately scoped to determine the areas of major influence.

2. ANALYTICAL

2.1 The Physical Model

The approach taken here is based on the following observations:
(a) For the LMFBR conditions of interest a negligibly small amount of superheat
would be expected [7];
(b) The initial two-dimensional boiling would be characterized by an essential-
ly homogeneous two-phase zone with the phases at thermodynamic equilibrium;
(c) In general one is not interested in describing the details of the micro-
structure of this two-phase zone but only its behavior in a local "volume
averaged" sense;
(d) The time of interest fir such calculations would not extend much beyond
inlet flew reversal and transition to one-dimensional voiding.
(e) Structure heat capacity effects are important in affecting vapor condensa-
tion and thus limit the rate of expansion of the two-phase zone;
(f) The space-time evolution of the pressure field is extremely important for
the definition of the boiling boundaries, and the onset of the flow
instability,

Prior to further elaboration on the points mentioned above the system
geometry and general conditions will be introduced. Figure 1 depicts the sub-
assembly geometry with a schematic indication of the radial and axial enthalpy
distributions, at the time of boiling inception (saturated conditions at the
hot spot), as predicted by transient, single-phase, heatup calculations (i.e.
COBRA) during the pump coastdown with normal power. The power distribution, is
also shown over the active region of the subassembly.

The matter of superheat is not considered too controversial at this time.
For SAS calculations boiling inception must be specified at some superheat lev-
el above *v> 10°C. This is due to the detailed nature of the model, following
each individual bubble, and limited to a certain maximum number of bubbles
(per channel) by computer storage. In fact the initial superheat is expected
to be very nearly zero; and our choice of an equilibrium two-phase zone is con-
sistent with experimental evidence [7], and circumvents this SAS problem.

The homogeneous two-phase flow requirement imposed in our current formula-
tion is likely to be the most controversial one. It is the intention to in-
clude slip effects in the next version of our code. The point to be made, how-
ever, is that for such fast transients, normally a fraction of a second, one
could question the slip formulation inputs (i.e. slip constitutive equations,
two-phase friction) just as justifiably as one could the non-slip one [8],

Previous two-dimensional codes (i.e. THINK, COBRA) have mostly preferred
the subchannel method of formulation. The extremely large number of subchannels
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present in an LMFBR bundle, prompted us to look at it as a porous medium. In
such case one is not interested in the details of each pore but in a more ma-
croscopic sense the "average" behavior of a group of pores. This leads to the
"volume averaged" formulation [9] for the equations of change, constitutive
equations and equations of state. An equivalent continuum is thus produced
(a cylinder) with volume sources (or sinks) of energy and momentum; correspond-
ing to the local fluxes of energy and momentum at the micro-scale level.

The effect of the structure is visualized as an energy reservoir, receiv-
ing a certain power input, and exchanging energy with the surrounding coolant
through a specified heat transfer coefficient. This formulation can be made as
time-and-space dependent as desirable.

We will be primarily interested at events from boiling inception to tran-
sition to one-dimensional flow by the onset of inlet flow reversal.

The code will be called HEV-2D (Homogeneous, Equilibrium Voiding - Two
Dimensional).

2.2 The Mathematical Model

The basic tool utilized in converting the equations describing the thermal-
hydraulic behavior of the flu\d within the pin spaces to that of an equivalent
continuum occupying the whole inner subassembly region is a theorem that con-
verts the volume average of a gradient to a gradient of the volume average.
For a quantity i{i,. of .ay tensorial order, we have [9]:

<Vt|» - "7<\p-> + -1-— ifindb' (1)

s

The resulting differential equations are well known and need not be reported
here. Suffice it to say, that we have lumped all the momentum fluctuation cor-
relation terms to an effective volume friction, and the energy-velocity corre-
lations to an effective, thermal diffusivity. As it turns out the results are
not very sensitive to these details.

A lumped parameter model was utilized for the structural mass (cladding),
exchanging energy with the coolant.

2.3 Computational Techniques

The ICE scheme [10] for the implicit coupling of the continuity and momen-
tum equations was utilized. Taking advantage of the fact that only a relative-
ly small region of the subassembly is found with two-phase flow, while the rest
remains in the liquid (incompressible) state, we have devised a technique for
implementing the ICE method that resulted in dramatic compvtational savings.
This technique reduces the size of the matrix i_o be inverted at each computa-
tional cycle to that corresponding to the number of boiling nodes. The energy
equation is treated explicity, as in the original ICE Jiethod.

2.4 Test Procedures

As an initial check of the computation a gas-dynamic problem with volume
heating was considered. The gas is iutially contained in a cylinder and is in
pressure equilibrium with the atmosphere. Volume heating causes gas expansion
into the atmosphere. For this one-dimensional problem an exact solution may be
found, and was utilized for checking the computational procedures. A sample
comparison is shown in Figure 2.

The overall numerical scheme proved quite stable, even for time steps as
large as 2 milliseconds. As may be seen in Figure 16, howevsr, the error in
this case might be excessive. In view of the economy realized in the matrix
inversion process a time step of 5 10 ^ is quite acceptable.

3. RESULTS

3.1 Background of Computations
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At this first stage of the computations the primary interest was to iden-
tify any differences between the one-dimensional and two-dimensional represen-
tations. For the latter the same program was run with uniform, radially, ini-
tial enthalpy distributions (corresponding to the same radial averages of the
distributions utilized in the two-dimentional computations).

We considered two bundles. One 1.5 ft. long and the other 6 ft. long.
The overall pressure drop in the small bundle was 1.5 psi and that in the long
bundle was 14 psi. The heat input in the small bundle represented the upper
0.5 ft. of the active core. That of the long one represented the whole active
core. The remaining portions represented the upper blanket and fission gas
plenum regions.

The homogeneous two-phase friction multiplier was utilized [12] in all
these computations. The heat transfer coefficient was set at 5,000 or 10,000
BTU/hr ft* °F. The tiisa origin in all calculations is set at boiling inception.

3.2 Small Bundle Calculations

The two-dimensional nature of the flow due to local boiling, as seen in
local velocity changes (variations from the initial), is presented in Figure 3.
Flow reversal occurred in 35 milliseconds. The time-wise variation of the
coolant density and velocity along the center line of the bundle is shown in
Figures 4 and 5 respectively.

3.3 Large Bundle Calculations

For the one-dimensional model, flow reversal occurs now at 170 msecs and
for the two-dimensional one at 190 msecs. The time-wise variations of the cen-
ter-line velocities are shown in Figures 6 and 7. Notice the more gradual var-
iations predicted in the 2-D results. A similar comparison for the pressure
may be found in Figure 8 and 9. The r-z plots of density at the instant of
flow reversal for the 1-D and 2-D cases are presented in Figures 10 and 11.
Similar r-z plots of the density at various times indicating the voiding pat-
tern for the 2-D model are given in Figures 12 and 13. Finally the time-wise
center-line density variations may be found in Figures 14 and 15.

Figure 16 provides a comparison of inlet and outlet flows for the 1-D and
2-D models. The difference does not appear to be negligible.

No efforts were made to provide detailed comparisons with SAS voiding
results. SAS would predict inlet flow reversal at 800 milliseconds. Sensiti-
vity studies indicate that this difference is not due to homogeneous two-phase
friction multiplier being substantailly larger than that utilized in SAS. A
contribution to this difference should rather be due to the variations in heat
input to the two-phase mixture. When normalized to the flow reversal time the
two calculations compare as shown in Figure 17.

CONCLUSIONS
Preliminary estimates of the two-dimensional voiding effects, indicate that

they are not likely to be very significant in affecting the time to flow revamL
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Fig. 6. Time-wise variation of
centerline coolant velocity for
the 1-D model.

Fig. 7. Time-wise variation of
centerline coolant velocity for
the 2~D model.
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Fig. 8. Time-wise variation of the
centerline pressure of the 1-D
model.
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Fig. 9. Time-wise variation of the
centerline pressure of the 2-D
model.
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Fig. 10. Density distribution (r-z), at
time of flow reversal for the 1-D
model.
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Fig. 11. Density distribution (r-z), at
time of flow reversal for the 2-D
model.
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Fig. 12. Density distribution for the
2-D model at 15 msec after flow
reversal.
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Fig. 13. Density distribution for the
2-D model at 20 msec after flow
reversal.
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Fig. 14. Time-wise density
variation for the 1-D model.

Fig. 15. Time-wise density
variation for the 2-D model.
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ABSTRACT

Sodium boiling at low flow and heat fluxes can be e pected in
a gamma-heated, in-reactor experiment. The results of experiments
under these conditions (10-40 W/cm^, 10-50 gm/s) in electrically
heated seven pin rod bundles are described. The type of boiling is
seen to depend upon the amount of superheat, the degree of inlet
throttling and several system dependent parameters. The possible
forms of acoustic and neutronic signals from an in-core experiment
are discussed in terms of the underlying thermalhydraulics and the
experimental findings,

INTRODUCTION

A number of potentially serious coolant disturbances in an LMFBR might
conceivably begin in a single subassembly, the sources of which include: local
blockages, enrichment errors and damage to a subassembly inlet. There is con-
siderable motivation to develop systems to detect such disturbances at an early
stage, both in order to prevent propagation to a whole core accident and to
avoid expensive reactor downtime.

Among the various systems proposed to detect these disturbances are those
designed to detect sodium boiling. Particularly promising are systems based
upon global signals such as acoustic or neutronic signals or a combination of
the two [1,2,3]. It appears however that before any such system can become an
integral part of an LMFBR safety system, in-core testing will be necessary.
Only in such reactor tests are the true signal to noise ratio conditions present.

One in-core experiment which appears worthwhile involves the use of the
gamma flux in a reactor to heat tantalum rods to produce sodium boiling. The
principal advantages of this method are that no complicated electrical leads
are required and that safety considerations present in a fission heated experi-
ment are avoided, On the other hand, because of the poor conversion efficiency
of the gamma heating process, low coolant flowrates are needed in order to

*Experimental work performed at Institut fur Reaktorentwicklung and Institut
fur Neutronenphysik und Reaktortechnik, Kernforschungszentrum, Karlsruhe,
West Germany.
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achieve boiling. Such an experiment has already been performed in the French
test reactor Rapsodie [4], and a similar one has been proposed for EBR-II [5].

In terms of the therraohydraulics involved, these experiments can be classi-
fied as forced convection boiling at low heat flux since a small, but positive
net flow exists during the boiling event. Such conditions could also be envi-
sioned to occur in an LMFBR as a result of damage to a subassembly inlet incur-
red during refueling. In this case, boiling would begin during reactor startup,
if the anomalous condition were not detected earlier bv other methods.

To try to understand the phenomena present in a gamma heated experiment
and to investigate the consequences of the startup accident postulated above,
experiments have been performed in electrically heated seven pin rod bundles
at the Kernforschungszentrum Karlsruhe. More specifically, the goals of the
out-of-core experiments were:

(a) to observe the type of boiling behavior at low heat flux in a rod
bundle;

(b) to estimate the type of acoustic and neutronic signals which would
be observed in an in-core, gamma heated experiment; and

(c) to provide experimental data for comparison with computer code
calculations.

Work on this final point is still in progress.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

The experiment was performed in the NSK soa^um boiling loop at the Institut
fur Reaktorentwicklung (IRE). Information about this loop is available else-
where [6]. Two seven pin bundles were used. The second of these, in which
most of the tests were conducted, is shown in Figure 1. The rods themselves
have an outer diameter of 6 mm and a pitch to diameter ratio of 1.32. This is
the subchannel geometry for the German prototype reactor SNR-300. In both
bundles the heated length is 600 mm, followed by 455 mm of unheated, follower
rod. The major difference between the two bundles is in the outlet section
where the extended length of the second bundle closely approximates an SNR
subassembly outlet, and is therefore more suitable for boiling experiments
involving transients.

Both bundles are heavily instrumented. The sensors which are referred to
in this paper appear in Figure 2 and include thermocouples in the sodium (TC),
permanent magnet flowmeters (D), void detectors (C), and quartz crystal pres-
sure transducers (P). The void sensors are of the Chan type [7] with additional
modifications made at the IRE.

All of the sensor signals were recorded using a 64 channel digital acqui-
sition system. These signals were later analyzed using the data handling code
SEDAP [8] on the Karlsruhe IBM 360/370 computer system. For signals with high
frequency information a 14 track FM tape recorder was used. Fourier analysis
was then performed at the Institut fur Neutronenphyslk und Reaktortechnik (INR)
using a specially developed real-time analysis system.

After stationary conditions in the test section were reached, boiling was
initiated by either increasing the pin power or reducing the flowrate. The
former procedure was used in most tests since it is more representative of a
gamma heated experiment. The experiments were carried out in the ranges
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linear power 19-75 W/cm
mass flow 10-50 gm/s
outlet pressure 0.95-1.4 bar

These conditions approximate those found in a gamma heated experiment.

EXPERIMENTAL RESULTS

Since it was not known a priori what type of boiling will take place in a
gamma heated bundle, it was considered desirable to obtain an envelope of boil-
ing regimes that would bracket the most probable in-core situations. This is
particularly important in trying to establish a basis for interpreting acoustic
or neutronlc signals from such tests.

Several different types of boiling were observed in the seven pin bundles
depending upon the amount of incipient superheating, the degree of inlet throt-
tling and the heat capacity of the system. This latter factor, which will of
course vary from system to system, greatly influences the condensation process
in the unheated upper section.

The cases considered in this paper are:

(a) incipient boiling with superheat followed by stable boiling
(Test 7-1/42);

(b) boiling with superheat and minimal inlet throttling (Test 7-2/45);
and

(c) transient boiling without superheat (Test 7-2/80).

Iti addition, analyses based upon several other test runs will be given. A test
summary is given in Table I.

A. Incipient Boiling with Superheat Followed by Stable Boiling

This test was carried out in the first bundle at a linear rating of 26.8
W/cm. The transient was initiated by increasing the rod power, and boiling
began with a superheat of 50°C. In Figure 3 the outlet flowmeter D3 at h =650
mm, the dynamic pressure sensor P4 (h =600) and the two void detector signals
C3 (h = 550) and C5 (h = 700) for the initial boiling sequence are shown. The
onset of boiling at t =61 s is visible in all the signals. The flowmeter D3
and the upper Chen detector C5 clearly indicate the expulsion of the upper
liquid slug. The large pressure pulse in P4 is due to inertial effects as the
rapidly growing bubble accelerates this plug upward. From the Chen detector
C3 it can be seen that the initial bubble expands both upward and downward with
an axial extent of at least 150 mm. For the first seconds of boiling the upper
void detector C5 displays sharp liquid-vapor transitions, characteristic of the
large single bubble mode of boiling in sodium [9,10].

This behavior is confirmed by the thermocouple signals in Figure 4. As
the boiling starts, the thermocouples TC09 and TC08, located in a central and
wall channel respectively, near the outlet of the heated section (h=580) indi-
cate temperatures well above saturation. Tne radial temperature difference
between the two channels is 31°C. Thermocoupjes in the clad also reflect this
difference and emphasize the importance or boundary effects in such a small
bundle. The thermocouple TC10 (h = 750) located 150 mm above the heated section
rapidly reaches the saturation temperature as the upper liquid-vapor interface
moves upward. At the same time the temperatures farther down in the bundle are
increasing as the transient continues.
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Following approximately 30 seconds of transient behavior characterized by
intermittent superheating, a period of stable boiling begins, as shown in
Figure 5. TVo points are of particular interest. First it can be seen that
the temperatures remain constant at the saturation temperature, while the void
detector signals fluctuate. This has been observed previously at a somewhat
higher heat flux and is indicative of a homogeneous two phase flow [11]. Also
the peaks in the pressure signal have been reduced considerably. This effect,
which is believed due both to the expulsion of the upper liquid slug and to
the damping effect of the two phase mixture, will be considered in detail later.
Stable boiling of this type could be maintained indefinitely.

B. Boiling with Superheat and Minimal Inlet Throttling

In test 7-2/45, performed in the second bundle, the transient was initiated
by reducing the Na flowrate, with a small amount of inlet throttling. An ini-
tial superheat of approximately 30°C was observed. Under these conditions the
flow to the bundle can be reversed, as indicated by the inlet flowmeter Dl in
Figure 6. The pressure drop during boiling is large in comparison to the avail-
able pump head and the lower liquid-vapor interface moves rapidly downward,
accompanied by strong pressure pulses. Such a situation could arise in an LMFBR
subassembly where the inlet throttling is relatively small.

C. Transient Boiling Without Superheat

With a high degree of inlet throttling and low superheat, the boiling
regime is quite different. This is clear from Figure 7 for Test 7-2/80 at 20.4
W/cm. Boiling begins in this case at t = 100 s with a single, isolated bubble.
Following a two second delay, a regular boiling pattern is observed. The bub-
ble collapses are accompanied by sharp pressure pulses which correlate well
with the fluctuations in the outlet flowmeter and the void sensor C4. The
temperatures above the heated section increase very slowly as the upper phase
boundary moves upward.

Inspection of the signal from the thermocouple TC10 (h = 700) reveals a
temperature fluctuation which is correlated with the outlet flowmeter, and is
a direct measure of the upper phase boundary motion. This motion can be seen
more clearly with thermocouples TC12 and TC39, and will be discussed in detail
shortly. The boiling remains remarkably constant for over 70 seconds and may
be described as transient but stable boiling.

At the same linear power in the second bundle with superheat, slug type
boiling is seen. The initial explusions are approximately 8-10 seconds apart.
This decreases, more or less smoothly, to two seconds after about a minute of
boiling. For this case, the pressure signals are quite different, and will be
considered in the next section.

ANALYSIS OF RESULTS

As mentioned earlier, one of the goals of the research was to gain an
understanding of the types of neutronic and acoustic signals which could be
expected from a gamma heated, in-core experiment. Neutronic perturbations are
produced by the reduction in coolant density during boiling. The magnitude of
the detected perturbation depends upon the local sodium void coefficient and
the reactor transfer function. Hence the motion of the liquid-vapor phase
boundaries is the principal concern. For acoustic signals the pattern of bub-
ble growth and collapse as well as the properties of the transmission path
between the boiling and detector are of importance.
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It should be noted that the observed signals will depend, to a lartc ex-
tent, upon the characteristics of the test section. It has been pointed out
previously that the number of pins in a bundle is an important parameter 112J.
In addition, the length of the outlet section must be taken into account. The
following discussion therefore is concerned with the types of signals which
would be produced if an in-core bundle were thermalhydraulically similar to
the IRE bundles. This points out the need for computer analyses for the design
and evaluation of an in-core experiment.

With respect to neutronic perturbations it is useful to recall that fluc-
tuations in void volume or motion of the void within a neutron field are essen-
tial. That is, if a void were to remain constant in size and fixed in space,
then its detection by neutron noise techniques would be extremely difficult.
Accordingly, we consider here the fluctuations of the void volume.

In the experiments conducted at Karlsruhe, a variety of signals are avail-
able to indicate the liquid-vapor interface; these include the outlet flowmeter,
void detector and thermocouples. Void detectors and many of thermocouples yield
only binary information; the phase boundary has reached the sensor location or
it has not. These signals therefore are useful in order to correct or calibrate
the results of continuous void height estimates. For continuous estimates a
flowmeter or a thermocouple located near the end of the outlet section is of
value. For the analysis here, the temperature signals were most useful. In
Figure 7 it was seen that in the second bundle the thermocouple TC10 displayed
fluctuations related to the phase boundary motion. Since the interface soon
reaches this height, its usefulness is limited. However the thermocouples TC12
(h =1000) and TC39 (h =1100) are much higher in the bundle.

The relationship between temperature and interface position can be formu-
lated as follows. At the onset of boiling t=0, an axial temperature gradient
exists in the upper unheated section due to the heat capacity of the follower
rods and the assembly wall. To a first approximation this gradient can be
approximated by a straight line. With this assumption the height of the upper
phase boundary can be written in terms of the temperature at h = S as

T (t) -T (0)
Z ( T ) = S K A / A S + Z o

z s
where

K = slope of the temperature gradient
Az/As = ratio of flow areas

Ao = height at which boiling begins.

In practice this relationship must be modified to reflect the fact that the
temperatures in the outlet region are increasing during the single phase tran-
sient prior to boiling. Also, because of the abrupt temperature change, the
frequency response of the thermocouple must be considered.

With these corrections included, the effect of incipient superheating on
the expulsion process can be examined. Two tests with varying amounts of
superheat at the sŝ .e heat flux are shown in Figure 8. The upper curve is for
50°C superheat, while the bottom curve is for 10°C superheat. For the case
with high superheat the expulsion is much more rapid and abrupt. This is in
sharp contrast to the low superheat case where the fluctuations are quite
regular and increase in magnitude as the boiling continues.

Reactivity perturbations produced in the two cases would clearly be dif-
ferent. In this regard it should be noted that a gamma heated bundle could
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well be shorter than the actual core height, so chat the void coefficient
would be relatively large in this oscillating condensation zone. Further it
is important to emphasize that frequency domain analysis of such signals must
be d,one using transient techniques in order to properly identify the two cases.

The pressure spectra during the tests were also observed to be time de-
pendent. The auto power spectral density for transducer P4 for Test 7-2/86
appears in Figure 9 along with the background spectrum at the same flowrate
without boiling. Boiling produces an elevation in the spectrum at low fre-
quencies as well as resonance behavior between 10^ and 1CH Hz. These reso-
nances are system dependent. The magnitude of the increase in the spectral
density should be interpreted with caution since the sensor is located in
close proximity to the boiling region.

Variations in the spectral densities from test to test were observed, as
in Figure 10. The lower curve is for Test 7-2/87 with a linear power of 25.1
w/cm and a small initial superheat. The reason for the reduction both at low
frequencies and in the resonance region is apparent when the time dependence
of the spectra are taken into account. Spectral densities were calculated for
20 second records beginning with the start of boiling and with a time delay
of 80 seconds. Examination of the spectrum in the resonance region for Test
7-2/87 in Figure lla reveals some reduction in the magnitude of the spectrum
but with little change in structure. On the other hand, for Test 7-2/87 in
Figure lib, much of the structure disappears entirely for the time-delayed
spectrum.

The differences between these two cases c-"n be explained in •'terms of the
boiling regimes. Throughout 7-2/86, slug type boiling takes place. That is,
abrupt ejections of superheated liquid occur as relatively isolated events.
However in Run 7-2/87, the initial expulsion process is more rapid and is fol-
lowed by low superheat boiling and a large two phase flow region. That these
characteristics affect the pressure spectra is not surprising. It is known
for example that the sonic velocity in a two phase flow depends upon the type
of flow present [13]. Further there are both theoretical predictions [14] and
experimental measurements [15] indicating that argon gas in a subassembly
severely damps acoustic signals. One would expect the effect of the two phase
sodium to be similar.

CONCLUSIONS

Several conclusions can be reached regarding the experimental results and
their application to in-core gamma heated experiments.

- Several forms of boiling are observable at low power in a bundle
depending upon the amount of superheat, degree of inlet throttling
and system heat capacity.

- The design of the outlet zone where condensation takes place will
affect the boiling process greatly. For the design of an in-core
experiment careful calculations are therefore necessary.

- Analysis of global signals such as neutronic or acoustic signals
from a gamma heated bundle must take into account the transient
nature of the underlying thermalhydraulics.
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Fig. 9: Autopower spectral density of
pressure sensor P4 wiih boiling
and background (lower curve)

Fig. 10: Effect of boiling regime
on the spectral density
of sensor P4
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TRANSIENT SODIUM BOILING CHARACTERISTICS AT PUMP RUN DOWN

H.M. Kottowski. C. Savatteri, M. Mol

Commission of the European Communities
J.R.C. Ispra, I 21020 Ispra, Italy

ABSTRACT

The transient pattern of boiling in simple channel geometry for loss of coolant conditions
were investigated at various heat flux levels and mass flow rates. Heat flux densities of up to 900
W/cm were chosen for the individual experiments, and were kept constant during the whole run
down until dry-out was reached. The rate of change of flow during the run-down was determined
by the pump control circuit. The boiling transients were analysed with the aim to answer the
following questions:

a) what is the history of the flow and temperature pattern following boiling inception;
b) what is the influence of the inception superheat on the boiling transient.

INTRODUCTION

A temperature excursion arising through an eventual blockage in the cooling channels or a
pump failure in a liquid metal cooled reactor could lead to boiling and subsequent melting of the
whole core or parts of the core. Since blockages occur likely as local phenomena they are characterized
by a local flow reduction and slow growing of the boiling area. A pump failure or a flow run-down
affects the coolant hydrodynamics of the entire core. The transient between the beginning of the
run-down and the onset of boiling depends on the characteristics of the pump and the reactor loop,
whereas the boiling transient is essentially governed by the characteristics of the core itself. Power
level, temperature and rate of decrease in mass flow determine the whole transient up to dry-out.

This paper reports on some run-down experiments over the whole transient period. Even if the
experiments do not represent real reactor conditions they can be used for code development and code
validation. Only experimental results are reported here. Their comparison with the Karlsruhe BLOW3-
code accommodated to the experimental conditions is underway.

EXPERIMENTAL CONDITIONS

The experiments were performed in a test facility with known hydraulic characteristics. The
rate of change in mass flow during run-down was determined by the response of thepumpcontrol cir-
cuit. The directly electrically heated test section was a hayness tube of 6 mm ID and 30 mm OD of
1 meter length, bypassed by a 48 mm ID tube. A quasi adiabatic unheated tube section of 1 meter
length was installed between the outlet of the heated section and the confluence with the bypass. Vol-
tage taps were located along the entire test section to measure the flow pattern and the propagation of
the boiling front. Instrumentation for the measurement of temperature, pressure and mass flow was
provided. The flow scheme of the loop, complete with test section, is shown in Fig. 1.

The run-down experiments were carried out as follows: from a steady state condition with a
given heater power per unit length N(W/cm), initial flow rate Qi,(ltr/sec), and a given inlet tempera-
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ture, a linear decrease in flow rate of 0.01 (Itr/sec2) was started at time t. This constant rate of de-
crease in flow rate was sustained until natural convection or boiling was reached. The heating power
was cut off when any wall thermocouple on the test section reached a threshold value of 1200°C.

Fig. 1: Test loop ML 4

EXPERIMENTAL TECHNIQUES

During a flow run-down and boiling transient the following parameters were measured as a
function of time: heating power, wall temperatures along the test section and temperatures, pressures
and flow rates at the inlet and outlet of the heated test section. The "vo id" length in the test section
was calculated by numerical integration of the measured difference in volume flow between outlet
and inlet. For convenience the outlet flow signal was normalized with respect to the inlet flow signal
and the void length set to zero at t = 0 before onset of boiling. Errors in normalization and zero drift
of the signal amplifiers cause a considerable error for long integration intervals. For that reason the
void length plotted in Figs. 3 and 4 should only be taken as qualitative information. The dynamic be-
haviour at the inlet and outlet of the test section during boiling is shown by the pressure gauges loca-
ted upstream and downstream of the heated section. All points were measured simultaneously.

Temi^iature profiles have been plotted for several moments before and after boiling inception.
They are shown in Figs. 4, 5, 6 and 8:

1) As long as no boiling takes place the temperature profile in the coolant is drawn as a straight
line between'the inlet and outlet temperature. After boiling inception the local temperatu-
res in the test section are unknown and two spots mark only the measured instantaneous
temperatures at the inlet and outlet of the heated test section;

2) The inner wall temperatures, Tmaii.jn were measured by 12 thermocouples along the heated
test section, located 1 mm from the inner wall. The outer wall temperatures, marked as
Twaii-out, were measured by means of 5 thermocouples at the outer wall of the heated sec-
tion, and by 6 thermocouples on the outer wall of the unheated quasi adiabatic section.

The calculations of the saturation temperature were based on the known blanket pressure, local fluid
velocity, fluid density and density gradient.

The location of the boiling inception and the expansion of the vapour phase was determined
by means of the voltage taps along the test section. The general map of instrumentation is shown in
Fig. 2.
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Fig. 2: Test section (6mm ID)

EXPERIMENTAL RESULTS

Flow run-down experiments were carried out at 900, 850,800, 700, 600, 500, 400, 350 and
300 W/cm applied to the test section.

Two examples of these tests will be discussed here.

/. Experiment No A34
In this experiment the run-down was started under the following initial conditions:

Heating power: 40 kW, equivalent to 400 W/cm
Volumetric flow of the coolant: 0.18Utr/sec
Inlet temperature: 600°C, outlet temperature: 800°C.
The time scale origin t = 0 in the diagram represents
the point at which signal recording started. The be-
ginning of the run-down was 6.5 sec earlier, hence at
t =-6.5. The decrease in volume flow, called ramp
slope, was 0.01 Itr/sec2. The development in the
boiling transient is shown in Fig. 3. At t = 0 the inlet
flow has dropped to 0.115 Itr/sec, the inlet tempe-
rature is still 600°C but the outlet temperature in-
creased to 865°C.

Fig. 3: Pump run-down—thermohydrautic pattern
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At t = 1.1 sec the bulk superheat is 10°C and the first indication of local boiling appears as pressure
pulses at the outlet of the heated test section. The first noticeable change in outlet flow occurs at
t = 1.7 sec, and the first voiding is signaled by the voltage tap at x = 95 cm at t = 2 sec, indicating the
presence of small bubbles. Shortly afterwards a large vapour slug penetrates down into the test section
in an oscillating manner and reaches the points x = 75 cm, x = 60 cm and x = 25 cm at t = 3.0, t = 3.7
and t = 5.6 sec respectively. Vapour expansion into the quasi adiabatic upper part of the test section
is com., med by voltage taps at x = 145 cm and x = 148 cm at t = 3.9 and t = 4.8 sec.

After t = 6 sec the vapour phase pulsates regularly and penetrates far down into the test sec-
tion. The outlet f'ow meter downstream of the heated section shows intervals in which slug flow is
likely to exist.

From t = 16 sec to t = 25 sec the heating power was linearly reduced to zero to terminate the
experiment. All vapour produced in the heated part of the test section condensed in the unheated ex-
tension. Thus, no vapour escaped from the test section area during this run-down experiment.

TKs temperature profiles in the wall and in the coolant for different moments during the run-
down are shown in Figs. 4 and 5.

After t = 5 sec, when boiling is well
established, the inner wall temperature in
the upper part of the heated section rises
rapidly.

At t = 12.5 sec the temperatures
at the inner and outer wall become equal,
and at t = 15 sec the temperature on the
inner wall exceeds that of the outer wall.
Thereafter the temperature profiles are in-
fluenced by the decrease in heating power.

2. Experiment No A 37

In this experiment the run-down
was started under the following initial con-
ditions:
Heating power: 60 kW, equivalent to 600
W/cm
Volumetric flow of the coolant: 0.23 Itr/sec
Inlet temperature: 590°C, outlet tempera-
ture: 785°C.
The signal recording started at t = 0, where-
as the run-down began at t =-5.5 sec, with
a ramp slop of 0.01 Itr/sec2. The run-down
history of this experiment is shown in Fig.6.
At t = 0 the coolant flow has dropped to
0.175 Itr/sec. The first indication of local
boiling is a slight pressure pulsation at the
outlet of the heated section at t = 2.4 sec.
At t = 2.9 sec the growth and collaps of
small vapour bubbles near the outlet of the
heated section is confirmed by slight oscil-
lations in the outlet flow record. At t = 3.2
sec an expansion of the vapour phase can be
concluded from a momentary reduction in
inlet flow and increase in outlet flow, and
voltage taps readings. Following this flow
reduction and vapour burst the vapour con-
denses and the test section gets flooded,

. aj, _

Fig. 4: Pump run-down-temperature pattern

Fig. 5: Pump run-down—temperature pattern
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which leads to a superheat of the coolant of about
40°C. After the subsequent flashing boiling the va-
pour phase expands in an oscillatory manner,
reaching x = 95 cm at t = 3.7 sec and x = 135 cm
at t = 3.8 sec. After t = 5.5 sec vapour reaches the
condenser at x = 201 cm and after t = 6.0 sec the
outlet flow meter indicates only vapour flow.

The temperature profiles at various mo-
ments during the run-down are shown in Figs. 7
and 8. The temperature profiles show the history
of the wall temperature and especially the pro-
cess of dry-out in the upper part of the heated
section, which becomes apparent through the ra-
pid temperature increase at the inner wall. At
t = 16 sec the inner wall temperature exceeds
1200°C, which turned off the heating power.

Fig. 6: Pump in run-down-thermohydraulicpattern

Fig. 7: Pump run-down—temperature pattern

Fig. 8: Pump run-down-temperature pattern
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DISCUSSION OF THE RESULTS

The two examples described here show the boiling transients during flow run-down at different
heat fluxes. The characteristic feature of the first example is a mild boiling inception at low bulk su-
perheat, and the continuous growth of the boiling area. Boiling propagation is accompanied by strong
*lo'.v oscillations. The small residual convective flow feeds liquid into the heated section, which causes
the passage of liquid plugs through the test section, synchronized with the flow oscillations. When
time goes on, the wall temperature increases and the liquid plugs exhaust before they reach the end of
the heated section. The cooling capacity of the subsequent vapour flow is too small to prevent a rapid
rise in temperature. Under such conditions dry-out is primarily a question of heat flux rather than of
hydraulic conditions.

In the second example the boiling pattern is not very different from that of the first experi-
ment with the exception that during the fast flow transient caused by the rapid growth of the vapour
phase coolant is flooding into the heated section from both ends. In this case before a new boiling
inception took place, a superheat of 40°C was involved.

After the first rapid evaporation the vapour phase continuous to grow in an oscillating manner.
In the initial stage liquid plugs pass through the test section.

The question arises whether such experiments can be used for the analysis of flow run-down
accidents in a reactor.

When comparing the heat capacity and thermal diffusion of the test section with those of the
portion of a fuel element heating one subchannel, the following values should be used:
Heat capacity per unit length of test section: = 25.8 Jem'1 °C' !

Heat capacity per unit length of equivalent fuel element: * 0.46 Jem"1 °C~'
Thermal diffusivity of the heat section: ^ 0 . 3 Jem"2 ° C ' see"1'2

Thermal diffusivity of the fuel element: = 0.09 Jem'2 °C"' sec'1'2

The ratio of heat capacities of the test section and equivalent fuel pin: =a 60
The ratio of thermal diffusivities of the test section and fuel: « 10
The difference in materials between test section and fuel leads to a missrnatch of boundary conditions
which have a significant influence on the whole run-down process.

The higher heat capacity of the test section tends to slow down the temperature increase and
to temper the boiling process. On the other hand the higher thermal diffusivity leads to higher tran-
sient heat fluxes (assuming the same temperature difference), which compensates partly the damping
effect of the higher heat capacity.

Taking these facts into account, the experiments can be used for the validation of "run-down"
codes. Work is underway to accomodate the Karlsruhe BLOW3 code to our experimental conditions.

CONCLUSIONS

Flow run-down experiments starting from steady state single phase flow with constant flow
ramp slope and various heater powers show that a characteristic featu:. of the boiling transients is a
pulsating growth of the vapour space. At the initial stage of boiling liquid plugs pass through the va-
pour zone wetting the wall.

If superheat is involved, only the initial stage of the transient is influenced. Its influence on
the further boiling transient seems negligible.

ACKNOWLEDGEMENT: The authors are grateful for the contributions made by the following persons: H. Dietz,
R. Kleih and C. Marazzato in executing the experiments.
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STEADY STATE LIQUID METAL BOILING PRESSURE DROP CHARACTERISTICS
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ABSTRACT

Steady state Na-boiling experiments were performed in order to measure the boiling charac-
teristics (pressure drop). These experiments were executed at various heat fluxes and mass flow rates
up to dry-out. - '

For the analysis of the experiments a steady state boiling computation code (ESSO) was
developed. In a first approach a parametric study has been made using the various two-phase flow-
models and friction multipliers proposed by Lockhart-Martinelli, Chen. Kalish and Peppier.
A validation of the code with the experimental results was made.

This work is performed in collaboration with the CEA-Laboratory of Grenoble.

INTRODUCTION

Sodium boiling experiments in bundle geometries prove that boiling expands gradually down-
stream of boiling inception even if superheat is involved. It seems likely that in a bundle configuration
a two-phase flow builds up surrounded by a single phase region. This pattern can remain stable for a
long time and implies a flow redistribution across the bundle, which in turn depends on the pressure
drop characteristics in the two-phase flow regime.

Experiments to investigate the boiling pressure drop AP as a function of mass flow and hi at
flux were performed by Costa and Sheriff {11 for annular geometry. Furthermore, measurements of
the friction factor and of the critical heat flux in various simple test section geometries were published
by Kaiser etal. [2] and Chen [3]. The studies reported here are a continuation of the investigations
started by Costa and Sheriff.

An examination of the actually known theoretical and experimental work indicates a lack in
detailed knowledge about the steady state two-phase flow of liquid metals. Discrepancies exist between
theoretical predictions and known experimental results. It is for example uncertain whether the fric-
tion factor correlations for two-phase flow in boiling water can also be applied for sodium.

Despite the numerous experiments carried out all over the world, the uncertainty remains,
partly due to the difficulties involved in visualizing the boiling flow pattern of sodium. The main pur-
pose of these studies was:

a) To provide experimental data on boiling flow pattern in a well defined simple geometry
under stable hydraulic conditions and with special emphasis on the pressure drop charac-
teristics, heat transfer and dry-out;
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b) To develop a physical model and a computation code for the prediction of the terms
quoted above.

EXPERIMENTAL EQUIPMENT

The experiments were carried out in a test loop with the following characteristics:

- Maximum flow capacity : 100m3 /h
- Maximum pump pressure : 10 Bar
- Maximum operating temperature of the loop : 600°C
- Maximum temperature of the test section : 1100°C

The test section is shown schematically in Fig. 1. Three throttling valves were installed upstream of
the test section and an unheated length of 950 mm is located between the heated part and the conflu-
ence with the bypass.

Fig. 1: Test section (6 mm ID)
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Fig. 2: Loop charade'istics

Pressure gauges were installed upstream and downstream of the heated test section and in the
condenser. The flow pattern was measured by means of voltage taps along the entire test section and
by an electromagnetic f lowmeter.

EXPERIMENTAL CONDITIONS

Steady boiling under stable hydraulic conditions required a rather high pump pressure and
heavy throttling upstream of the test section. The internal characteristics of the loop were measured
for several settings of the throttling valves. The settings chosen for the experiments correspond to the
characteristic curve of Fig. 2, which is as steep as possible over the desired mass flow range in order to
satisfy the stability criteria as good as possible.
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A large number of measurements was made for different heat fluxes and mass flow rates. For
each measurement several readings were taken during a period of 15 to 20 minutes with steady
boiling. Each reading of flow, pressure and temperature was made through a low-pass filter with a
time constant of 30 seconds to average out rapid fluctuations.

The measurements were divided into different series. Each series was executed in either of two
ways. With constant mass flow and increasing the heat flux stepwise between measurements until dry-
out was reached, or with constant heat flux and decreasing the mass flow stepwise between measure-
ments. The invariant experimental parameters were the cover gas pressure of 0.8 Bars, the inlet tempe-
rature of 585°C + 15°C, and the bypass subcooling T*,, - Tb y p ** 285°C ± 15°C. The heat flux along
the test section remained uniform in all cases.

EXPERIMENTAL RESULTS

Flow pattern

For an analysis of the two-phase flow regime in boiling sodium a thorough study of the boiling
pattern is indispensable. The simple geometry of the test section and its instrumentation with poten-
tial taps for void detection and with electromagnetic f lowmeters permitted the measurement of the
flow pattern both as a function of space and time. The interpretation of the measurements show clear-
ly that in a simple geometry the steady state boiling regime is characterized by single vapour bubbles
seizing nearly the entire flow cross section. The vapour bubbles are separated by liquid plugs with
thicknesses down to that of a membrane. Once the two-phase flow has reached a steady state, its pat-
tern is very regular. The liquid plugs passing through the channel supply liquid to the f i lm between the
wall and the bubbles. Due to evaporation of the f i lm the bubbles grow and the liquid plugs diminish
when they proceed along the test section. When the vapour slugs grow very long, the flow pattern be-
comes similar to annular flow.

Fig. 3: Steady stats boiling registration

Fig. 3 shows a 15 second recording of sodium steady state boiling with a vapour quality of
X = 1.9% and a void fraction of a = 79%. The recorded inlet pressure (P,) and pressure drop (AP) show
a constant pressure noise synchronous with the flow oscillations downstream the heated test section
(Qout)- The inlet temperature (Tj) and inlet flow (Qj) are constant and undisturbed, whereas the
coolant temperature at the outlet is subject to permanent perturbation. (The voltage tap measurements
confirming the slug flow have hot been plotted here.)
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Fig. 4 shows steady stai" boiling at the same heat flux as above, but at a reduced mass flow,
which changed the vapour quality to X = 5.3% and the void fraction to a = 88%. Compared to Fig. 3
both the pressure perturbation and the frequency of the liquid plugs flowing through the outlet flow-
meter increased.

Fig. 4: Steady state boiling registration

Fig. 5 shows again a boiling pattern at the same heat flux but at such a low flowrate that dry-
out conditions were approached near the outlet of the heated test section. In this case X = 15% and
a = 94%. The pressure drop rose further but the pressure perturbation diminished. In addition, Fig. 5
shows the transient from vapour flow at the outlet to liquid flow after power shut-off.
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Fig. 5: Steady state boiling registration

Figs. 3, 4 and 5 represent boiling flow pattern at the points X i , X2 and X3 of the characteris-
tic curve for pressure drop as a function of coolant flow and heat flux, which is shown in Fig. 6. Fol-
lowing this curve from B to C by progressively reducing the flow, the two-phase Fegion penetrates fur-
ther down into the heated test section.
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Boiling pressure drop characteristics

The results of the pressure drop
measurements have been plotted in Figs.
6, 7 and 8 along with the ESSO-code
predictions. The onset of dry-out limi-
ted the range of flow rates and pre-
vented experiments at low mass flows
in the region where the pressure drop
maxima are expected. The part from A
to B is the single phase portion of the
characteristic curve and the section B
to C shows the steep rise in pressure
drop associated with the two-phase flow
regime. If it would have been possible
to extend the measurements to much
lower flow rates, a pronounced pressure
maximum would have been noticed. At
still lower mass flows the pressure drop
decreases and approaches the single-
phase vapour characteristic curve asymp-
totically.
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Fig. 6: Pressure drop characteristic Na-steady state
boiling (q = 127 W/cm2)
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Fig. 8: Pressure drop characteristic Na-steady state
boiling (q = 175 W/cm2)
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THEORETICAL APPROACH

The physical model of the two-phase flow regime chosen for the development of the ESSO-
computation code is the slug flow model which, at least for boiling in simple geometries, is confirmed
by experimental evidence. The individual assumptions are:

1. The vapour flows in the center of the channel and is separated from the wall by a liquid
film;

2. The two-phase flow regime begins when the liquid reaches saturation temperature;
3. Thermodynamic equilibrium exists between vapour and liquid;
4. The liquid film on the wall remains undestroyed up to a void fraction of ~ 95%;
5. All heat is supplied from the wall.

The equations of continuity, momentum and conservation of energy have been applied to the flowing
medium. In the computation code these equations are solved for both single-phase and t\iyo-phase flow
by using the technique of finite differences.

The pressure drop due to friction in the two-phase flow was calculated for each finite diffe-
rence interval by adopting the slip model of Lockhart-Martinelli.

Eq. of continuity:

d
— [ apgVg + (1 — a) p! vi ] = 0 (1)
oz

Eq. of momentum:

dp d 3r

3z 8z g 9 ' ' 9 ' dz

Eq. of conservation of energy:

3
q(z) =

dz
- x ) H , + x L ] (3)

with: a = void fraction, pg = vapour density [kg/m3 ] , p, = density of the liquid [kg/m3 ],
Vg = vapour ve^city [m/sec], V, = liquid velocity [m/sec], q(Z) = power input [W/cm],
rn = mass flow ^g/sec], H] = enthalpy of the coolant [J/kg], L = latent heat of vaporization
[J/kgl, x = vap ur quality, •£- = total pressure gradient [bar/cm], ~ = pressure loss due to
friction [bar/cm].

For the calculation of the void fraction " a " the Lockhart-Martinelli correlation was used.

a = 1 1 *P\ 7— w i th (4)

Xtt = ( l ^ ) * 9 . (£5-)0-5 . (£i)0-1 (5)
X P, fig

According to the "slip model" of Lockhart-Martinelli, the pressure drop of the two-phase flow regime
along the interval Az is given by:

AP 2 ( =* 2 ,AP 1 f (6)

P1f = pressure drop of the liquid phase assuming only liquid flow through the total cross section of the
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channel, 4>, represents the frictional multiplier.
In order to assess the validity of the ESSO code for the prediction of the pressure drop cha-

racteristics, the frictionai multipliers proposed by Lockhart-Martinelli, Chen-Kalish and Peppier were
used alternatively.

4> = 8 2 . x 0 5 5 Peppier[5] (7)

* , = e A Chen-Kalish [6] (8)

with A = 1.59 + 0.518 In x t t - 0.0867 (In x t t)
2

Lockhart-Martinelli [7] (9)

with z = 2 log x«, + 0.176 x t t + 0.382

A comparison of experimental data with the calculations is shown in Figs. 6, 7 and 8. For low vapour
quality no preference can be given to one of the proposed frictional multipliers. For higher vapour
quality the best agreement is obtained by using Lockhart-Martinelli's frictional multiplier.

A similar comparison with calculations using the FLINA-code from Grenoble is underway.

CONCLUSIONS

Steady state measurements of two-phase pressure drop versus mass flow in Na have been made
over a range of conditions in a directly electrically heated tubular test section.

The measurements were compared with calculations using three different frictional multipliers
in the ESSO code (Martinelli-Lockhart, Chen-Kalish, Peppier). It was found that for the two-phase
flow regime in a heated tubular geometry at low vapour qualities the proposed correlations for the
frictional multiplier f i t with the experimental results. For higher vapour qualities Lockhart-Martinelli's
frictional multiplier fits best.

A comparison of the results with those from the CEN Grenoble experiment with an annular
test section shows a fair agreement [2], A qualitative agreement is found with the Winfrith [4] simu-
lation experiments with water, which demonstrates the usefulness of simulation experiments for code
development.

Steady state boiling experiments in annular and bundle geometries are in preparation especially
in order to measure flow pattern and pressure drops which will give lead to a realistic model for code
development.

ACKNOWLEDGEMENT: The authors are grateful for the contributions made by the following persons: H. Oietz,
R. Kleih, C. Marazzato for the experimental results and Mr. J. Navarre for the test evaluation.
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INFLUENCE OP THE AXIAL DISTRIBUTION OP HEAT FLUX
ON SODIUM BOILING IN FORCED CONVECTION

S. Meneghello, M. Pezzilli, G. Scarano

Comitato Nazionale Energia Nucleare
Dipartimento Reattori Veloci
Divisione Ricerca e Sviluppo

C.S.N. Casaccia, Roma

ABSTRACT

The axial distribution of heat flux and single pha-
se transient influence on incipient boiling superheat and
sodium boiling dynamics have been studied by two tests s£
ries in forced convection. These experiments were carried
out in the same conditions of velocity, pressure, inlet
temperature and mean heat flux on two wire wrapped single
pin test-sections, geometrically similar, having respecti^
vely flat and sinusoidal (0 /0 . = 1.7) axial distribu-
, . _ . , „ max m m
tion of heat flux.

Moreover the influence of the bundle geometry on so-
dium boiling is carrying out on the basis of the prelimi-
nary experiments on sodium boiling in seven pins bundle.

INTRODUCTION

A first valuation of the influence of the axial distribution
of heat flux on sodium boiling has been made on the basis of two
experimental tests series performed on the ENA 2 loop of the CSN
Casaccia with wire wrapped single pin test-sections with diffe-
rent axial distribution of the heat flux (flat and sinusoidal).

On the loop presently is at work a seven pins test-section,
a brief description of which will be given now.

The work presented here is the result_of the picking up aga-
in of an activity started in the CNEN £}_/ many years ago; within
the general outline of the CNEN-CEA agreement concerning the fast
reactors, this activity belongs to the "safety" activity line, on
the domain of which has been initiated a very active collaboration
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between Italian and French research people.

TEST SECTION

As schematically drawn in
fig. 1, the test-section consists
of an annular passage (I.D. tu-
be 10.6 mm, O.D. heater 6.8 mm,
heating length 300 mm) with wi-
re spacers (diameter 1.25 mm,
pitch 150 mm). Two types of high
flux heaters^ manufactured in
the CNEN /_ 2/, have been utili-
zed. In the first one the hea-
ting element (graphite) is unal-
tered giving an axially flat di-
stribution of the heat flux; in
the other one a set of grooves
of variable depth allows a sinu-
soidal heat flux distribution

with ratio
mm

= 1.7.

Section A-A

(Tp ) Ciod

thtrmocuptti

ihtrmocupltft

( P ) Prfttsurt troiductr

(AIJp) PftilU

(VS P) Flow

( I ) Void

rt drop trotductr

mtitr

Fig. 1 - Test Section

POWER TRANSIENTS

The two sets of experiments have been realized in the same ex
perimental conditions of pressu-
re (1.7 _ 1.75 bars), velocity
(0.8 - 1.2 m/sec) and mean heat
flux (110 - 210 W/cm2) at the in
ception of boiling.

The measures of the pressu-
re drop versus velocity at dif-
ferent temperatures (fig. 2)
seems in good agreement with the
usual theoretical relation using
Blasius friction factor. The uni
ty value of the corrective term
Z for wires effect seems to be
confirmed by the experimental re-
sults available in literature/ _3/
The heat balance curve, calcula-
ted by hypothesizing a sinusoidal
distribution of the heat flux,
seems to agree with the experi-

I
l i S. oi

W 20 30 40
Wire lead/rod diameter

I 2 3

Velocity. V (m/sec )

Pig. 2 - Pressure drop
versus velocity
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mental values of the temperatures in the stationary conditions

(fig. 3).
1000

The measured superheat va-
lues, ranging from 0»C to 30°C,
seem to be in congruence with
the other esperimental results
available_in literature [_ 5/,
L §/t L l/(fi%' 4) if interpre-
tated in the light of__the theo-
retical correlation /_ 4/. On the
basis of the present experiments
it seems that any influence of
the axial distribution of the
heat flux on the I.B. superheat
has to be excluded.

Boiling generally starts in
the upper blanket zone, with the
exception of some flat heat flux
esperiments in which it starts
at the upper end of the heating
section because of the greater
value of the wall-liquid tempe-
rature jump.

On the basis of the turbulence theory {_ A_/, the experimental
velocity and pressure conditions let foresee small I.B. overpres-

700
10 20 30 (0

Axial distance. Z
50

(cm)

Pig. 3 - Temperature axial
distribution in sinusoidal
heat flux esperiments

( • ) Constant heat flux
(D) Sinusoidal heat flux
(A)C.N.EN.

\) Ispra
(O) B.N.L.

•)"Turbulence" theory

3 4 5 6 7 8 9 1 0 11

Reynolds number. Rex 104
13 U

Pig. 4 - I.B. superheats in forced convection

sure and superheat values and hence just a brief initial phase of
the superheat release without flow reversal (fig. 5). With regard
to such phase no relevant difference has been observed between
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flat and sinusoidal heat flux esperiments. The effect of the big-
ger mass of overheated liquid in the sinusoidal heat flux esperi-
ments is evidently neglectable and partly counter-balanced by the
lower overheating of the wall at the upper end of the heating se-
ction. During the following phase of stationary boiling, the pe-
riodical nullifying of the velocity tends, in the sinusoidal heat
flux esperiments, to a fast increasing of the liquid and clad tem-
perature in the central zone of the heating section and provokes
the downward propagation of the two phase separation frodt (fig.
6). In the light of this fact, which is not to be neglected becau-
se of the influence of the voids on neutronic feedbacks, one can
say that the flat heat flux esperiments are not conservative.

FLOW TRANSIENTS

Fig. 7 compares the courses of the overheating of liquid ver-
sus velocity in two flow transients realized by means of a quasi-
stationary reduction (test 12/5) and a step-wise enclosure (test
11/6) of the test-section valve in the same conditions of pressu-
re (1.7 bars) and mean heat flux (150 W/cm^). Because of the ther
mal inertias there is an evident shoving off between the experi-
mental results 11/6 and the stationary thermal balance curve. In
accordance to the turbulence_theory / %/ and the experimental map
of the two phase regimes / 8/, in test 12/5 boiling starts at a
low I.B. superheat and it is stable, whereas in 11/6 the I.B, su-

a.

3
O1

-100

( •)Quasi-steady transient (test 12/5)

( O ) Step-Wise transient (test 11/61

( A A)lncipient boiling

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.6 0.9 1 1.1 1.2 1.3 1.* 1.5

Velocity . V (m/sec )

Fig. 7 - Overheating of liquid versus
velocity in tests 12/5 and 11/6
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perheat is much higher and the boiling is ejecting-diver^ent.

•%̂  1 . -t**~' rt-.

Pig. 8 - Test 11/6: sodium boiling

The figs. 8, 9, 10, 11 show
much clearly the boiling model
in test 11/6. After an initial
phase of superheat release the-
re is a total emptying of the
channel and hence the drying-out
and the melting of the clad (fig.
8). The melted goes upwards (pro_
bably because of the dragging
force of the vapor) following
the trace of the wire, and soli-
difies causing an obstruction in
the upper part of the test-sec-
tion (fig. 9). Re-entering by
opening the test-section valve
(5 seconds after the inception
of the boiling), the sodium in-
teracts violently on the melted
clad (fig. 10), producing a va-
por, the initial temperature of
which coincides with the tempe-
rature of the sodium in contact
with melted clad.

Fig. 9 - Heater clad melted
during teat 11/6
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Fig. 11 shows, through the signal? of velocity and pressure
drop on the ends of the test-section, the complete time behaviour
of the test 11/6. Pigs. S, 10, 11 allow an immediate comparison
of the temperature, pressure and velocity signals in two phenome-
na as much different as sodium boiling and sodium-melted clad in-
teraction.

Fig. 10 - Test 11/6: sodium-melted clad interaction

V
(nvs)

1

0

n

\

d
iE

HE A

0.08 D«r

1 , K V
S J

—̂

t««c

Fig. 11 - Test 11/6: velocity and pressure drop signals
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SEVEN PINS BUNDLE

At the moment preliminary
experiments on a seven pins
test-section (fig. 12) are in
progress, which will allow to
value the influence of complex
geometry on sodium boiling.

Moreover, in an advanced
phase is already the planning
of a new seven pins test-sec-
tion (heating length 720 mm,
variable axial distribution
of the heat flux), which will
allow to realize a better si-
mulation of the thermohydrau-
lic conditions of the fuel
element.

Pig. 12 - Seven pins bundle
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MULTIPHASE FLUID DYNAMICS WITH APPLICATIONS
IN LMFBR SAFETY ANALYSIS

John R. Travis and William C. Rivard
Theoretical Division, Group T-3

University of California
Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87545

ABSTRACT

The multifield fluid dynamics equations are presented and
discussed relevant to the Hypothetical Core Disruptive Accident
(HCDA). A numerical calculation of a submerged air jet in a
water pool, which simulates the HCDA, is performed to demonstrate
the accuracy of the numerical solution technique. The results of
the calculation are in substantial agreement with the laboratory
experiment.

INTRODUCTION

The safety analysis of the Liquid Metal Fast Reactor often requires a
detailed study of the complex dynamic interactions between solid or
structural materials, fluids in the liquid phase, and fluids in the vapor
phase. During a hypothetical accident sequence these materials can undergo
violent time dependent interpenetrations of one another in which the dynamics
are governed by mass, momentum, and energy transfer. Under such conditions
large differences in velocity, temperature, and density can occur among the
various materials so that a multifield [1,2] (multifluid) model is needed for
an accurate description of the dynamics.

MULTIFIELD ANALYSIS

In the multifield model each phase is governed by a separate set of
field equations for mass

S p , (1)

+ V . ( p ' u u ) = ̂ - a V p + KCk-uj H-P'^+V, , (2)
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and specific internal energy

+ R(T - T) + V • (kctVT) + A + V± , (3)

and an equation of state of the form

p = p(p,I), T = T(p,I) , (4)

in which the microscopic density, p, is related to the macroscopic density,
p', and the volume fraction, a, by

p = p'/<* . (5)

In Eqs. (1-3), interactions between the phases due to phase transitions
are described by S , , & , and S which are respectively, sources or sinks of

mass, momentum, and internal energy density. Additional coupling between the
phases exists through the effective drag function K, where jjf is the mean re^
sistive velocity for the phase, and the energy exchange function R, where T
is the mean exchange temperature for that field. Other terms account for the
effects of viscous stress, Jf, viscous work, V , and the rate of production of
internal energy density due to momentum exchange,A.

In the absence of dissipative mechanisms, Eqs. (1-5) possess complex
characteristics for all non-zero relative velocities, which has been of great
concern to some investigators [3] and has even led some of them to call thi?>
set of multiphase field equations mathematically "ill-posed" when applied to
initial value problems. On the contrary, if the physical instabilities that
actually occur in nature for multiphase flows are to be described, the field
equations must contain the potentiality for the growth of perturbations.
Since the multiphase formulation is highly nonlinear, a better criterion for
well - posedness is the "high-frequency test" of Lax [4J, which states that
the growth rate for infinitesimal perturbations must be bounded as the wave
number becomes infinite. This condition is met naturally when the physical
dissipative mechanisms of viscosity, conductivity, and diffusion or, for
separated flows, the effects of surface tension [5] are included in the
equations. From the practitioners point of view, when seeking the numerical
solution of the multiphase field equations with finite difference methods, we
introduce dissipation sufficient to damp wavelengths smaller than the cell
size, but not so much as to damp the large scale instabilities of physical
interest [6].

In certain multiphase problems it is necessary to write at least three
sets of field equations, i.e., Eqs. (1-5) are written for each phase that has
relative motion to the other phases. For example, in the application of a
transient air-sand jet into a water pool with an air cover gas, which
simulates the core material transport of an HCDA analysis [7], it is
necessary to write field equations for the three materials. When the sand is
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disperse, the three materials share the same pressure; however, as the sand
becomes close-packed and approaches its physical packing limit, the pressure
of the sand phase must quickly increase to prevent nonphysical sand
overcompaction while the pressure associated with the air and/or water phase
remains suitable for describing penetration velocities throughout the sand
matrix.

Another example occurs in the post-accident heat removal phase of an
HCDA where debris-bed heat transfer and self-leveling experiments are
analyzed [8]. In these experiments, particulate UO nr stainless steel

debris-beds are heated while immersed in water or liquid sodium. Three
phases are present when boiling commences at the surface of the solid
pellets. It is observed that spontaneous fluidization of the beds occurs
with instabilities developing into the formation of channels that facilitate
the escape of vapor from the bed. The channels are highly unstable, often
collapsing and reforming while drifting around the bed. During the unstable
dynamics of the debris bed it is important, as in the sand jet, to prevent
nonphysical overcompaction of the solid particulate while allowing gross
motion and interpenetration of the liquid and vapor phases.

A numerical method is described in Ref. 2 that uses the ICE (Implicit
Continuous-Fluid Eulerian) technique [9] to solve the three field equation
sets.

In many LMFBR safety analysis problems [10], a simpler two field model
is sufficient; e.g., the SIMMER-I computer code [11], which derives its fluid
dynamics module from the KACHINA [1,12] computer code. In KACHINA and K-FIX
[13] (KACHINA-Fully Implicit Exchange Functions) the field equations are
written for the liquid and vapor phases with coupling through the exchange of
mass, momentum, and energy and the assumption of pressure equilibrium. In
developing the two field model, we define

S - J - J (6)
p e c

for the vapor mass equation, and

S - J - J (7)
p e e '

for the liquid mass equation, where J and J denote the condensation and

evaporation rates respectively. Similarly, the momentum exchange from phase
transitions is given by

for the vapor momentum equation, and

\

for the liquid momentum equation. The velocity of the donor material is used
in these momentum relations as a first order approximation to the effective
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mixing velocity at the vapor-liquid interface. For the specific internal en-
ergy equation, the sum of the pressure work and the source or loss of
internal energy density due to phase transitions can be rewritten for the
vapor energy equation as

<V rap,. i r3«,
"PT

(Je " Jc> Hv

and for the liquid energy equation as

(Je - Jc) Hv , (11)

where H is the specific enthalpy of the vapor. We assign the drag dissipa-

tion, A, to the vapor energy equation in the form

A = K(uy - ̂ > 2 • (12)

A NUMERICAL CALCULATION USING A TWO FIELD MODEL

In order to evaluate the dynamics and energy yield of an HCDA bubble
ejected upwards into the sodium pool, a number of experiments have been per-
formed [7] on the transient behavior of two phase submerged jets. Our objec-
tive is to calculate one of these experiments to verify the computational
technique of the multifield method used in K-FIX [13] with the eventual
purpose of assessing the mechanical work done by the sodium pool on the
vessel head.

The two dimensional computational mesh in cylindrical geometry was set
up to model the apparatus used for the high pressure air jet experiment
designated Gl in Ref. 7. The radial cell size, 6r, is 8.45 mm and the axial
cell size, 6z, is 20.0 mm with the two regions represented with 2 radial by
19 axial computational cells in the high pressure air chamber and 9 radial by
30 axial computational cells in the water pool and cover gas volume. Initial
pressures are 0.27 MPa (2.7 atmospheres) and 0.1 MPa (1.0 atmosphere) in the
high-pressure air chamber and the water pool and cover gas volume
respectively. Initial temperatures are uniformly set in both regions to
294°K. The height of the water pool and cover gas are both 300*0 mm. The
air in the high pressure chamber and cover gas volume is described by a
polytropic equation of state.
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The calculation was performed on a CDC 7600 computer in approximately 25
minutes of computer time. The results are presented in Fig. 1, which shows a
frame from the high speed motion picture of the experiment (courtesy of the
Argonne National Laboratory) and a marker particle plot of the air bubble and
associated velocity field from the calculation for comparison at five
different times. Marker particles and velocity vector plots have been
reflected about the centerline and the results for only a small portion of
the computational mesh are shown, so that comparison with the laboratory film
frames can be made more easily. The velocity vectors are normalized to the
maximum velocity on the displayed mesh. Transient pressure transducers were
used in the experiment to record pressure traces at the top of the cover gas
on the vessel head and on the base plate at the bottom of the water pool.

Time = 10 00 ms Time = 10 00 ms

. . , \ I I / . . .

ll I I ll

T.me r 20 00 ml

Max. Vel. = 23.7 m/s

Time = 20 00 as

. . I I I / . . .

ll I I ll

Max. Vel. =8.9 m/s

Fig, 1. Frame from the Laboratory Film (courtesy of the Argonne National lab-
oratory) and calculated marker particle configuration and velocity
vectors for 10 ms, 20 ms, 30 ms, 40 us, and 50 ms. Velocity vectors
are normalized to the maximum velocity as denoted below each velocity
vector field.
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Ff.g. 1. (continued) Frame from the Laboratory Film (courtesy of the Argonne
National Laboratory) and calculated marker particle configuration and
velocity vectors for 10 ms, 20 ms, 30 ms, 40 ms, and 50 ms. Velocity
vectors are normalized to the maximum velocity as denoted below each
velocity vector field.

We present in Figs. 2 and 3 the calculated pressures as a function of time at
positions 50.7 mm and 63.4 mm from the centerline on the vessel head and base
plate respectively. These calculated pressure traces, when examined by the
experimenters, were found to be in substantial agreement with the experimental
measurements [14].
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Fig. 2. Calculated long time pressure history at the base plate and at the
vessel head.
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Fig. 3. Calculated early tine pressure history at the base plate and at the
vessel head.
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As the diaphragm to the high pressure chamber is ruptured the pressure
on the base plate rises rapidly from the initial surge of air. The initial
momentum imparted to the water quickly leads to an overexpansion of the air
and subsequent drop in pressure. At about this time (1 ms), the initial
release wave reflects off the bottom of the high pressure chamber and the air
experiences an increased upward acceleration. The pressure begins to rise
again from the increased upward air flow and continues rising until about 3.5
ms. At this time, the bubble begins a second overexpansion. The pressure
continues to decrease until the bubble reaches its maximum volume at 28 ms.
The maximum pressure in the cover gas is reached at this time and the bubble
begins to collapse into the torus shape shown at AO ms and 50 ms in Fig. 1.
During the collapse the pressure increases from the downward directed
momentum of the water. Beyond 50 ms the pressure tends to equilibrate and
the bubble breaks up under the action of turbulence and buoyancy.

The velocity field shows a spherical distribution at 10 ms and 20 ms.
At later times, the bubble collapse is very evident by the reversal of the
velocity vectors and the secondary flow vortex pattern set up between the
canterline and outside boundary. The vortex becomes smaller in time until at
50 ms it is isolated in a corner with most of the velocity vectors directed
toward the lower chamber opening.

Although this calculation did not make use of the full power of the
multifield method, it provides an excellent test of the code's ability to
calculate separated two phase flow in the low Mach number range. Similar
experiments have been performed where saturated liquid snd superheated stean
are used in the high pressure chamber in place of air to demonstrate the
relative importance of phase transitions. Calculations of these experiments
will be extremely useful for evaluating phase transition models now that
substantial agreement has been obtained with the air-water experiments.
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SODIUM BOILING EXPERIMENTS IN A 19 PIN BUNDLE
TWO PHASE COOLANT DYNAMICS

J. Costa and B. Menant

Commissariat a l'Energie Atomioue
Centre d'Etuden Nucleaires de Grenoble

Service des Transferts Thermiques
85 X 38041 Grenoble Cedex France

ABSTRACT

Permanent sodium boiling experiments have been performed in a
19 wire-wrapped pin bundle on the forced convection loop CFNa II of
the Service des Transferts Thermiques at the Grenoble Nuclear
Research Center. These experiments have shown that subcooled boiling,
highly sensitive to the multidimensional aspects of bundles, is
very noticeable : the singular coolant dynamics during subcooled
boiling could lead to consequences such as Burn-Out and pin failure.
Nevertheless, the behaviour of the sub-assembly during saturated
boiling becomes grossly analogous to the behaviour of a monodimen-
sional channel, and the pressure drops which develop in the adiabatic
parts of the subassembly may be of primordial influence on subsequent
events. The physical models that should he developed in order to
describe the successive stages of subcooled and of saturated boiling
should be different.

INTRODUCTION

Two of the hypothetical incidents, considered in the fast reactor safety
studies, which could lead to sodium boiling, are the following :

- a flow restriction due to blockage at the inlet could be sufficient to induce
boiling in a subassembly

- the extremely improbable event of pump run down without scram could aslo lead
to boiling propagating to the whole cor*.

Many studies have already provided valuable information on sodium boiling
in single channel configurations. The up-to-date question is now to specify up
to which point this information can be used for the prediction of boiling in
real subassemblies.

Following_fhe previous works on boiling_in_annular channels -both for
s_tead_y state £ 1_/ and for transient flows £ 2_/- and in a seven pin bundle
£ 3_/ extensive experiments of boiling in a 19 pin bundle were planed at the
Service des Transferts Thermiques. It was hoped that calculational models for
sodium boiling in bundles could be found and that codes grossly predicting the
sodium boiling in real subassemblies of 217 or even more pins could be derived
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from the extrapolation of compared phenomena in single channel and in bundles
with few pir.s (7, 19, . . . ) .

The purpose of performing experiments under permanent boundary conditions
was to provide fundamental results on the particularities of sodium boiling in
bundle geometries. Such basic information may be useful for the riifficult
interpretation of further experiments under loss of flow conditions. Further-
more, they give good indications about sodium boiling appearing Juring slow
flow transients.

THE EXPERIMENTAL DEVICE AND PROCEDURE

The CFNa Loop

The risks of hydrodynamic instabilities following sodium boiling in a loop,
and the phenomena due to thermal inertia are such that it is very difficult to
maintain constant boundary conditions for a test section with sodium boiling.
The characteristics of the CFNa IT loop (fig. 1) and the experimental procedure
which was used wer<* defined in order to obtain sodium boiling in a 19 pin
bundle under rigourosly permanent boundary conditions :

The constant speed mechanical pump (flow-rate : 15 m /h ; pump head 100 m),
the by-pass circuit and the fine adjustment of throttling valves were such that
the flow-rate through the test section was imposed whatever th<j internal pres-
sure drop.

The pressure (1 bar) was imposed in the argon cover of the expansion tank.

The two regulated heat exchangers (600 kW and 400 kW) and the adjustable
preheater (up to 32 kW) imposed the temperature at the entry of the test
section (400°C most'of the time).

The power was supplied respectively to 9 and 10 pins by two independent,
power regulated rectifiers (maximum 400 kW each).

The series of tests were defined by the distribution of the power supplied
(maximum 30 kW per pin). Each series was constituted of several runs obtained
for decreasing flow-rates by successive shutting of the throttling valve located
at the inlet of the test section. Each run lasted about 7 minutes : 2 minutes
were enough to reach thermal equilibrium, and really permanent boundary condi-
tions were maintained during 5 minutes at least in order to record sufficient
information on the flow regime in the test section.

The GR. 19 Test Section

The GR. 19 test section has been designed so as to simulate a fast reactor
sub-assembly (fig. 2). The 19 wire wrapped pin-bundle is composed of a 600 mm
long heated part located between a 100 mm tranquilisation length and a 494 mm
downstream unheated length, simulating respectively the fissile and the fertile
parts of the assembly. The duct, hexagonal around the bundle, is extended by
an adiabatic tube of 19.3 mm inner diameter and 910 mm length, simulating the
integrated radiation shielding.

The main characteristics of the bundle, shown on fig. 3, are the follo-
wing :

- pin outer diameter D = 8.65 mm
- triangular array ; pitch between pin centrolds P = 9.95 mm (P/D = 1.15)
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- one helical spacer wire per pin (diameter d = 1,>:S mm, helical pitch
h -• 180 mm)

- 45.85 mm between opposite faces of the hexagonal duct
- maximum linear power 500 W.cm produced by a resistor insulated by boron

nitride from the tantalum sheath of each pin.

The instrumentation of the test section comprised numerous thermocouples,
pressure transducers and electromagnetic flowmeters ( 'ig. 2). The 200 measures
were scanned and recorded in 20 seconds and several records of the same run
could be made in order to verify that the flow was really quasi permanent.
Furthermore, some of the more fluctuating signals were continuously recorded
on graphical recorders.

Acoustical and thermal noises, measured with special devices were also
recorded, during 5 minutes for each n n, by experts from the Laboratoire
d1Etude de 1'Instrumentation en Sodium of the Departement des Reacteurs a
Neutrons Rapides of Cadarache Nuclear Research Center.

EXPERIMENTS CF SUBCOOLED BOILING WTTH 19 - PIN HEATING

The first series of experiments were performed in a range of parameters
of interest for the study of pump "un down without scram. The total power was
120 kW. The power was evenly distributed for the first series (6.3 kW per pin)
whereas the second series was performed in order to simulate grossly a trans-
verse power skew (9 pins producing 5 kW each and the 10 remaining producing
7.5 kW each). The boundary conditions and test procedure were those described
in the presentation of the loop, and the range of mass flow-rates studied ex-
tended from ?300 g.s~ to 167 g.s~ .

Single Phase Flow And Hot Spot Boiling

For flow velocities greater than .Hm.s , the hottest, region is located
as expected : around the central, pin (uniform power) or in thf internal part
of the maximum power region (power skew). More surprising rcsilts, obtained
for lower mean flow velocities (lower than .l. rn.r; ), could In-, attributed to
the beginning of a kind of mixed convection flow i;i which helical wires have
unexpected effects. Anyway, there was no longer any basic distinction between
the series of experiments with and without power skew : the general description
of boiling which follows applies to both.

0 . being the flow rate for which mean saturation should be obtained at
the top of the heating length, the first evidence of boiling is detected for :
0. (,, £ l.'I Q : the mean coolant temperature at the outlet of the heating
length is about 760T whereas the saturation temperature is 910"C and the maxi-
mum temperature indicated by the thermocouples is H1?°C (fig. A). Little bubbles
of vapor periodically developed around a superheated hot spot and ollapsed in
the surrounding subcooled liquid. The acutness of the hot spot —which may be
an evide:-.-:e of badly cooled zones about the helical wires- was such that inci-
pient superheat, if noticable at all, was of no bulk consequence.

Located Boiling

When the flow-rate Q becomes sufficiently low (1.^5 Qo, ^ 0. > Q )
a new flow pattern, called "located boiling", develops in t'.e test section. A
zone of two-phase mixture develops mainly in the axial direction towards the
inlet arid includes some of the thermocouples (then measuring T ). The vapor
produced in the heating bundle travels through the two-phase region and conden-
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ses in the unheated part of the bundle. The boundaries between the two-phase
region and the suboooled liquid flowing round are stationary (for a run at
given mean flow-rate) except at the upstream and downstream ends, where boiling
and condensation induce oscillations.

The interpretation_of stable located boiling with the multichannel sodium
boiling code FLICA /_ 4_/ shows that, as a consequence of an "internal flow
excursion", the remaining mass-flow rate through the two phase region is very
low because most of the flow rate by-passes through the surrounding liquid
region : the flow pattern inside the two phase region is likely to be a kind
of annular flow and burn-out should occur if the liquid film is not convenien-
tly fed. Anyway, no burn-out was detected during these experiments performed
with low heat fluxes.

Occurence Of Saturation

Due to the pressure losses through the adiabatic parts of the test section,
the saturation temperature at its downstream end is 15°C below the saturation
temperature at the outlet of the bundle : when mean conditions of saturation
are nearly met, flash boiling develops at the outlet of the test section. When
saturation is just reached at the top of the heating length, the two zones of
heat-generated boiling and of flash boiling meet. Then, the two phase region
extends nearly to the whole section of the bundle along the parts where mean
saturation is reached, whereas located boiling persists in some of the subcoo-
led parts (fig. 5). With the exception of this latter zone, coolant dynamics
should then be described using a single-channel modeling.

EXPERIMENTS PERFORMED AT NOMINAL HEAT FLUX

During the two first series of experiments more than 1 hour of subcooled
boiling was performed under conditions which locally could be very severe :
the pins which h^d suffered failed when an attempt was made to make them work
at nominal power, 'ii'.'is, some of the pins were not heated during the last
series of experiments vrtiirh were performed in a range of parameters represen-
tative of a slowly growing blockage at the inlet of a subassembly. Neverthe-
less, the important extent of the range of parameters in which "located boiling"
occurs has been confirmed by these experiments. Furthermore, some particulari-
ties of sodium boiling dynamics in bundles with nominal heat flux (187 W.cm~ )
and high flow velocities were pointed out.

Burn-Out Due To Internal Flow Excursion

As a result of the internal flow excursion, the flow rate of coolant
inside the two phase region during located boiling may not be sufficient to
evacuate the heat generated by pins working at high power : thus burn-out is
likely to occur in the first stages of boiling. Such burn-out, leading tc the _
final destruction of the test section, was observed during our experiments / 5 /.

The first burn-out occurred when the mean outlet temperature was more
than 100°C under saturation : the sheath of one pin had cracked along a helical
wire near the top of the heated length. This clearly shows that the regions of
pin sheathes at the contact of helical wires favour the development of hot
spots. The last burn-out, which occurred a certain time after the obtention
of mean saturation, put a final end to the experiments : five tantalum sheated
pins were partly molten.
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Influence Of The Unheatad Lengths During Saturated Boiling

When saturation occurs at the outlet of the heating Dundle, the remaining
flow rate is such that high two phase pressure drops develop in the unheated
lengths of the test section_( fî g. 6 ) . Although it was not proved, an analogy
with previous experiments /_ 6_/ suggests that critical-flows occurred at the
outlet of the test section.

Under these conditions, the pressure drop through the test section was
such that LEDINEGG instability would lead to a global^ flow excursion -well
known in single channel sodium boiling dynamics /_ ?-_/— with a pump head as
great as the nominal one available in a fast reactor.

CONCLUDING REMARKS

As a conclusion to this work, some indications -useful for the Safety
Analysis of Sodium Cooled Fast Breeder Reactors- can be drawn on what appears
to be an appropriate way of modelising the successive stages of boiling which
appear during slow flow transients in subassemblies of wire wrapped rods
(fig. 7 ) . The main conclusion to be recalled is that subcooled boiling, which
is of interest over a large range of parameters, may have consequences such as
destructive burn-out. The description of subcooled boiling implies that :

- Phenomena such as mixed convection and hot spots developing in the vicinity
of helical wires have to be taken into account in order to predict the exact
time and location of boiling incipiency.

- Interconnected subchannel boiling codes have to be developed in order to
describe the internal flow excursion around the point where boiling starts.
Experimental and theoretical work is needed in order to estimate the risks
and consequences of burn-out occurring during the so-called stage of
"located boiling".

When mean conditions of saturation are reached at the outlet of the
heating bundle, the pressure drops developing in the adiabatic parts become
consequent and the overall behaviour of the assembly is th*.- same as the
behaviour of an equivalent channel : as long as deep alteration of the
geometry of the assembly, or even fupl-coolant interaction, occurring during
suhcooled boiling as a consequence of the internal flow excursion, can be
excluded, the sequences of events following mean saturation could be described
by single channel calculations.
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TEMPERATURE DISTRIBUTION AND LOCAL BOILING BEHIND
A CENTRAL BLOCKAGE IN A SIMULATED FBR SUBASSEMBLY
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ABSTRACT

A series of experiments has been carried out to investigate the
effects of localised disturbance to the normal coolant flow in a fast
reactor fuel element. The tests involved an electrically heated I jndle
of 169 pins, with a centrally located blockage extending over 49 % oi
the flow area. Test section geometry corresponded to the SNR 300 Mk la
fuel element.

Measured temperature distributions behind the blockage agreed
well with tVose measured in corresponding water experiments. In this
paper the observed features of local boiling are discussed, and it
is shown that a continued capability for cooling the blockage region
is preserved, even with intensive local boiling.

INTRODUCTION

In the safety considerations of the LMFBR a considerable amount of atten-
tion is devoted to the problem of local failure propagation / 1_7. Such propa-
gation processes may be initiated by local blockages within the fuel elements
caused by deposition of fuel particles and foreign debris or by fuel swelling
after the occurrence of cladding defects. The consequences of such blockages
are local temperature increases and possibly local boiling. This may accelerate
the propagation process considerably. To judge the damage potential of local
boiling three areas have to be investigated:

- Temperature distribution behind blockages and the nature of local boiling;

- Detectability of blockages end boiling by temperature and acoustic noise
surveillance;

- Possible damage propagation by dryout or by hydrodynamic instability.

DESCRIPTION OF TEST FACILITIES

Test Section and Instrumentation

Fig. 1 illustrates the arrangement of Test Section No.1 with its A9 %
centrally located blockage. The cross section corresponds to the SNR 300 Mk la

United Kingdom Atomic Energy Authority, Risley
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sub-assembly, with 169 pins of 6 mm external diameter on a pitch of 7.9 mm. The
electrical resistance heaters used can produce a maximum hect flu-, nf 170 W/cm^
distributed linearly over the heated length of 290 mm. Mar1'mum power rating for
the bundle is 818 kW. The blockage is made of 3 mm thick steel platp, and is
located within a spacer grid 40 mm along the heated section. Limitirg pin sur-
face temperature is 950 °C.

A total of 91 pins lie within the blockage boon^aiyy of which S8 are heated
(3 being required for bubble detectors). It is known fr--.n the ieE-its of water
experiments that the absence of heating in the two p!~ rows outPi.de the block-
age boundary has minimal effect on the temperatui • 'lisfibation behind the
blockage.

Hydraulically, ana in scale, the test section corresponds to the upper
part of the SNR fuel element, the flow mixer on the outlet side being included.
In comparison with a fuel bundle, the heated length of the; test section is less,
but this can be compensated by adjustment of inlet temperature, and has little
influence on the results. The frictional and accelerational pressure losses in
the lower part of the fuel element are simulated by those in the inlet leg and
throttle valve.

The test section is instrumented as follows:

- About one hundred thermocouples around the blockage to obtain temperature
distributions and to monitor temperature fluctuations. About 60 of these
were embedded in the heater pin walls.

- 20 Chen-type bubble detectors distributed throughout the boiling region

(10 - 120 mm above the blockage)

- 9 static and dynamic pressure monitors at various positions

- Acoustic monitors at various positions in the test section and loop, to

assess the detectability of boiling noise remote from its source

- Flow meters at inlet and outlet. The difference in the output from these may
be integrated to give vapour volume.

Data recording was by means of magnetic tape (partly analog, partly digi-
tal). About 110 signals could be simultaneously recorded.

The KNS Loop (Kompakter Natrium S_iedekreislauf)

The KNS loop is represented schematically in Fig. 2. This loop was devel-
oped and built especially for this type of experiment, and is designed for a
maximum temperature of 700 °C. The maximum mass flow is 18 kg/s, somewhat
greater than that through the SNR sub-assembly.

Major components of the loop are the pump tank which contains the pump
and the Na/Na heat exchanger, and the buffer tank. Coolant flows from the pump
tank through the buffer tank to the test section. The inlet plenum of the reac-
tor is simulated by the buffer tank with its gas plenum. In the mixer section,
the coolant from the test section is joined by that from the bypass, from where
it is passed through the heat exchanger and back to the pump.

In the heat exchanger, the energy added to the circuit in the test section
is transferred to the sodium coolant of a second loop. The energy is thereby
dispersed into about 6 m^ (5 tons) of sodium in the dump tank. The estimated
cooling capability of the system is 1.2 MW at 700 °C. For safety reasons, the
whole loop is contained within a protective tank filled with inert gas.
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SINGLE-PHASE EXPERIMENTS

Test Parameters:

A number of single-phase experiments were made in order to fully investi-
gate the temperature field behind the blockage, and to assess its dependence
on the main physical parameters, i.e. upon heat flux, flow velocity and inlet
temperature. Table 1 indicates the range of parameters used in these experi-
ments, though it should be pointed out that not all possible parametric combina-
tions were utilized.

TABLE 1:

Range of Parameters in Single-Phase Experiments

Inlet Temp. (°C) 400 500 590

Flow velocity (m/s) 1 2 3 4

Heat flux (W/cm2) 18 33 51 68 130 136

Reynolds Number 1.7 104 - 8.2 104

The first experiments involved an investigation into the influence on the
results of coolant flow and heat flux. Later experiments were undertaken to
measure the temperature field close to boiHng conditions.

The Measured Temperature Field

In representing the single-phase results in this paper; we have used a
definition in which the temperature increase behind the blockage is normalised
in terms of the temperature gradient in an unblocked cluster, allowance being
made of course for the use of a partially heated bundle.

A typical set of results is illustrated in Fig. 3, in which radial tempe-
rature distributions at levels of 10, 20, 40, 80 and 120 mm behind the block-
age are shown. 1'he blockage form is hexagonal, so that although the number of
subchannels Is the same in each direction, the physical distance to thf. sides
is less than to the corners, and the flow path towards the sides corresponding-
ly more tortuous. Temperature distributions are therefore illustrated in Fig. 3
towards both sides and corners. The path is the same as far out as subchannel
(s/c) 4, beyond which point some differences emerge, though generally these
are small. These radial temperature distributions may be interpolated to obtain
isotherms, enabling the temperature field as a whole to be obtained, as in
Fig. 5.

The principal feature of the results is the clearly annular form of the
peak temperature region. The hottest point measured is normally in s/c 7,
40 mm behind the blockage: the hottest point in the system may be slightly
further downstream than this, perhaps around 50 mm, but there is no instrumen-
tation at this level. This annular high temperature region occupies the area
which flow visualization experiments reveal to be the centre of the recircu-
lating flow system / 2_/. At the center of the annulus, temperatures are lower:
this is a region of downward (i.e. reverse) flow. Beyond the hottest area,
towards the blockage boundary subchannels, temperature gradients become very
steep. This is an area of apparently great turbulence, as cold fluid moving
rapidly past the blockage interacts with hot, slower moving fluid in the recir-
culating wake.
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At 120 mm, the profile is essentially flat over most of the blocked (i.e.
heated) subchannels .This level is close to the rearmost stagnation point,
which flow visualization experiments show to be about 130 mm, or 1.5 blockage
diameters downstream of the blockage.

The normalised temperature fields obtained have essentially the same form
and magnitude in all the single-phase experiments. There are some differences,
but at the time of writing, it is not possible to say to what extent these are
due to parametric changes.

Temperature Fluctuations:

Study of the temperature fluctuations within the wake region reveals that
conditions remain remarkably constant. Although there appears to be a high
statistical element i.n the variation of RMS fluctuation magnitude between dif-
ferent measuring points, values of the order of less than 1 % are recorded in
the central subchannels: in the peak temperature region, values of about 2 Z
are typical, whereas on the shoulder of the curves, slightly smaller values
are recorded. Fluctuations at outlet (above and below the flow mixer) are nor-
mally well below 1 %. These values are normalised with respect to the tempera-
ture increase behind the blockage, and should be seen of course in the perspec-
tive of in situ thermocouple response time.lt has been calculated that 57% of a
surface temperature change will be perceived by a heater pin thermocouple at a
fluctuation frequency of 5 Hz, and 30 7, at 20 Hz.

The small size of these variations in the single-phase experiments would

suggest that there were no large scale instabilities in the pattern of recir-

culating flow.

Comparison with Water Experiments:

Blockage experiments using water have been made at GfK and elsewhere (3,4).
The results of these may be brought together in the manner of clare et al. (3).
When reduced in a similar way, the KNS results agree well with these water ex-
periments. The results of water tests with a 49 % blockage (Fig. 3) lie some-
what higher than those of KNS, but are also higher than the results of other
water experiments for both larger and smaller blockages. The reason for the
disagreement of this single water test series is not yet clear.

LOCAL BOILING TESTS

Test Procedure:

To aid understanding of the experimental results, the test procedures
adopted should be known. When sodium temperature had reached the desired value
at the start of the test series, power was applied to the test section at the
rate selected, with coolant flow sufficiently high to guarantee boiling would
not take place. Data recording was commenced, and the flow through the test
section reduced in stages by means of the inlet throttle valve. The time inter-
vals between flow reductions were long enough to ensure steady state conditions
were reached. At some stage, boiling began, and intensified at each subsequent
stage. The duration of each test run was limited principally by the length of
recording tape used.

Test Parameters:

The range of parameters so far investigated is illustrated in Fig. 6. The
curves appearing above saturation level have been calculated from experimental
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data obtained in the single-phase tests. Ic will be seen from the diagram that
at an inlet velocity of about 1.6 m/s, the temperature difference between
saturation and inlet temperature in the non-boiling region is about the same
as that between the fictitious tnaxiiiium temperature and the saturation tempera-
ture in the boiling region. This gives an indication how much of the heat } r.
removed by the boiling process alone.

Characteristic Boiling Behaviour:

In Fig. 4, some sample signals recorded at various stages in Test 17 are
illustrated. The first group (6i-62s) demonstrates the s-'ngle phase behaviour.
Inlet and outlet velocities are constant at the selected level, and indications
of finite vapour volume and pressure pulsations are completely absent.

The second extract (157—158s) corresponds to small scale local boiling,
saturation temperature being recorded by T 7/40. Flow variations cannot yet be
recognised as systematic, but bubble volumes up to about 25 cm and a periodic
pressure variation can be observed.

In the third stage of the test (226.6-227.5s), local boiling is fully
developed. Thermocouples 7/10 and 7/40 indicate boiling temperature, and a
regular fluctuation of 5 Hz frequency is superimposed on inlet and outlet flows.
The amplitude of this fluctuation is greater on the outlet side because of the
hydraulic characteristics of the test section including the buffer tank. The
vapour volume generated, which is also periodically varying, reaches a maxi-
mum of about 100 cm , and its complete collapse (which does not occur on every
contraction) is marked by sharp pressure peaks. The pumping action of the os-
cillation is reflected by the temperature fluctuations indicated by thermo-
couple 7/120.

In the last part of the test (297-298s), intensive boiling which extends
into the core of the wake was found to occur. Saturation temperature is attained
at all points illustrated except T 7/120. The amplitude of flow fluctuations
is increased somewhat, and maximum vapour volumes reach about 120 cm . Pressure
peaks marking complete collapse are here absent (which suggests the bubbles
no longer collapse completely). Because of this sort of oscillatory behaviour,
one could speak of single bubble boiling, although the void detector signals
suggest the presence of at least several buhbles with a high degree of liquid
entrainment.

In Fig.5, the mean isotherms deduced for the time periods described above
are illustrated. From these, one can clearly see the pattern of recirculating
flow, especially in the relatively cold central core. In the second and third
Figures, clearly annular shaped boiling regions are developed. From the low
core temperatures, which are subjected only to small fluctuations, it can be
firmly concluded that boiling is confined to the surrounding annulus. Inten-
sive reverse flow in the core of the wake remains fully developed, and corres-
ponds closely to the single phase behaviour.

In the fourth stage, the boiling zone extends into the centre of the wake,
but reverse flow remains developed, the central subchannels at 40 mm remaining
below saturation temperature, with generally small fluctuations suggesting
they are seldom reached by vapour. The test series ended here, so it is not
possible to say what would happen if flow were reduced further.

Pubble Volume and Dryout:

It has been shown that the pulsations of bubble volume are very regular.lt
is of interest to consider the extent and direction of vapour penetration into
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adjoining channels. For the fourth period considered, the measured va>our
volume of 120 cm-' is about double that of the shaded region in Fig. 5 (65 cm ) ,
which correspond to boiling temperature From the large temperature fluctu-
ations (up to 14^' °C at 5 Hz frequency) in subchannels 6 to 10 at 80 to 120 mm
behind the blockage, it would appear that the vapour expands preferentially in
the axial direction, while still maintaining its annular form.

At some locations in the boiling region, particularly in the last stages
of the test, repeated local dryouts were recorded, lasting for up to about
half the period of the 5 Hz pulsations. Because of this short time interval,
increases in temperature of only 5 to 10 °C were recorded, so that overall
cooling capability was not hazarded. It is hoped that further tests may go
further to define the limits of coolability.

To consider the implications of the results for the SNR 300, it can be ex-
pected that even under drastically reduced flow conditions, cooling in the
region behind a plane blockage can be sustained even with intensive local boil-
ing. There are no indications that the total flow through the fuel element is
adversely influenced by boiling - i.e. there are no signs of flow instability
developing. The influence of higher reactor pressure may be expected to be
advantageous in this respect, although its effect on the incidence of dryout
is less clear. Furthermore, the ability of reactor fuel pins to withstand the
very severe temperature fluctuations to which they may be subject-jd must be
queried.

SUMMARY AND CONCLUSIONS

Single Phase

- The normalised temperature fields obtained have essentially the same form

an«l magnitude in all single-phase experiments as in water.

- A principal feature of the results is the clear annular form of the peak
temperature region. In the centre of the annulus temperatures are lower.

- The rearmost stagnation point seems to be between 120 and 140 mm behind the
blockage.

- The study of the temperature fluctuations in the wake region shows that
there were no large-scale instabilities in the pattern of recirculating
flow.

Two Phase

- The overall behaviour corresponds closely to oscillatory single bubble
boiling although detailed evaluation shows the boiling involved many co-
existent bubbles and considerable liquid entrainment in the boiling region.

- The boiling region is annular shaped.

- Boiling is confined to this annulus. Intensive reverse flow in the core of
the wake remains developed, and corresponds closely to the single-phase
behaviour.

- The vapour expands preferentially in the axial direction.
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- Although repealed short term local dryouts were recorded the overall cooling
capability was not interfered with.

Finally it can be expected that even under drastically reduced flow con-
ditions, cooling in the region behind a plane blockage can be sustained even
with intensive local boiling.
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THERMAL-HYDRAULIC CORRELATIONS OF A SIX-CHANNEL BLOCKAGE
IN A SODIUM-COOLED SIMULATED LMFBR FUEL ASSEMBLY*

J. T. Han, M. H. Fontana, J. L. Wantland,
P. A. Gnadt, C. M. Smith

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830, U.S.A.

ABSTRACT

The temperature measurements in the wake behind a six-channel
internal blockage in a simulated CRBR fual assembly have been
studied and analyzed. The coolant residence time in the wake and
the mass exchange rate between the wake and the adjacent free
stream are calculated using a simple physical model. Correlations
are obtained for the average coolant temperature rise in the wake,
the maximum coolant temperature rise in the wake, the maximum
(inner) cladding temperature and the mean Nusselt number in the wake
with Reynolds numbers in the range of 101* <. Re <_ 10s and the power
per pin in the range of 16 to 33 kW/m. The results can be easily
applied to predict the temperature rises in the wake behind a
six-channel blockage located anywhere in the fuel assemblies of
the CRBR and the FFTF, providing the blockade is located two rows
or more away from the duct wall and has a negligible heat generation
rate. Furthermore, it should be pointed out that no sodium boiling
nor pin failure occurred in the tests and therefore, the reactor
can still be operated safely under this kind of blockage condition.

INTRODUCTION

Channel blockage in the fuel assemblies of the liquid-metal fast breeder
reactor (LMFBR) can be caused by the swelling and bending of pins, or the lodg-
ing of debris carried in the sodium. Its occurrence is possible during the life
time of a commercial plant since there are a very large number of fuel pins in
the reactor core,on the order of 101* to 10 . In order to assess the blockage
effect upon the safety and the design of the LMFBR fuel subassemblies, experi-
ments have been carried out at the Thermal-Hydraulic Out-of-Reactor Safety
(THORS) facility, formerly the Fuel Failure Mockup (FFM) facility, at Oak Ridge
National Laboratory.

The THORS bundle 3A[1] is a 19-pin, electrically-heated and sodium-cooled
bundle in which the central six channels are blocked with a stainless-steel
plate. The same pin diameter, pin pitch and wire-wrap spacing were used as
those in the fuel assemblies of the Clinch River Breeder Reactor (CRBR) and the

*Research sponsored by the U. S. Energy Research and Development Administra-
tion under contract with the Union Carbide Corporation.
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Fast Flux Test Facility (FFTF). A series of tests has been performed at various
heater powers and sodium flows to simulate a six-channel internal blockage in
these LMFBR fuel assemblies under design conditions. Temperature measurements
were obtained at axial and azimuthal locations in the wake (specifically, the
recirculating zone) behind the blockage.

TEST SECTION

The test section of THORS bundle 3A is shown in Fig. 1. The bundle was
inserted from the bottom of the test section with the free ends of the heaters
facing upward. A thermocouple rake, entering from the opposite end of the test
section, was used to monitor sodium exit temperatures. Sodium flowed upward
and exited near the top of the test section. A stainless-steel plate of 6.35
mm (0.25 in.) in thickness was located axially between 381 mm (15 in.) and 387
mm (15.25 in.) above the start of the heated section which has a heated length
of 533 mm (21 in.).

Figure 2 shows the THORS flow diagram in which the test section is located
on the left.

Figure 3 shows the instrumentation layout and the blockage location. The
large circles represent the heaters that simulate t'ns fuel pins. The number in
the center of each pin is the identification number of that pin. Each pin ha?
an outside diameter of 5.84 mm (0.230 in.) and is wrapped by a wire with a
diameter of 1.42 mm (0.056 in.) and a helical pitch of 305 iron (12 in.). The
wire-wrap spacers are shown in Fig. 3 in the smaller circles. The number in
each of these smaller circles indicates that a thermocouple junction is located
at so many "inches" above the start of the heated section and at the wire center.
Exceptions are for those circles containing two pairs of black dcts which repre-
sent the grounded-junction thermocouples at the azimuthal locations shown
one near the pin and the other on the opposite side. The flow channels are
identified by the numbers in the triangles between three adjacent pins. The
small circles with interior crosses indicate channels that were monitored by
exit thermocouples. The fuel-pin-simulator heaters have thermal elements
attached to the inner surface of the cladding as indicated by the dots labeled
A, B, C, etc., inside the large circles. The ends of these thermal elements
were grounded to the inner cladding at 15° azimuthal intervals and at G.35-mm
(0.25-in.) axial intervals; thus the junction formed by two thermal elements
measures an average temperature along the spiral path at the inner cladding
between the two junctions. Notice that the thermal elements in pin 1, for
example, measure temperatures from 381 to 406 mm (15 to 16 in.) above the start
of the heated section in 6.35-mm (0.25-in.) increments.

Nine tests have been performed[1] at heater powers in the range of 16 to
33 kW/m (5 to 10 kW/ft) with the mean coolant velocity in the range of 4 to 8
m/sec (13 to 26 ft/sec)• All thermocouples were isothemally calibrated before
each test, and all tests can be well reproduced.

ANALYSIS

Figure 4 shows a blockage located internally in a fuel assembly, where a
is the blockage diameter and b is its location downstream from the start of the
heated section (x = 0). M^ is the mean coolant velocity in the assembly and
is the coolant inlet temperature. M is the coolant mass in the wake and L is
the axial wake length.
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Mass Exchange Rate

Assuming that the coolant in the wake behind the blockage is well mixed
and that for turbulent flow the energy transfer between the wake and the
adjacent free stream is primarily caused by the mass exchange between them, the
following energy conservation equation is obtained.

N *b + L
Q = £ J qtM dx = IT, Cp (T^ - TJ (1)Cp

where Q = total power generated by fuel pins in the wake
N = number of fuel pins in the wake
b = location of the downstream side of the blockage
L = axial wake length
qi = heat generation rate per unit length of ith fuel pin
Cp = coolant specific heat at constant pressure
T ^ = average coolant temperature in the wake
TOT = average free stream temperature surrounding the wake
m = mass exchange rate between the coolant in the wake and the

surrounding free stream

Tyjj was measured in the tests and the wake length, L, has been estimated
to be 44.5 mm (1.75 in.) from the THORS Water Mockup tes'_s[2] by flow visuali-
zation using air bubble injection. T^ is taken to be the bulk mean coolant
temperature at the axial midplane of the wake (at x = b + L/2). The mass
exchange rate between the coolant in the wake and the adjacent free stream, m,
is thus calculated from equation (1).

Residence Time

The residence time of the coolant in the wake, T, is defined[3] as the
ratio of the coolant mass in the wake to the mass exchange rate.

T = M / m (2)

where M = coolant mass in the wake = p,_. V
p = coolant density in the wake
V J: = volume occupied by the coolant in the wake

Wt\i

Temperatures in the Wake

Assuming that the average coolant temperature in the wake, T,™, is approxi-
mated by that of the surface of the wire wrap nearest the channel center, it is
calculated as the arithmetic mean of the temperature readings from those thermo-
couples inside the wire-wrap spacers, with adjustment being made to take into
account the temperature gradient across the wire.

(3)

= — \ T +T +T + — /T +T \)
4 \ 15,sc2 15,sc4 17,sc3 2 V 17A,scl 17B,scl)|

~ "2 (T17A,scl ~ T17B,scl)
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where T

T

T

T

T

15,

15,

17,

17A

17B

sc2

sc4

sc3

,scl

,scl

temperature of the wire-wrap thermocouple located at x • 15 in.
inside channel 2 as shown in Fig. 3
temperature of the wire-wrap thermocouple located at x » 15 in.
inside channel 4
temperature of the wire-wrap thermocouple located at x • 17 in.
inside channel 3
temperature of the grounded wire-wrap thermocouple located at
x * 17 in. inside channel 1 and adjacent to ptn 2
temperature of the grounded wire-wrap thermocouple opposite
to the one for

The maximum cladding temperature of the fuel pins in the wake, T^^. CLAD'
is located at the inner surface of the cladding and is determined fromthe
maximum temperature of those thermocouples inside the fuel pins behind the
blockage as shown in Fig. 3. It is worthwhile to point out that there are over
twenty inner-cladding thermocouples at various locations in the wake.

The maximum coolant temperature in the wake, T M A X yj., is the wall tempera-
ture of the pin where T . ^ CLAD is located. Based on radial heat conduction in
a cylinder, the following equation is obtained.

T,,,_. ,_, = ! - , ,„ _T ._ — q ln(d/d.)/(27TK ) (4)
MAX WK MAX CLAD n i c

where q = heat generation rate per unit length of fuel pin
d = outer diameter of fuel pin
d. = inner diameter of fuel pin
K1 = cladding thermal conductivity

Similarily, the average wall temperature in the wake, T , is calculated
from the average inner cladding temperature T „ TNNFR CrAn which is the mean
value of those thermocouples inside fuel pins in the wake.

TW - TAVG INNER CLAD ~ < m U / d , ) / ^ ) (5)

Nusselt Number in the Wake

The mean Nusselt number for heat transfer in the wake is defined by

NuWK = Q D h / [ K A ( T W ~ T « ) ] <6)

where D, = hydraulic diameter of internal channel in fuel assemblies
DjJ = 3.03 mm (0.1194 in.)
K = thermal conductivity of the coolant in the wake
A = total surface area of fuel pins in the wake

The following values are used in the analysis: A = 2450 mm2 (3.79 in?),
a = 12.1 mm (0.476 in.), b - 387 mm (15.25 in.), d • 5.84 mm (0.230 in.), d. -
4.98 mm (0.196 in.), D. = 3.03 mm (0.1194 in.), L = 44.5 mm (1.75 in.), N =i3 .
Vin, = 2310 mm

3 (0.141 In?).
WK.

RESULTS

The mass exchange rate between the coolant in the wake and the adjacent
free stream is shown in Fig. 5 as a function of the mean coolant velocity u .
With increasing velocity, there is an increase in the turbulent mixing and ¥hus
an increase in the mass exchange rate as expected. Figure 6 shows that the
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residence time decreases as the coolant velocity increases. The residence time
obtained by Kirsch and Schleisiek[3] for the blockage in an annulus also shows
the same trend and has the same order of magnitude.

The dimensionless residence time, TU /a, is shown in Fig. 7 for those
obtained in the present study as well as ?hose obtained by D. G. Thomas[2]
using the salt concentration data of the THORS Water Mockup tests. The agree-
ment between the sodium and the water results is good. The sodium and the
water results of Kirsch and Schleisiek[2—3] for the flow in a blocked annulus
simulating SNR fuel assemblies are also shown in Tig. 7. The agreement between
their results and the THORS results is surprisingly good. A straight line can
be used to fit the THORS results for a six-channel internal blockage in a
simulated fuel assembly of the CRBR and the FFTF. This gives:

Tu /a = 12 for 4 x 101* < Ren = u a/v < 4 x 105 (7)
m ~ B m

where a = blockage diameter = 12.1 mm (0.476 in.)
Re = blockage Reynolds number
v = coolant kinematic viscosity

Equation (7) can he rewritten in terms of the channel hydraulic diameter
D, and the corresponding Reynolds number:

TU /D, = s8 for 101* < Re = u D, /v < 10s (8)
m n m h

Substituting equations (1) and (2) into equation (7) yields the average
coolant temperature in the wake behind a six-channel blockage.

TWK = T~ + 12 a<^<M C
p V

 (9)

It should be noted that the THORS water result at Re = u a/v = 2 x 10"
falls below the straight line as shown in Fig. 7. This is probably because the
Reynolds number, Re = u 0,/v, *s only around 5000 for which the flow in the pin
bundle is in the transition regime and the molecular transport effect may not
be negligible.

Figure 8 shows the ratios of the maximum wake temperature rise to the
average wake temperature rise above the coolant inlet temperature as a function
of the Reynolds number and the power generation rate per unit length per pin.
Figure 9 shows the maximum wake temperature rise above the bulk mean coolant
temperature. Note that three data points at lower Reynolds numbers from other
THORS tests have been added to these two figures. The maximum (inner) cladding
temperature rise above the bulk mean temperature is presented in Fig. 10 as a
function of the Reynolds number.

The Nusselt number for sodium heat transfer in the wake behind the six-
channel internal blockage is shown in Fig. 11 as a function of the Reynolds
number. Its value increases with the Reynolds number, and is in the same order
of magnitude with the experimental result obtained by Daigo et al.[4] for a six-
channel blockage in a 7-pin, sodium-cooled bundle.
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SUMMARY AND CONCLUSIONS

Thermal-hydraulic correlations have been obtained from the THORS experi-
mental results for a six-channel internal blockage in a simulated LMFBR fuel
assembly. These correlations can be easily applied to obtain the following in-
formations for a six-channel non-heat-generating blockage located anywhere in
the fuel assemblies of the CRBR and the FFTF, providing the blockage is two
rows or more away from the assembly duct wall:

(1) The average sodium temperature in the wake can be calculated
from equation (9).

(2) The maximum sodium temperature in the wake is given by Fig. 8
and Fig. 9.

(3) The maximum cladding temperature in the wake can be estimated
from Fig. 10.

(4) The Nusselt number for sodium heat transfer in the wake is
given in.Fig. 11.

(5) If the blockage is made of impermeable heat-generating
material, the mass exchange rate shown in Fig. 5 is still
valid. This is because the mass exchange ;tween the wake
and the adjacent free stream is a hydrod>aamic phenomenon.

(6) It should be noted that no sodium boiling nor pin failure
occurred in the present tests. Therefore, this kind of
blockage will pose no problem to the reactor safety under
design conditions.
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BLOCKAGE IN A 19-ROD SIMULATED LMFBR SUBASSEMBLY*
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R. E. MacPherson, C. M. Smith, J. L. Wantland

Oak Ridge National Laboratory
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ABSTRACT

Results of quasi-steady state sodium boiling tests in a cen-
trally blocked 19-rod simulated LMFBR subassembly have been analyzed.
The results indicate that, during two quasi-steady state boiling
periods (13 sec and 27 sec), there was no evidence of radial pro-
pagation of the local boiling zone from the 6-channel blockage wake
into the surrounding, unblocked flow channels. All thermocouple
temperatures in the region downstream of the blockage were stable
during the final 3 sec and 13 sec of these periods, respectively.

An idealized extrapolation of these results to a 217-pin
LMFBR subassembly leads to the conclusion that a 6-channel block-
age in a 217 pin assembly, having the same boiling intensity as
experienced in the boiling tests, does not cause the local boiling
zone to propagate radially into the unblocked channels for the
time periods investigated.

The experimental results also showed that, during these two
periods, there was no evidence of clad dryout in the local boiling
zone downstream of the blockage.

INTRODUCTION

An understanding of the effects of in-core blockages is of paramount impor-
tance in LMFBR safety. These blockages can result from the accumulation of
debris circulated in the primary sodium or from swelling or bowing of the fuel
pins. High temperatures occurring downstream from a blockage could under cer-
tain adverse conditions lead to localized boiling. The consequences of this
local boiling should be known.

Specifically, it should be determined if,

(1) the local boiling zone in a blockage Wake spreads radially
or axially during quasi-steady conditions of flow and power
(stable boiling), or

(2) local dryout occurs in the local boiling zone in the wake
during prolonged periods of constant flow and power

*Research sponsored by the U. S. Energy Research and Development Administra-
tion under contract with the Union Carbide Corporation.
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The subsequent analysis addresses these two phenomena by examining the
experimental results of boiling downstream of a 6-channel central non-heat gene-

- rating blockage in a 19-pin electrically-heated simulated LMFBR subassembly
(approximately 12.5% of the total flow area is thereby blocked). The extrapola-
tion of the 19-rod (Bundle 3B) experimental results to 217-pin LMFBR subassem-
blies will be discussed in relation to non-prototypicalities inherent in the
present configuration of the O.itc Ridge National Laboratory Thermal-Hydraulic
Out-of-Reactor Safety (THORS) Facility [fo-merly the Fuel Failure Mockup (FFM)
Facility]. Neither Bundle 3B nor the facility as used for these tests was
designed for sustained sodium boiling.

A detailed description of the facility and the data obtained in this test
program are given in Reference 1.

DESCRIPTION OF TEST FACILITY AND ROD BUNDLE 3B

The THORS Facility is an engineering-scale sodium test loop in which 19-
rod bundles, simulating LMFBR subassembly segments, have been subjected to
thermal-hydraulic testing during normal and abnormal LMFBR conditions. The
LMFBR fuel pins are simulated by electric cartridge heaters having the same out-
side diameter as a reactor fuel pin; each fuel pin simulator can contain up to
4 grounded thermocouple junctions attached to the inner surface of the cladding.
Helically wrapped wire spacers, containing either two grounded or two ungrounded
thermocouple junctions, space the fuel pin simulators as in reactor subassem-
blies.

Test Bundle 3B (the third bundle tested in the facility) is shown in Fig.
1. An attemperator, a perforated pipe which was slipped over the thermocouple
rake support to within 102 mm (4 in.) of the outlet end of the bundle, was
installed to inject "cold" sodium (at the bundle inlet temperature) into the
relatively hot sodium exiting from the bund.1 to protect the test section exit
piping from excessive temperatures.

Bundle 3B consists of 19 electrically-heated rods in a scalloped duct.
The rods have a diameter of 5.84 mm (0.230 in.) and are spaced by 1.42 mm
(0.056 in.)-diameter helical wire wraps on a 305 mm (12.0 in.) pitch. The cir-
cular scalloped duct encloses the 19 rods and simulates a partial hydrodynamic
section of an infinite rod array by having unheated rod segments (with helical
wire wrap) attached to the duct wall. Sodium, flowing vertically upward through
the bundle, first encounters a 406 nun (16.0 in.)-long unheated rod section, then
a 533 mm (21.0 in.)-long uniformly heated section, and finally a 76 mm (3.0 in.)
long unheated rod section before exiting vertically from the rod bundle. The
6.4 mm (0.25 in.)-thick non-heat generating, stainless steel blockage plate is
located 381 mm (15.0 in.) downstream from the start of the 533 mm (21.0 in.)
long heated section and blocks the 6 central flow channels (12.5% of the flow
area). All bundle 3B heaters have a ratrd power of 33 kW/m (10 kW/ft) and were
not specifically designed for boiling conditions.

The thermocouple instrumentation layout for Bundle 3B is shown in Fig. 2.
Thermocouple junctions which were found to give unreliable responses prior to
operation of Bundle 3B are crossed out in Fig. 2 and were not used to record
experimental data.

TESTS CONDUCTED AND TEST RESULTS

Seven test runs were conducted in an effort to determine the consequences
of local boiling downstream of the blockage. Six of the seven tests (test 3,
runs 101a, b, c, d, e, f) consisted of decreasing the test section flow at con-
stant heater power just enough to initiate sodium boiling at approximately 955°C
(1750°F), after which the flow was kept constant. The resulting quasi-steady
state boiling was maintained for a period which hopefully would not endanger
the integrity in the fuel pin simulators. In test 4, at the end of the scheduled
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Fig. 1. Test section for Bundle 32.

Fig. 2. Thermocouple instrumentation
for Bundle 3B.

test program, once boiling had been
established by decreasing the flow, the
heater power (only 18 heaters powered)
was varied in order to suppress and
initiate periods of quasi-steady state
boiling. Figures 3 and 4 show typical
temperature, flow and heater power
responses of test 3, run 101c and test
4. These two runs were chosen for
analysis since they contained the
longest, most intense (lowest flow-to-
power ratio) quasi-steady state boil-

ing periods (13 and 27 seconds, respectively) and because boiling conditions
were most easily recognized from their thermocouple responses.

The onset of boiling was determined during test operation by monitoring

(1) all bundle thermocouple temperatures on a continuous visual display,
(2) acoustic energy detector signals on oscilloscopes, and
(3) the amplified audio signal from an electromagnetic microphone

attached to the rod bundle housing.

In order to establish the extent of vapor generation (or the subcooled
boundaries of the vapor) from the experimental data, several criteria were used
to determine if a thermocouple response indicated sodium vapor in the thermo-
couple vicinity during the quasi-steady state boiling periods. Thus,

(a) if the temperature of a thermocouple is independent of a change in
flow and/or power, it is assumed that the forced convection nucleate
boiling regime (associated with small rod wall temperature changes
for increasing heat flux) has been entered. In Fig. 3, note the dif-
ference in thermocouple responses of wire wrap thermocouples 0621U
and 1113U during the three successively lower flow periods (50-60 sec,
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94-100 sec, and 138-151 sec); 0621U is considered to indicate the
presence of sodium vapor.

(b) as an extension of criterion (a), if the temperature of a thermocouple
stabilized prior to the time that che decreasing flow has reached its
minimum, the temperature is also considered independent of flow and
indicates boiling. An example is thermocouple 0621U in Fig. 3; it
stabilizes in temperature at approximately 136 sec, two seconds prior
to the flow reaching its lowest poini at 138 sec.

(c) if the temperature of a thermocouple reaches its highest plateau
after the flow has reached its minimum value and criterion (a) does
not apply, the thermocouple temperature is compared to a calculated
single-phase sodium saturation temperature. If the thermocouple tem-
perature is well below this calculated saturation temperature, it is
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designated as a "non-boiling" thermocouple. If the thermocouple tem-
perature is approximately equal to or above the saturation tempera-
ture and it reaches its final temperature plateau prior to the time
that any "non-boiling" thermocouple doe,, sodium vapor in the vicinity
is considered established. Otherwise, no conclusion as to vapor in
the vicinity can be made.

DISCUSSION OF TEST RESULTS

Axial Propagation of Local Boiling Zone

The test results in Figs. 5 and 6 as well as Table I are presented in an
effort to determine local boiling zone propagation. It must be pointed out,
however, that axial propagation during quasi-steady state boiling could not be
investigated with Bundle 3B because of two non-prototypicalities in the THORS
test facility. In particular, upstream propagation of the void during quasi-
steady state boiling periods was not likely because the test section flow was
not significantly reduced by an increase in pressure drop as in LMFBR subassem-
blies; this was due to the fact that flow was being throttled at the test sec-
tion inlet and the major portion of the loop pressure loss occurred at that
point. Downstream propagation of the local boiling zone was limited by an at-
temperator, which injected "cold" sodium (at test section inlet temperature)
into the two-phase sodium flow at approximately 305 mm (12 in.) downstream of
the blockage (see Fig. 1); this resulted in essentially all sodium vapor being
condensed. The large temperature fluctuations of thermocouples at the farthest
measuring point downstream of the blockage (see exit rake thermocouples in Figs.
5 and 6) reflect the flow agitation caused by this vapor collapse.

Radial Propagation of the Local Boiling Zone

The results of Table I (test 3, run 101c) show that during the 13-sec
quasi-steady state period, definite evidence of sodium vapor was only found in
the blocked region [channels 1 to 6 in Fig. 2]. Two wire wrap thermocouples in
the unblocked channels [1917U at the 432 mm (17 in.) level on heater 19 and
1819U at the 483 mm (19 in.) level on heater 18] showed temperatures near the
sodium saturation temperature, but none of the criteria for evidence of vapor
generation was applicable. Despite the fact that these two thermocouples are
close to indicating vapor in their vicinity, the major point to note is that all
ther-ocouples in the unblocked channels had stabilized in temperature at least
3 sec prior to the end of the 13 sec quasi-steady state boiling period (150.5
sec into the run). The stable temperature conditions reached in the unblocked
channels after 10 sec of quasi-steady state boiling together with the large
amount of subcooling in the outermost flow channels [T — T
(see Fig. 5)] still evidenced at the end of the 13-sec period, indicate no '
radial propagation of the local boiling zone from the blocked to the unblocked
channels for the 13-sec quasi-steady state period analyzed.

Tha results of test 4 (Table I) with 18 heaters powered (pin 7 heating
element had failed during the earlier boiling tests) indicated essentially the
same results as test 3, run 101c except for the two wire-wrap thermocouples at
the unheated, unblocked 584 mm (23 in.) level. This difference is primarily due
to a lower flow/power ratio in Test 4; as a result, test 4 had 20% less sub-
cooling [(T — T 1 ) . ] at this level (see Figs. 5 and 6) than test
_ ,i, satT bulk single-phase c . . , , , . , ,
3, run 101c. In effect, vaporrswept out from the blocked channels to the un-
blocked channels at this 23 in. level does not encounter sodium at temperatures
low enough to condense completely. Therefore, radial propagation of the vapor
zone in Bundle 3B could have occurred to a limited extent in the unheated sec-
tion of the bundle at 205 mm (8.0 in.) downstream of the blockage. However, in
the first 103mm (4.0 in.) downstream of the blockage (which includes the blockage
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Table I, Quasi-steady stmte boiling results of Bundle 2SB

Ln

Distance from
star t of

Seated section
mn (in.)

Blocked region

381 (15.0)
381 (15.0)
391) (15.35)
390 (15.35)
391 (IS.38)
3 9 6 ( 1 5 • .

397 (15.63)
39" (15.63)
303 (15.85)
40! (15.88)
409 (16.10)
410 (16.13)
416 (16.38)
416 (16.38)
416 (16.381
422 (16.63)
4,?J (16.63)
422 (16.63)
43.' (17.0)
4 3 ; (17.0)
432 (17.0)
483 (19.0)
483 (19.0)
533 (21.(7)
533 121.0)
584 123.0)

Unblocked regio

330 (13 .0)
330 [J3.IIJ
330 (13.01
330 (13.01
330 113.0)
381 (15 .0 )
381 1 1 5 . 0 !
381 (15 .0 )
381 ( 1 S . 0 ;
381 I 15.01
4 3 2 ( 1 7 . 0 )

4 3 2 i l - . U i

432 i r . 0 1
432 (1".«1
447 |1".59!
447 (1T.59J
483 119.0)
483 (19.0)
483 119.0)
:84 (23.0)
584 (23.0)

Test 3, Sun 101C

Test conditions: Flow: 8.2

ThernocoupleJ

011SU
u315U
RO11 SAD
R061SAB
R021SA1)
R0615B1:
RO215CB
R0116CD
R0616CD
R01160E
R0616DE
R0416AB
R0716BC
R0416BC
R0S16BC
R0417BE
RO517CD
R0717BE
0117(1
O217A
O217B
0619U
0719A
0521(1
062111
042311

0313U
04131)
111 3D
151. U
I" 1311
0815A
081 SB
10151)
1515(1
1915(1
101 "U
1111 "11
1S1TJ
191-1)
R1418AB
R14188C
0919U
14191)
18191)
092311
14231)

H e a t e r pow
gpm [1st nominal flow!

•r: 5.0 kw/ft
Inlet temperature: 1040aF
Time of quasi-steady state boiling period: 137.

Measured
temperature at
end of period

t°C [°F)I
1 ^ I r 11

921 (1695)
910 (1670)
968 (1775)
979 (1795)
935 (1715)
966 (1770)
977 (1790)
977 (1730)
974 (1785)
977 (79(7)
974 (1785)
971 (1780)
982 (1800)
971 (1780)
996 (1825)
974 (1785)
996 (1825)
991 (1815)
963 (1765)
966 (1770)
963 (1765)
966 (l"70)
966 (1770)
963 (1-6S)
966 (l-ftO)
929 1170S)

857 l i " a
S54 iI5"D
835 •, 1 r. 'V'
"93 ;14t>(P
"49 11380)
85" i l S ' 5 )
860 11580!
860 i1580)
"74 ,1.1251
8~1 ,1600!
849 (15601
824 (1315)
893 i1640)
932 (1-10)
821 (1S10!
>29 {1525:
868 (1595)
896 1.1645)
960 (17601
910 (16701
854 (15-0)

Estimated surface
temperature at
end of period

[°C (°F)1

927 (1700)
913 (1675)
954 (1750)
966 (1770)
921 (1690)
9S2 (1745)
963 (1765)
963 (1765)
960 (1760)
963 (1765)
960 (1760)
957 (17551
968 (1"7S)
95" (1755)
982 (1800)
960 (l"60)
982 (1800)
977 (1790)
960 (1760)
963 (1765)
963 (1765)
963 (1765)
963 (17o5)
960 (1760J
957 (1-55)
929 (1705)

851 v15"0l
85-" 11565)
832 (1530)
"91 (14S51
746 113-5)
860 (1580)
860 (1S80)
863 115851
7-7 (1430)
874 (1605)
846 (1555)
821 (1510)
891 (11.35)
929 11705)
807 (1485)
816 (1S0CM
866 (15901
893 (1640)
957 (T'55)
910 (1670!
854 (1570)

6-150.5 dec

Time of
Evidence of temperature .

vapor generation s t a b i l i z a t i o n
during period for period

No
No

->
Yes
Yes
Yes
Yes
\es
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

S-'

So

S o

S o

So
S o

S o
•So

No

S o
No

So
So
So
S o

So

So

(sec)

141.6
141.9
141.5
142.6
141.3
140.7
138.2
136.4
139.0
I3S.1
139.5
140.1
140.1
138.8
140.2
138.3
140.1
139.0
138.8
139.3
1 33.3
128.3
13".6
138.2
136.5
136. 3

110.5
140.4
140.-
141.3
143,9
1.

1
1
1
1
1
I
1
1
1
1
1
1

2 .6
1 . "
2 .6
5 .3
2 . "
2 . 8

7 . 6
5. 1

12.6
15.4

5 . 6

15.1
13.9
41.8

145.4
145.5

Test 4

Test conditions:

Measured
temperature at
end of period

r c (*FII

960 (1760)
954 (17S0)
unreliable
977 (1790)
957 (1755;
960 (1760)
unreliable
977 (1790)
968 (1775)
unreliable
9"1 (1780)
968 (1775)
unreliable
966 (1-70)
988 (1810)
968 (1-75)
94.1 (1810)
unreliable
95" (1755)
960 (1760)
95- (1755)
95" (1755)
954 (1750)
95" (1"55)
951 (l"S0)
952 (1745)

899 (16S0.I
904 (1660)
868 (1595)
874 (1515)
-32 (1350)
885 (1625;
885 (1625)
899 (1650)
"93 (14601
846 (1555)
938 (1720;
8"9 (1615)
863 (15851
929 (1705)
unreliable
unreliable
938 11720)
907 (1665)
9,9 (l"40>
949 (P40)
949 (174(1)

Flow: 5.6 gpm (10t
Healer power: 4.5

nominal flow]
kW/ft

Inlet temperature; 910"F
Time of quasi-steady state boiling period: »10.2-436.8 at

Estimated surface
temperature at
end of period

[*c CF)1

960 (1760)
954 (1750)

-
963 (1765)
943 (17301
946 (1735)

963 (1765)
954 11750)

957 (1755)
954 (17S0)

952 (1745)
974 (1785)
954 (1750)
9"4 (1785)

954 (1750)
957 (1755)
94" (1755)
954 (1750)
954 (1750)
954 (1750)
97." (H45)
952 (1745)

896 (16451
902 (1655i
8t'6 I1S9U}
821 (1510)
"29 (1345)
8«5 M625)
385 (16251
998 (1650)
-93 (1460)
S46 (1555)
935 (1715)
S-- (1610)
860 (1580)
92- (1700)

-

935 (1715)
904 (1660)
946 (1735)
949 (1740)
949 (1740)

Evidence of
vapor generat ion

during period

?
-
Yes
?

Yes

Yes
Yes

Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

S o

so
S o

SO
S o

So

S o

so
S o

S o

S o
S o
Sil

SO

SO
SO
-

Yes
Yes

Time of
temperature

stabilization^
for period

(sec)

406,3
383,9

370.3
407.8
365.4

366.3
372.8

3"0.4
370.0

367. s
363.7
351.2
362.8

351.4
364.2
351.2
356.2
361.2

• 1 4 3

".24
% - i . :

45: . 5
4i)y. 5
426.5
422 8
42" .6
406.2
410.6
40" .8
40V.(I
124.4
400.2
41)6 9
JitS. H
4(19.:

-

401 .9
408.8
399.2
369.3
382.8
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Fig. 5. Experimental temperatures in vicinity of blockage at end of 13
sec. period in Test 3, Run 101c.
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Fig. 6. Experimental temperatures in vicinity of blockage at end of 27
sec period in Test 4.

wake), the results of test 4 showed no evidence of radial propagation of the
local boiling zone. In particular, local boiling zone stability at the end of
the quasi-steady state boiling period in test 4 is found by examining the time
of temperature stabilization in Table I; all thermocouples in the unblocked
region (downstream of the blockage) had stabilized in temperature at least .13
sec prior to the end of the 27-sec quasi-steady state boiling period.

Dryout in Local Boiling Zone

For clad dryout of a pin surface during the boiling periods, surface tem-
peratures at dryout locations would be expected to increase sharply (above
1800°F) as the liquid film on the pin surface evaporates completely. None of
the thermocouples, which indicated the presence of vapor in their vicinity,
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exhibited this behavior during the quasi-steady state boiling periods investi-
gated.

CONCLUSIONS OF BUNDLE 3B QUASI-STEADY STATE BOILING

Axial propagation of the sodium vapor zone in the 6-channel blockage
wake was limited in both axial directions by the test facility design.

Evidence of radial propagation of the sodium vapor zone from the blocked
to the unblocked channels was not found during the 13-sec quasi-steady state
period investigated. Although two thermocouples in the unblocked channels
[at 51 mm (2 in.) and 102 mm (4 in.) downstream of the blockage] were close to
the estimated sodium saturation temperature, evidence of sodium vapor could not
be established. Stable temperatures were reached by all thermocouples in the
unblocked channels 3 sec prior to the end of the 13-sec period.

Evidence of radial propagation of the local boiling zone in the first 103
mm (4.0 in.) downstream of the blockage was not found during the 27-sec quasi-
steady state boiling period, although one thermocouple in an unblocked channel
at 103 mm (4 in.) downstream of the blockage was close to the saturation tem-
perature. Evidence of sodium vapor vas found in the unblocked channels at the
unheated 203 mm (8 in.) position downstream of the blockage, indicating that
radial propagation of sodium vapor could have occurred to a limited extent.
Stable temperatures were reached by all thermocouples in the unblocked chan-
nels 13 sec prior to the end of the 27-sec period.

No evidence of sharp temperature increases leading to dryout was found on
any heated pin surface during either the 13-sec or the 27-sec quasi-steady
state boiling periods investigated.

EXTRAPOLATION OF CONCLUSIONS TO LMFBR SUBASSEMBLIES

The conclusions expressed above for quasi-steady state boiling in a
19-rod centrally blocked bundle are significant to LMFBR safety to the extent
that they can be extrapolated to full-scale 217-pin fuel subassemblies.

The subsequent discussion of the effect of non-prototypicalities on the
extrapolation of Bundle 3B results will necessarily be limited to radial propa-
gation of the boiling zone behind a 6-channel blockage. Bundle 3B test results
could not give an insight into axial propagation of the boiling zone in the wake
because of two non-prototypicalities in the THORS Facility which limited axial
propagation as discussed earlier. An additional factor influencing the extent
of the axial vapor region in Bundle 3E was the high bulk temperature downstream
of the approximately 51 mm (2 in.) wake zone, a necessary condition in order to
initiate boiling in the blockage wake. Because of this high temperature, sodium
vapor was produced downstream of the wake, a condition unlikely to exist in an
LMFBR where a relatively low temperature downstream of a blockage wake would not
allow any vapor in this region except by axial propagation from the wake. Thus,
the axial boiling region generated in Bundle 3B is definitely more extensive
than that initially expected downstream of a similar blockage in an LMFBR
assembly.

In order to apply the radial boiling propagation results from Bundle 3B
to a 217-pin LMFBR subassembly, a comparison of idealized radial temperature
profiles at 25 mm ..(1.0 in.) downstream of the blockage is shown in Fig. 7 for
both Bundle 3B and a 217-pin bundle, where the bundle cross sections are sub-
divided into ring-like parallel flow channels. The temperature profile in the
217-pin assembly is obtained by assuming that a 6-channel blockage in a 217-pin
bundle at 100% nominal flow and a 14 kW/ft has caused the temperature in the
wake to exceed the sodium saturation temperature to the same degree as in the
case of Bundle 3B (10% nominal flow and 4.5 kW/ft). As shown in Fig. 7, the
two factors which are assumed to govern the stability of radial boiling propa-
gation are the vapor producing capability (Tmflv s i n g l e_ p h a s e - T M t> in the
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Fig. 7. Idealized radial temperature profiles during quasi-steady state
boiling with 6-channel blockage.

wake and the vapor condensing capability (Tsat - T b ui k > single-phase) in the
subcooled channels surrounding the wake. The hypothetical maximum single phase
sodium temperature in the wake was predicted as a function of flow and power
from experimental single-phase THORS data as shown by Han et al.z

If a radial stability factor for radial boiling propagation is then defined
as the ratio of vapor-condensing capability (restraining force) and vapor-pro-

- Tsat-* ngle-,
apfiaSe

ducing capability (driving force), t(T8at ~ Tbulk)/(Tmax>wafce

a quantitative comparison can be made between Bundle 3B results and a
hypothetical 6-channel blockage temperature profile in a 217-pin bundle as
shown in Table II. Thus, assuming that the saturation temperatures around the
wake are the same in both the 19-pin and 217-pin bundles, the radial stability
factor in the 217 pin bundle is calculated to be greater than that of run 101c
and test 4 by factors of 1.7 and 2.8, respectively. Therefore, since run 101c
and test 4 showed no definite evidence of radial propagation of the boiling zone
into the unblocked channels, it is concluded that radial boiling zone propaga-
tion is also unlikely in a 217 pin subassembly with a 6-channel blockage and
with the same degree of boiling as produced in Bundle 3B.

Two other non-prototypicalities of Bundle 3B must be discussed before
extrapolating any results. One non-prototypicality in Bundle 3B is the length
of the unhe~ted section downstream of the heated section. The short-3-in.
unheated length in Bundle 3B compared to the 48-in. unheated length (in addi-
tion to the 12-in. axial blanket region) in an LMFBR subassembly leads to a
lower frictional pressure drop downstream of the heated section in Bundle 3B
and therefore lower static pressure (sodium saturation temperature) downstream
of the blockage in Bundle 3B (a similar Bundle 3B test section exit pressure and
LMFBR argon cover gas pressure is thereby assumed). The resulting higher so-
dium saturation temperature immediately downstream of the blockage in a 217-pin
LMFBR subassembly than in Bundle 3B would lead to an even higher radial stabi-
lity factor for boiling in a 6-channel blockage wake of a 217-pin bundle (see
Table II).

A further non-prototypicality in the 19-rod Bundle 3B is the proximity of
the duct wall to the 6-channel blockage, which results in steeper radial tem-
perature gradients in the subcooled channels near the duct wall of Bundle 3B
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Table II, Radial boiling propagation for the wake of 6-channel blockages
during quasi-steady state boiling

Nominal flow Calculated Calculated Predicted
Radial stability factor

Experiment Bundle
size

uaacuiatea yn> _ T \

% Inlet/Outlet singie-phase sodium single-phase /sat bulk\
" t 6 ? E w ? ^ r e bulk temperature saturation maximum wake T - T

Linear power (°F/°F) ... ,KoF), temperature temperature3 \ m^x s a t /
(kW/ft) ' [»c (°F)] [°C ("F)l w a k e 'single-ph,

Test 3
(Run 101c)

Test 4

19

19

LMFBR
(hypothetical
6-channel
blockage with
local sodium
boiling) 217

15
5.0

10
4.5

100
14.0

1040/1605

910/1620

800 (1470) 965 (1765) 1060 (1940)

790 (1450) 960 (1755) 1110 (2030)

1.7

600/ 980 525 (980) 960 (1755) 1110 (2030)
(assumed (assumed (assumed
maximum) same as same as

Test 4) Test 4)

2.8

aSee Han et al.,2 (preceding paper at this meeting).

than would occur in the same radial flow channels of a 217-pin assembly with a
6-channel blockage. It is important to note from Fig. 7, however, that the
steepness of the radial temperature gradient between the wake boiling tempera-
ture and the adjacent subcooled region (approximately at single-phase bulk tem-
peratures) is considered to be much larger for the 217-pin assembly than the
19-rod assembly; this indicates that it is not the proximity of the duct wall,
but rather the bulk single-phase sodium temperature in the subcooled region,
which is the governing factor for radial boiling zone propagation when extra-
polating l.-rod bundle results to 217-pin bundles with similar internal block-
ages. Thus, because of the larger bulk temperatures in Bundle 3B (more likeli-
hood of radial boiling zone propagation) the proximity of the duct wall is not
considered a hindrance in extrapolating the 19-rod results. Furthermore, be-
cause of this difference in bulk temperatures between the 19-rod and 217-pin
bundles, the 6-channel blockage could be located anywhere within the 217 pin
bundle (but at least 2 rows away from the duct wall as in Bundle 3B) and Bundle
3B radial boiling propagation results could still be extrapolated to 217-pin
bundles.

REFERENCES
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RECENT RESULTS OF A LOCAL BLOCKAGE EXPERIMENT
IN A SODIUM COOLED ELECTRICALLY HEATED BUNDLE

J.E. de Vries, J.C. Hoebe

Netherlands Energy Research Foundation ECN
Petten (N.H.), The Netherlands

B. Dorr

Gesellschaft fur Kernforschung mbH
Karlsruhe, West-Germany

ABSTRACT

The test section represents a 60-degree section of a SNR-300
fuel element having a 70% flat type central blockage. Experiments
have been performed under single-phase and local boiling conditions.
A parameter study of the wake temperatures has been carried out. It
has been found that the normalized vortex temperatures depend on the
Reynolds number. Apart from the temperature maximum in the vortex
another relative temperature maximum has been found downstream the
vortex.

The boiling experiments showed that stable single-bubble boiling
was dominating and the cooling capacity in the vortex enough to avoid
dryout in this region.

INTRODUCTION

The experimental work reported in this paper is a co-operative project of
ECN (The Netherlands) and GfK (West-Germany) and forms part of a wider pro-
gramme of safety studies on local failure propagation in LMFBR-cores. The aim
of the experiment is to investigate the consequences of a local flow blockage
in a subassembly of the SNR-300 Mark la core. Of interest is the sodium coolant
behaviour under local boiling conditions. The question is if the boiling sodium
is capable to cool the fuel rods in the blocked region, so that the clad tempe-
ratures do not exceed appreciably the sodium saturation temperature. Inter-
ruption of the cooling may occur in different ways. It may be a dryout of the
fuel rod clads in the blocked region of the subassembly or it may be a dryout
in a larger part. The latter may take place after a transition from local
boiling to integral boiling as consequence of a thermohydraulic instability
during the local boiling phase.

Another aim of this experiment is the testing of potential incore boiling
detection devices like probe type flowmeters, acoustic detectors and thermo-
couples for measurement of temperature noise at the subassembly outlet.

Prior to the boiling experiments a parametric single phase experiment was
carried out in order to chack the prediction of the coolant temperatures behind
local blockages by simulation experiments in water and code calculations.
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In this experiment one sixth part cf H fue1 element having a 70/.' flat type
central blockage is simulated. As shown ...•: Tig; 3 i. 60-d'igree section of the
hexagonally shaped subassembly gives a --J aiv̂  alar].. si.aped test section. The
blockage size is derived from considei .ii>ns conceL'inc; the detectability of
flat type blockages in subassemblies by • easu-emen*: of the coolant temperature
at the subassembly outlet. Supporting experiments in water mock-ups |l| showed
the rather amazing fact that the wake temperatures do not change much behind
this type of blockages with blockage degree between about 30% and 60%. Also the
chosen blockage size of about 70% for the present experiment is not expected
to allow boiling under SNR-300 conditions. The flow or the pressure has to be
reduced to achieve boiling in these experiments.

DESCRIPTION TEST FACILITIES

All 28 rods of this test bundle are electrically heated over a length of
40 cm, extending from 10 cm upstream to 30 cm downstream the blockage plate.
The distance b&tween the grids is in general 15 cm, but an additional grid has
been mounted at 7 cm behind the blockage plate in order to reduce possible
pin-bowing effects. The bundle outlet part (inclusive the flow mixer) resembles
the SNR-type fuel element outlet (see Fig. 1). The inlet side of the test
section is provided with a throttling section to make the hydraulic behaviour
of the test section (stationary as well as dynamicly) equal to that of a fuel
eltment. The dynamic effect of the bypass flow around a fuel element in a
reactor core is simulated by an expansion vessel at the test section inlet.

A great number of thermocouples is located in the expected boiling region
in measuring planes at 0.5 - 2.5 and 5.5 cm behind the blockage and some ther-
mocouples are mounted on the grids at 15 and 30 cm behind the blockage. Sodium
temperatures as well as heater wall temperatures are measured and a part of the
TM-type couples have been used for void detection.

Acoustic and pressure transducers are located in the boiling region and in
other parts of the test section. Furthermore temperature noise is measured in
the test section outlet upstream and downstream the flow mixer and EM-flowmeters
are installed at the bundle inlet and outlet. The test section has been instal-
led in the ECN-sodium loop which has a cooling capacity of 500 kW.

About ]40 dynamic signals are recorded by a digital data registration sys-
tem with a data rate of about 50,000 digital words (16 bits) per second and a
registration time of about 6 minutes.

Acoustic signals and temperature noise are stored on analogue tape recor-
ders.

SINGLE PHASE EXPERIMENTS

To make a parametric study of the coolant behaviour behind the flow
blockage possible, about 60 experiments have been performed. The parameters
heat flux, sodium velocity and the mean sodium temperature have been varied
over the following ranges:

heat flux 5 - 1 2 0 W/cm2,
sodium velocity 0.25 - 3 m/s,
mean sodium temperature 250 - 600 °C.

In this way the subchannel Reynolds number reached the values 3.1 x 10 -
6.A x 10^ and the kinematic viscosity of the liquid sodium 0.25 * 10"^ -
0.44 x 10"^ m2/s. To uncover possible influences of geometrical deformations of
the test section walls or pins, part of the measurements have been carried out
under conditions with low radial and axial temperature gradients.

In accordance with the convection model |2| the temperatures in the ob-
served recirculation flow were normalized as follows:
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where Ti is the temperature in the vortex, To is the temperature in the undis-
turbed flow at the blockage level and AT/Az the axial temperature gradient in
the parallel flow region of the bundle. An example of the velocity field of the
recirculation flow is shown in the left part of Fig. 2. This velocity field has
been deduced from supporting experiments at ECN in a unheated mock-up of the
bundle with air flow. From these experiments it has been found among others
that the length of the recirculation flow in the triangular test bundle does
not depend on the Reynolds number. In the right half of Fig. 2 isotherms are
shown as measured in the 60-degree bundle with sodium coolant. The maximum wake
temperature Qipax is measured in instrumentation plane 1 at 0.5 cm behind the
blockage. On comparison of these isotherms with (GfK) water experiments in a
mock-up without grids, it is found that the temperature field is affected by
the grid located 7 cm behind the blockage. The isotherms are bent to the left
due to an increased mass exchange near this grid. The maximum normalized vortex
temperature in the water experiment and in the sodium experiment compare rea-
sonably.

The single phase experiments wit'.: the sodium bundle show that the norma-
lized vortex temperature field depends on the sodium velocity and the mean
sodium temperature. It is found that these two parameters enter the relation
through the Reynolds number, which demonstrates the hydraulic origin of the
above mentioned effect. The normalized maximum temperature in the vortex 0 ] m a x

is independent of the Reynolds number, but the location of this temperature
maximum shifts from the inner side to the outer side of the blockage plate with
increasing the Reynolds number. On allowing higher temperature gradients in the
bundle it has been found that 0 j m a x increases linearly with the axial tempera-
ture gradient AT/Az:

0)max = o.72 m for AT/Az = 50 °C/m,

9,max = o.8O m for AT/Az = 230 °C/m.

Bundle distortion, possibly pin-bowing, is believed to cause this effect.
Rather unexpectedly, about 30 cm behind the flow blockage (near Pleasuring plane
5), another relative temperature maximum ©5 m a x has been found. Recent GfK water
experiments as well as ECN air experiments confirm that in this region low
sodium velocities exist. The maximum normalized temperature in measuring plane
5 depends on the Re-number and reaches a maximum value for Re = 4 * 10 . This
maximum temperature turns out to be independent of the axial temperature gra-
dient AT/Az. From Fig. 4 it is seen clearly that for higher Re-numbers and
lower AT/Az the temperature maximum at 30 cm behind the blockage reaches nearly
the temperature maximum within the vortex.

BOILING EXPERIMENTS

In the first half of this year a number of boiling experiments has been per-
formed. In the list below the most principal data of some boiling experiments
are given. In most of these experiments boiling has been initiated and sus-
tained by a slow and continuous pressure reduction. Characteristic for the ex-
periments carried out so far is that the maximum sodium velocity Vo was 2.0 m/s,
the maximum heat flux 165 W/cm^ and the pressure Po at the start of boiling
about 1 bar, corresponding to a maximum sodium temperature of 885°C. An impor-
tant parameter for these boiling runs is the reduction of the saturation tempe-
rature (ATmax) during the boiling: it characterizes the enlargement of the two-
phase region or the intensity of the boiling. In the last column of the table
we see that in these experiments its maximum value is about 30°C. In the last
experiment no. 85 the boiling is intensified by stepwise reduction of the
sodium flow. Here, ATraax is 45°C; this is the temperature increase of T m a x
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during boiling in the theoretical case that T m a x is not limited by the satu-
ration temperature.

TABLE

Review Boiling Experiments

EXP

69

70

72

81

82

83

84

85

V
0

(m/s)

1.5

1.5

1.5

1.5

2.0

1.5

2.0

1.57-1.43

*"

(W/cm2)

99

J00

110

135

165

124

160

135

AT/Z-z

(°C/M)

380

383

422

499

457

458

443

447-523

P
0

(bar)

0.45-0.38

0.47-0.39

0.62-0.45

1.01-0.75

1 .05-0.83

0.74-0.57

0.67-0.61

0.96

T
max

(°C)

800

804

830

882

885

848

838

875

AT
max

(°C)

-15

-18

-31

-32

-24

-26

-10

-45

The experiments showed that single-bubble boiling with some characteris-
tic bubble-frequencies was dominating.

Dryout has not been observed in the vortex region. The vortex flow has
been found to be very persistent, even under the most intensive boiling. This
persistent recirculation flow is responsible for the good cooling behind the
flow blockage. Some transitions in the boiling mode have been observed. De-
tailed analysis of the boiling signals in the f'me-and frequency domain showed
that two boiling regions were active. Interaction between the evaporation- and
condensation processes in both regions has been found. These interactions are
partially responsible for the transitions in the boiling mode.

In Fig. 5 some characteristics of experiment number 72 are illustrated.
In the upper half of the figure the slow pressure transient of -2 mbar/sec. is
shown. The boiling starts somewhere in region 1 (just behind the blockage
plate) at time to. The coolant pressure in the boiling region is then 0.62 bar.
The maximum sodium temperature decreases now according to the reduction of the
saturation temperature of sodium. At time tj a first transition has been found.
The low frequency acoustic noise level and the pressure pulses increase. The
temperatures and flow signals show stable harmonic oscillations after this
transition. After the second transition at time t2 the oscillations become ir-
regular, the low frequency acoustic noise level and the pressure pulsations in
the boiling region decrease considerably.

The oscillations on the temperatures and the flow are very stable in the
second phase of the experiment and a continuous decrease from 7.5 to 5 c/j of
the bubble frequency has been found. Frequency analysis has shown that after
the second transition other more or less stable oscillations of about 20 c/s
appear in the flowmeter signals.

DISCUSSION OF THE BOILING EXPERIMENTS

In this experiment the boiling started in region 1 just behind the flow
blockage. The nature is irregular boiling with one or more small bubbles. After
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a reduction of the saturation level by about IO°C, stable single bubble boiling
in this region dominates.

The bubble lifetime agrees quite well with calculations using a superheat
local boiling model |3|. On a further decrease of the pressure boiling starts
also in the region 5 behind the vortex. The boiling in this region is less re-
'gu'lar, but sometimes short "trains" of bubbles with a dominating 20 c/s re-
peating frequency appear. During the transition at t2 the evaporation and con-
densation in region 5 is clearly triggered by the boiling in region 1.

Figure 6 shows flowmeter- and pressure signals during single bubble
boiling in the vortex region. The harmonic character of the oscillations can be
seen clearly. Acoustic pulses occur when the bubble condenses completely. When
boiling in the region downstream the vortex starts the flowmeter signals are
truncated. A positive pressure pulse during evaporation in region 1 stimulates
condensation in region 5 and evaporation in region 5 is stimulated by the nega-
tive pressure pulse during the condensation phase in region 1.

Analysis of the flowmeter signals makes it possible to calculate (by inte-
gration in time) the void volumes belonging to the different characteristic
frequencies, and from that to the different boiling regions in the bundle.
Because of the extensive boiling instrumentation in the vortex also geometrical
data of the void could be deduced from the signals. The voided regions at dif-
ferent phases of experiment 72 are shown in Fig. 7.

The shape of the void in region 5 is only a rough estimate. During the
most violent boiling in this experiment, when the saturation temperature is re-
duced 27°C below its value at the start of boiling, the maximum volume of the
bubble in region 1 is 14 cm-' and that of the bubble in region 5 is 4 cm . The
repeating frequencies are about 5 and 20 c/s respectively.

CONCLUSIONS

The experiments carried out so far, showed that the recirculation flow is
very persistent both under single phase- and local '-oiling conditions. The
cooling capacity in the vortex region is sufficient to avoid dryout of the
cladding, even when the saturation temperature has been reduced by 50°C. Ther-
mohydraulic instabilities have not been seen; stable single-bubble boiling was
dominant in the vortex region. The boiling behaviour in the region behind the
vortex is ill-defined, but sometimes characteristic bubble frequencies appear.
The nature of this high temperature region is not well understood at the moment
nor are its cooling properties during boiling.

The experiments will be continued. The investigations will be concentrated
on the cooling capacity in both boiling regions under more severe boiling con-
ditions than hitherto.
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LOCAL BOILING OF SODIUM IN DOWNSTREAM OF LOCAL FLOW
BLOCKAGE IN A SIMULATED LMFBR FUEL SUBASSEMBLY

Y. Kikuchi, Y. Daigo and A. Ohtsubo

Power Reactor and Nuclear Fuel Development Corporation
O-arai, Ibaraki, Japan

ABSTRACT

This paper cea ls with l o c a l sodium b o i l i n g In the downstream of a s ix - sub-
channel blockage in an e l e c t r i c a l l y heated LMFBR fuel subassembly mockup.

The f i r s t s e r i e s of experiments were conducted to measure temperature d i s -
tr ibut ions in the downstream of the blockage under non-boil ing condit ions . The
measured temperature r i s e due to the blockage agreed f a i r l y wel l with the ca l cu la -
tion by the LOCK code. When the experimental r e s u l t s are extrapolated to reactor
condit ions , the temperature r i s e due to the six-subchannel blockage i s estimated
to be l e s s than 250°C.

The second s e r i e s of experiments were performed to inves t iga te loca l b o i l i n g
phenomena. In the loca l b o i l i n g region, no flow i n s t a b i l i t y was observed s ince the
subchannels near the wrapper wal l were s t i l l f i l l e d with subcooled l i q u i d . In the
nearly bulk bo i l ing region, however, considerable upstream voiding occurred and
then the i n l e t flow was reduced, leading to f ina l dryout.

The bo i l ing caused a considerable increase in acoust ic noise i n t e n s i t y . The
root-mean-square (RMS) noise l e v e l of approximately 20 mbar obtained in the present
l o c a l • b o i l i n g experiments with sodium i s much higher than that (approximately 0 .5
mbar) in the ordinary nucleate b o i l i n g experiments with water. The peak observed
in the hertz ranges was due to the repe t i t i on of bubble formation and co l lapse .
In the k i lohertz ranges, however, resonance peaks were superposed on a smooth curve
with a broad peak at approximately 7 kHz.

The b o i l i n g caused a considerable increase in out l e t flow f luctuat ion . The
maximum RMS value of the f luctuat ion was 1.33 m/s. The peak observed in the hertz
ranges was again due to the repe t i t i on of bubble formation and co l lapse .

The frequency (2.9 s"1 and 20.2 s"1) of bubble formation decreased with the
increase of the bubble s i z e at i t s point of maximum development. The product of
the bubble frequency and the equivalent diameter was found to be constant.

INTRODUCTION ments under loss-of-flow conditions!!],
i t was revealed that the voiding

Anomalous sodium boiling caused in pattern observed in the single-pin
some accidents is an important problem geometry agreed fairly well with the
for safety considerations in the liquid calculation by the NAIS-P2 code (single-
metal cooled fast breeder reactor bubble slug-ejection model), whereas in
(LMFBR), since sodium boiling might lead the seven-pin geometry, two-dimensional
to fuel failure propagation, and finally voiding patterns were dominant. No
total core disruption. Experimental significant effects were observed of the
studies have been carried out in this temperature ramp rate on the incipient-
connection, using the Sodium Boiling and boiling (IB) wall superheat. The pres-
Fuel Failure Propagation Test Loops, sure rise at the init ial vaporization
SIENA installed at the 0-arai Engineer- compared well with the vapor pressure
ing Center, Power Reactor and Nuclear corresponding to the IB wall superheat.
Fuel Development Corporation. The pressure pulse occurring at the

In the earlier bulk boiling experi- vapor collapse correlated reasonably
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well with the re-entry velocity of the
liquid column and agreed well with
the prediction by sodium hammer analysis.
The residual liquid film thickness (0.05
mm and 0.45 mm) became thinner with
higher IB wall superheat.

In the single pin forced convection
boiling experiments!2], however, the
observed two-phase flow pattern was in
the sequence of bubbly flow, slug flow
and annular (mist.) flow in sodium as in
the case of water. The spectra of
acoustic noise emitted with boiling did
not differ distinctly from that regist-
ered when boiling was not apparent.
When the noise was filtered to eliminate
its low-frequency components, the noise
intensity level associated with boiling
first increased sharply with rising heat
flux to attain a maximum value, then
decreased somewhat and remained constant
thereafter. The frequency (3.9 srl and
9.3 s"1) of bubble formation decreased
with increasing bubble size at its
point of maximum development. The
product of the bubble frequency and the
equivalent diameter with the value of
77.8 mm/s (-280 m/h) stayed relatively
constant as suggested by Jakob 13] for
pool boiling with water.

The present experiments have been
conducted to investigate local sodium
boiling in the downstream of a local
flow blockage in a seven-pin bundle.
This paper gives the experimental results
of local boiling phenomena, with parti-
cular emphasis on the behavior of two-
phase flow pattern, the characteristics
of boiling acoustic noise and outlet
flow fluctuation and the frequency of
bubble formation. In addition, the
experimental results of temperature dis-
tributions in the downstream of the
blockage under non-boiling conditions
will be compared with the calculation by
the computer code LOCK.[4]

EXPERIMENTAL EQUIPMENT AND OPERATING
PROCEDURES

A series of experiments were carried
out in the Sodium Boiling and Fuel
Failure Propagation Test Loops, SIENA at
PNC's 0-arai Engineering Center. The
details of the SIENA loops are described
in reference 1. Only a brief recapitula-
tion will be given here.

The SIENA loops have three test
sections: T-l, for single-pin experi-
ments; T-2, for 7-pin experiments; and
T-3, for 19-pln or 37-pin experiments.

The main circulation pump can provide
sodium flow up to 5 x10" * m3/s. The
maximum power of 650 kW can be supplied
to the electrically heated pins.

Test Section
Figure 1 shows a sketch of the

locally blocked test section. In order
to simulate an LMFBR fuel subassembly,
an electrically heated seven-pin bundle
was centered in a hexagonal tube, 24 mm
flat-to-flat distance inside. The heat-
er pins, which were specially made for
the present study by Sukegawa Electric
Co., Ltd., were 6.5 mm in diameter and
approximately half as long as the fuel
pins of the Japanese prototype LMFBR,
MONJU. The heater pins can be operated
at the maximum heat flux of 300 W/cm2 In
the flowing sodium of 900°C. The pitch-
to-diameter ratio (P/D) was 1.22. At
the distance of 350 mm from the start of
the heated section the six central sub-
channels were blocked by a 0.5 mm thick
stainless steel plate welded on the
upstream side of a grid spacer. The
grid spacer, which consisted of seven
stainless steel tubes of 7.9 mm in
outer diameter and 5 mm in height, was
specially made for the present study.
The blockage and the grid spacer covered
42 7. of the total flow area.

Acceltromtttrs
Microphones
Pressure

transducers
EM fkwmeNrs
Thermocouples

Fig. 1 Locally blocked seven-pin bundle
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A compensating heater and a thermal
insulator were equipped on the outer
wall of the hexagonal tube to compensate
heat dissipation from the wall and to
keep the outer wall in an adiabatlc con-
dition. The by-pass of the test section
simulated other subassembly channels
adjacent to the boiling subassembly.

The pin surface temperatures (T-ll,
through T-65) were measured by many
chromel-almel thermocouples of 0.3 mm in
diameter, which were embedded in the
outer surface of each pin. Their hot
junctions were located at the axial loca-
tions: 0 mm, 15 mm and 50 mm downstream
from the blockage. Thermocouples T-101-
1, through T-101-4 were welded on the
outside surface of the hexagonal tube to
measure the local tube temperatures.
The inlet and outlet temperatures were
measured by the thermocouples T-lll and
T-112, respectively.

Potential-tap type void meters
(VoT-1, through VoT-14) were used for
detecting the formation of vapor bubbles
at boiling inception and their subse-
quent behavior. The sodium velocities
at the inlet and outlet were measured by
the electromagnetic flowmeters F-104 and
F-105, respectively.

Three types of acoustic transducers
were used in order to measure the boil-
ing acoustic noises. The first were
accelerometers Ac-101 and Ac-102
Kistler Model 815A5 mounted onto
waveguides which were placed to the
expansion "tank. Secondly strain-gauge
type pressure transducers Pfj-104 and
PN-105 Shinkoh Model PR-5S and
PR-10S were provided at the inlet

and outlet of the test section to
measure the pressure changes in boiling
sodium. The third was a condenser type
microphone M-101 Sony Model ECM-21

which was set outside the test

section.
All the signals from these instru-

ments were recorded by analog data re-
corders as well as by a digital data
acquistion system.

Operating Procedure
The experiments were performed in

the following manner. The oxygen con-
centration in sodium was controlled down
to 10 ppm with a purification system.
All the instruments were calibrated
before che experiments and checked period-
ically during experiments.

In the first series of experiments,
where temperature distributions were
measured in the downstream of the block-
age under non-boiling conditions, the

flow rate was set and the heater pins
were adjusted to a fixed power level.
Sufficient time was allowed for the test
section to reach steady-state conditions
prior to experiments. To verify the
consistency of the data, several runs
were repeated.

The non-boiling experiments were
conducted under the following conditions:

Flow velocity 0.27 ̂ 5.00 m/s
Inlet temperature 261.5 ̂ 374.6°C
Heat flux 3.8^63.1 W/cm2-
Tn the second series of experiments,

however, where local boiling phenomena
were investigated, the inlet temperature
and flow rate were held constant and the
heat flux was gradually increased up to
boiling inception. After boiling had
thus set in, the heat flux was further
increased step by step until dryout
occurred as it was confirmed that the
test section had not failed even under
the final dryout condition.

The boiling experiments were con-
ducted under the following conditions:

Flow velocity 0.40^2.52 m/s
Inlet temperature 463^537 °C
Heat flux 54.2^270.1 W/cm2

Cover gas pressure 1.03^1.05 bars.

RESULTS AND DISCUSSIONS

Temperature Distributions in the Down-
stream of the Blockage under Non-Boiling
Conditions

Figure 2 shows a typical measured
longitudinal pin surface temperature
distribution in the downstream of the
blockage under a non-boiling condition.
The experimental results were compared
with the analytical results calculated
by the LOCK code, whose description is
given in reference 4. In this figure
the horizontal axis X is the distance
from the blockage, and the vertical axis
T-Tj)(x»0) i s t*le temperature difference
between the pin surface temperature and
the bulk coolant temperature at the
blockage section. It can be seen from
the figure that the temperature attains
a local peak on the surface of the
central pin at the blockage (X=0 mm) and
decreases with the distance from the
blockage. The temperature rise also
occurs on the surface of an outer pin
facing the hexagonal tube. This may be
attributed to the heat resistance effect
of the grid spacer covering the outer
pin surface.

Calculations by the LOCK code were
performed for the same conditions: flow
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velocity, 4.92 m/s (at the normal cross
section); heat flux, 54.8 W/cm2; and
inlet temperature, 297.9°C. The para-
meter Ug is the flow velocity in outer
subchannels at the blockage section.
UB=4.92 m/s corresponds to zero increase
in flow velocity, and UB=8.48 m/s is the
flow velocity, with the increase of flow
velocity at the blockage section taken
into account. The calculated curve for
UB=8.48 m/s agrees fairly well with the
measured temperature rise due to the
blockage.

Figure 3 shows the measured cir-
cumferential pin surface temperature
distribution at the blockage section.
The experimental results were again
compared with the LOCK code calculation.
The thermocouple arrangement to measure
the temperature of each pin surface is
shown in Fig. 3. The experimental
conditions were: flow velocity, 4.92
m/s; heat flux, 54.8 W/cm2; and inlet
temperature, 297.9CC. This figure shows
that the temperature is nearly constant
in the blocked region (between 0 and 2/6
u) and decreases steeply in the unblocked
region (between 2/6 ir and IT). The cal-
culation was conducted for U}$=8.48 ro/s
and agrees well with the measured tempera-
ture distribution at the blockage section.

If the experimental results are
extrapolated to the prototype reactor
conditions, in which the heat flux is
200 W/cm2 and the flow velocity is 5 m/s,
the temperature rise due to the central
six-subchannel blockage is estimated to
be less than 250°C. In the estimation
by LOCK no increase in flow velocity is
assumed at the blockage section, i.e. UB
is taken as 5 m/s in spite of a little
increase in flow velocity at the blockage
section in the fuel subassembly.

Two-Phase Flow Pattern

Incipient Boiling and Bubbly Flow
Figure 4(a) represents typical patterns
of inlet and outlet flow velocities,
inlet and outlet temperatures, pin sur-
face temperatures, void fractions, and
inlet and outlet pressure rises during
the incipient boiling and bubbly flow
regimes. The experimental conditions
were: inlet temperature, 502°C; the
inlet flow velocity, 0.96 m/s; and cover
gas pressure, 1.05 bars.

As can been seen in the figure, the
outlet flowmeter F-105 registers ar.
abrupt change upon boiling inception
followed by oscillations. These oscilla-
tions indicate a repetition of bubble
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formation and collapse at a fixed
frequency. But the inlet flow rate re-
mains constant, as confirmed by the
record of F-10A.

On the other hand, the center pin
surface temperature T-13, which is close
to the boiling region, fluctuates after
boiling inception. The other tempera-
tures T-12 and T-31 indicate no fluctua-
tions, these thermocouples being located
out of the region influenced by boiling.
It is clear from the outlet temperature
(T-112) that the liquid around the vapor
bubbles is highly subcooled. When the
tip of the bubble enters the subcooled
liquid, its growth is markedly inhibited.
Thus, the void meters cannot detect
incipient boiling since they send no
output signals before a considerable
amount of bubbles has accumulated.

The inlet and outlet pressure
transducers (Pfl-104 and Pn-105, respec-
tively) indicate oscillations due to a

*M>tony»iinmiiiJ ?
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(b) Slug flow
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(c) Annular flow and dryout

Fig. 4 Records of signals from flowmeters, thermocouples, void meters and
pressure transducers during steady-state boiling in a locally blocked
seven-pin bundle run No. 7(6)LB-214
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repetition of bubble formation and
collapse after boiling inception.

Slug Flow Figure 4(b) shows the
changes in the heat flux, flow veloci-
ties, temperatures, void fractions and
pressure rises after the establishment
of a slug flow. It is to be noted that
violent oscillations are recorded for the
outlet flow velocity (F-105), the void
fractions (VoT-6, VoT-7 and VoT-8), and
the inlet and outlet pressure rises (Pfl-
104 and Pjq-105 respectively), while the
inlet flow velocity (F-104) remains at
a nearly constant value. These violent
oscillations indicate that bubbles,
which repeatedly form and collapse, are
larger in this regime than in the bubbly
flow regime.

The pin surface temperature (T-13)
fluctuates and attains the saturation
temperature of sodium. The other tem-
peratures, except the inlet temperature
T-lll, rise with increasing heat flux,
but these temperatures are still below
saturation, and the boiling continues
in a subcooled environment.

Annular Flow and Dryout Figure
4(c) shows the changes in the heat flux,
flow velocities, temperatures, void
fractions and pressure rises under
annular flow and dryout conditions. In
the first half of this period covered,
the violent oscillations in the outlet
flow rate (F-105) established during
slug flow settle down to a wavy pattern
of a fairly long period. This change is
brought about by the bubble collapse be-
ing slowed down, since the outlet tem-
perature (T-112) is nearly at the satura-
tion temperature of sodium, which begins
bulk boiling. The foregoing behavior
indicates an annular flow (or annular
mist flow) regime, in which saturated
sodium vapor or vapor mixed with liquid
sodium globules flows between films of
liquid sodium flowing along the wall
surface. During this period the pres-
sure are lower than in the slug flow
regime, in particular, no signals appear
in the inlet pressure transducer, PN-104.
The decreasing pressures can be attrib-
uted to the two factors: firstly the sub-
cooling decrease slows down the bubble
collapse rate and hence reduces the pres-
sure source, and secondly the large
amount of vapor increases the pressure
absorption.

A further increase of the heat flux
up to 180.2 W/cm2 produces an alternate
mode in the outlet flow signals from
F-105. This change is due to the ejec-

tion of liquid films and/or liquid
globules, then to the succeeding gene-
.ration of a large amount of vapor bub-
bles. This succeeding generation of
vapor then suppresses the inlet flow
rate, as revealed by the sharp valley in
the record of F-104. The rapid upstream
voiding occurs, which is indicated by
the rapid increase of void fractions. A
ripple pattern is superposed on the void-
meter signals. This ripple pattern,
which is similar to those in the outlet
flow velocity (F-105) and the outlet
pressure (P[j-105), occurs at the time
when the disturbance waves of the liquid
film on the wall surface travel rapidly
in the annular mist flow. In this period
the pin surface temperatures (T-12 and
T-13) register a sharp rise, which im-
plies the occurrence of dryout of the
residual liquid film. The heater pins
being exposed to the danger of burnout,
the input power to the heater pins was
quickly shut off. The pin surface tem-
peratures, however, decrease slowly due
to the heat capacity of the heater pins.

Boiling Acoustic Noise
Among the various methods proposed

for early detection of local sodium boil-
ing, the measurement of acoustic noise
signals associated with boiling pheno-
mena appears to be most promising.

Instrumentation System Three
types of acoustic transducers were used
in the present experiments, as described
in the section on the experimental equip-
ment. The signals from these acoustic
transducers were then amplified and
recorded on an Ampex Model FR-1800L tape
recorder. The tape recordings of the
acoustic signals were analyzed using an
EMR Model 1510 real-time analyzer. An
NF Circuit Model M-172TA AC voltmeter
was used for measuring the acoustic
noise intensity, regulated by a
Multimetrics Model AF-120 filter.

Acoustic Noise Intensity Figure 5
shows the effect of changes in heat flux
q on the intensity ratio I/Io measured
by the pressure transducer PN~105 during
a typical boiling run 7(6)LB-214, where
I is the noise intensity at a given heat
flux q, and Io the noise intensity in
the absence of boiling. It is seen that
the acoustic noise intensity first in-
creases with the rise in the heat flux,
and aftex attaining a maximum, decreases
somewhat to remain more or less constant
thereafter. This tendency is similar to
the previous single-pin experimentst2l.
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At the final rapid upstream voiding
which resulted in dryout, however, the
acoustic intensity again increases
sharply.

During the first stage of boiling,
preceding the attainment of maximum
noise intensity, the boiling is con-
sidered to be in a state of developing
nucleate boiling (mainly bubbly and slug
flows). In this state the acoustic
noise caused by the collapsing bubbles
increases with rising heat flux since
the liquid around the bubbles is yet so
highly subcooled that the bubbles col-
lapse completely although the bubbles
become larger with higher heat flux.

Fully developed boiling may be es-
tablished after the point of maximum
noise intensity. The decreasing noise
intensity can be attributed to the two
factors. The first is the decrease in
subcooling, which slows down the bubble
collapse and so reduces the noise source.
Secondly, the increased amount of vapor
in the channel increases the acoustic
absorption.

The final noise increase resulting
from the rapid upstream voiding is due
to the liquid globules and/or liquid
films travelling rapidly in the annular
mist flow and colliding with the down-
stream liquid pool.

. A similar effect of heat flux on
the acoustic noise intensity was meas-
ured by the other acoustic transducers.

The acoustic noise intensity
(approximately 20 mbar in the RMS value)
In the present local boiling of sodium
is much higher than that (approximately
0.5 mbar) obtained in the ordinary pool
boiling in waterf^]. The above observa-
tion indicates that the measurement of

acoustic noise signals associated with
sodium boiling phenomena is promising
for early detection of local sodium boil-
ing in IMFBR fuel subassemblies.

Spectrum of Acoustic Noise Figure
6(a) shows the frequency spectra of
acoustic noises measured by the pressure
transducer PJI-105 during the boiling run
7(6)LB-214. It can be seen that the
boiling causes a considerable increase
in intensity at all frequencies. The
peak observed at the frequency of 19.6
Hz for the heat flux of 120.0 W/cm2, is
due to the repetition of bubble forma-
tion and collapse. The peak at 4.4 Hz
for 146.7 W/cm5 is also due to the same
repetition.

Figure 6(b) shows the frequency
spectra of acoustic noises measured by
the accelerometer Ac-102 during the sane
boiling run 7(6)L8-214. The frequency
range in this figure is higher than that
in tne former Fig. 6(a). The boiling
causes a considerable increase in inten-
sity at all frequencies, but the fre-
quency spectra do not change markedly
during boiling, from boiling inception
until dryout. Resonance peaks are super-
posed on -a smooth curve with a broad
peak at approximately 7 kHz for all the
measurements.

Outlet Flow Fluctuation with Boiling
The boiling causes an increase in

outlet flow fluctuations, as shown in
the former Fig. 4. From this fact the
measurement of outlet flow fluctuation
signals with boiling appears to be
promising for the early detection of
local boiling.

Intensity of Flow Fluctuation
Figure 7 shows the effect of the heat
flux on the intensity of outlet flow
velocity fluctuation during the boiling
run 7(6)LB-214. In this figure the
fluctuation intensity is expressed in
root-mean-square values. It is seen
that the fluctuation intensity first in-
creases with rising heat fluxes, and
after attaining a maximum (1.33 m/s),
then decreases. Upon the final rapid
upstream voiding which resu? >-ed in dry-
out, however, the fluctuation intensity
again increases sharply. The heat flux
effect shown in this figure is similar
to that already shown in Fig. 5.

During the first stage, preceding
the attainment of maximum fluctuation
intensity, the boiling is considered to
be in a state of developing nucleate
boiling and no bubbles reach the posi-

1574



m
•o

o
en
o.

-20

-40

Inlet ttmperoture 502*C
Flow velocity 0.96m/%
Cover goi pressure 1.05ban
4 Shlnkoh PR-1 OS pressure
\ transducer PN - 1 0 5

.6
-

c. VWcm1

180.2

176.1

M6.7

120X1

Dryouf

Boiling

Non-boi l ing

40 60
Frequency , Hz

(a) Low frequency ranges

20

CD
•O

Q
(0
Q.

-20

-40,

a. Wlcrr?
180.2

176.1
146.7

120.0

Dryout

Boiling

Nod —boiling

Kistler6l5A5 Accelertmewr
Ac-102

Inlet temperature

Flow velocity
502°C
0.96 m/s

Cover gas pressure 1.05 bars

h

it ft

100 4 6

F.-equency, kHz
10

(b) High frequency ranges

Fig. 6 Frequency spectra of acoustic noise with boiling in a locally
blocked seven-pin bundle steady-state boiling run 7(6)LB-214

tion of the outlet flowmeter. In this
state the flow fluctuation caused by the
repetition of bubble formation and
collapse increases with rising heat
fluxes, since the liquid around the
bubbles is yet so highly subcooled that
the bubbles collapse completely although
the bubbles become larger with higher
heat fluxes.

The decreasing fluctuation inten-
sity after the maximum can be attributed
to the decrease in subcooling, which
slows down the collapse of bubbles and
so reduces the flow fluctuation.

The final fluctuation increase
resulting from the rapid upstream void-
ing is due to the ejection of liquid
films and/or liquid globules, then to
the succeeding generation of a large

amount of vapor bubbles.

Spectrum of Flow Fluctuation
Figure 8 shows the frequency spectra of
outlet flow fluctuation during the same
boiling run 7(6)LB-214. The peak
observed at the frequency of 19.6 Hz
for the heat flux of 120.0 W/cm2, is due
to the repetition of bubble formation
and collapse. The peak at 4.4 Hz for
146.7 W/cm2 is also due to the same
process.

Bubble Size and Frequency
The bubble size and the frequency

of bubble formation are important for
the estimation of dryout in local boil-
ing. But there ar^ rittle data on
sodium boiling. This isd the present
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authors to carry out a study on sodium
to examine the bubble size and frequency
in subcooled boiling under forced con-
vection. In Fig. 9 the frequency, f is
plotted against the diameter do of an
equivalent sphere having the same volume
as the bubble when it attained its
maximum size. In this figure are also
shown the earlier single-pin experi-
ments l̂ J and the pool boiling experi-
ments with potassium by Bobrovich et
al.l6J

The sodium bubble is considerably
larger than the water bubble, because of
the high liquid-to-vapor density ratio
of sodium. It is considered that the
generation of a second bubble is in-
hibited by the pressure rise due to the
development of the first bubble in the
narrow space of the channel. This
justisfies the assumption that only one
bubble exists at one time, which permits
evaluation of the frequency of bubble
formation from the observed oscillations
of the outlet flowmeter records during
the period preceding the arrival of the
bubbles to the flowmeter position. On
the other hand, the volume of the bubble
may be evaluated by integrating the
increment of outlet flow rate between
the instant of bubble formation and
that of its attaining maximum volume.

From Fig. 9, it is seen that the
frequency drcreases with the increase of
the bubble diameter, and that this dia-
meter is a little influenced by flow
velocity. A broken-line curve can be
drawn, which roughly represents the
relation between the diameter and the
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Fig. 9 Relation between equivalent
diameter of bubble and frequency of
bubble formation for sodium boiling

frequency in the present seven-pin
experiment. This relationship is
expressed by

f-do-139 mm/s (-500 m/h).

This product value is higher than that
of f.do-77.8 mm/s (-280 m/h) obtained
in the previous single-pin experiment,
and agrees well with the pool boiling
experiment for potassium by Bobrovich et
al. This fact can be attributed to the
two-dimensional bubble growth and
collapse which was absent in the previous
single-pin geometry. The bubble can
expand and collapse not only in the
axial direction, but also in the radial
direction.

CONCLUSIONS

Experimental studies were carried
out on local sodium boiling in the down-
stream of a local flow blockage in a
seven-pin electrically heated LMFBR fuel
subassetnbly mockup. In the first series
of experiments the temperature distribu-
tions in the downstream of the blockage
were measured under non-boiling condi-
tions. In the second series of experi-
ments, however, local boiling phenomena
were investigated, with particular
emphasis on the behavior of the two-
phase flow pattern, the characteristics
of boiling acoustic noise and outlet
flow fluctuation, and the relation
between the bubble size and the fre-
quency of bubble formation.

Analyses of the results obtained
permit the following conclusions to be
drawn:
(1) In the non-boiling experiments the
hottest surface temperature of the
central pin was observed immediately
dovTistream from the blockage. The
measured temperature rise was in fairly
good agreement with the calculation by
the LOCK code. When the experimental
results with the LOCK code are extra-
polated to the prototype reactor condi-
tions, namely the heat flux of 200 W/cm2

and the flow velocity of 5 m/s, the tem-
perature rise due to a central six-
subchannel blockage will be less than
250°C.

(2) In the local boiling region, no
flow instsbility was observed since the
subchannels near the wrapper wall were
still filled with subcooled liquid.
The pressure drop appeared to remain
constant. This is an important point to
be borne in mind in reactor safety
considerations, since local boiling of
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sodium will not necesssrily always bring
about instability of flow. In the
nearly bulk boiling region, however,
considerable upstream voiding occurred
and then the inlet flow decreased. The
inlet flow reversal occurred and re-
sulted in a final dryout.
(3) The boiling caused a considerable
increase in acoustic noise intensity.
The noise intensity with boiling first
increased with rising heat fluxes, and
after attaining a maximum, decreased
somewhat to remain constant thereafter.
Upon the final upstream voiding which
resulted in the dryout condition,
however, the noise intensity again in-
creased sharply. The noise intensity of
approximately 20 mbar in the RMS value
obtained in the present sodium boiling
experiment is much higher than that of
approximately 0.5 mbar in the ordinary
pool boiling experiments with water.

The above observation indicates that the
measurement of acoustic noise signals
associated with sodium boiling phenomena
is promising for early detection of local
sodium boilinB in LMFBR fuel subassem-
blies.

The peak observed at the low-
frequency hertz ranges was due to the
repetition of bubble formation and
collapse. In the high-frequency
kilohertz ranges, however, resonance
peaks were superposed on a smooth curve
with a broad peak at approximately 7
kHz.
(4) The boiling caused an increase in
the outlet flow fluctuation, and the
maximum RMS value of the flow fluctua-
tion was 1.33 m/s. Therefore the
measurement of outlet flow fluctuation
signals appeared to be promising for
early detection of local sodium boiling
in LMFBR fuel subasserablies.
(5) The frequency of bubble formation
(2.9 s"1 and 20.2 s"1) decreased with
the increase of the bubble size at its
point of maximum development. The pro-
duct of the bubble frequency and.equi-
valent diameter obtained in the present

seven-pin experiment agreed fairly well
with the potassium pool boiling experi-
ments by Bobrovich et al., and can be
expressed in the relationship of f>do =
139 mm/s (=500 m/h), which is higher
than that of f-do = 77.8 mm/s (=280 m/h)
obtained in the previous single-pin
experiment.
(6) Larger-scaled experiments both in
19-pin and 37-pin bundles are scheduled
for this year and next, and the pro-
pagation of local boiling to bulk boil-
ing will be investigated in detail,
since the present seven-pin experiments
were insufficient for this purpose.
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DECAY HEAT REMOVAL FROM A PIN BUNDLE
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ABSTRACT

A number of sodium experiments have been carried out using an
electrically heated seven pin bundle to investigate steady-state heat
dissipation capability of a LMFBR fuel element under complete inlet
blockage conditions. Tests have been performed in a 37 pin bundle to
assess the amount of heat which can be removed under natural convec-
tion conditions in a system consisting of test section, by-pass and
cold leg. The results of several test runs are reported.

The results of the complete inlet blockage tests are compared
with those of a simple theoretical model. Because of the influence
of the honeycomb grids, the capability for steady state heat dissi-
pation is markedly reduced. Amounts of heat which can be transferred
by boiling under natural convection conditions correspond broadly
to reactor decay heat levels.

INTRODUCTION

Within the context of LMFBR safety analysis, two questions relating to the
dissipation of decay heat have been studied in detail.

- How much heat can be removed from a fuel piu bundle by steady-state sodium
boiling when the inlet to the bundle is completely blocked?

- How much heat can be removed from the bundle by boiling under natural con-
vection conditions?

The answer to the first question depends upon the amount of coolant which
can flow downwards as a liquid film against the upward flow of vapour out of
the fuel element. In earlier tests using annular geometry with external heating,
measured values of disposable heat wera compared with the predictions of a
quasi steady-state theoretical model / I_7.

The second question assumes the loss of integrity of the reactor primary
circuits, and the necessity to transfer the decay heat by natural convection
to the emergency cooling system provided in the reactor vessel. To this end,
several tests using an electrically heated 37 pin bundle have been carried out,
at various power levels, with the aim of ascertaining the extent to which
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liquid flow resistance (eg. at the inlet of the bundle) ina loop can be increased
before cooling capability under natural convection conditions is disrupted.

TEST SECTIONS

The tests were carried out in the NSK sodium boiling loop of the Karlsruhe
Institut fur Reaktorentwicklung. The seven pin test section is illustrated
schematically in Fig. 1.

Fig. 2 shows the 37 pin bundle test section. This test section had been
previously used for preliminary tests in connection with the in-pile experi-
ment Mol 7C, and had been designed with a central blockage. To eliminate the
influence of the blockage on the boiling process the six central pins which
appear shaded in Fig. 2 were unheated. The natural convection loop consisted
in its main parts of the 37 pin bundle with a throttle valve mounted upstream
a flow bypass, an expansion tank in the highest part of the circuit, and the
cold leg consisting of a heat exchanger and an EM pump. The difference in height
between the highest and lowest parts of the loop was about 2.6 m.

EXPERIMENTAL RESULTS

Complete Inlet Blockage

The most important parameters of the three tests carried out in the 7-pin-
bundle under complete inlet blockage conditions are summarised in Table 1. The
heat fluxes in this table relate to the surface of the heated parts of the pins,
the radial heat losses along the test sections being taken into account. All
tests showed the occurrence of dryout, i.e. with the power levels applied, it
was not possible to maintain continuous cooling by means of sodium boiiing.

As an example of the course of boiling, the results of Test 7-1/46 will
be described. After the interruption of coolant flow (Fig. 3), boiling began
at a time 21 s, with a little superueat, in the upper part of the heated sec-
tion (T3 and TI6). The boiling zone then proceeded to extend gradually upwards
into the unheated section. This expansion phase was followed by periods of lo-
cal dryout, whichjwere repeatedly terminated by clad re-wetting. Two mechanisms
can be proposed / 2 / for this re-wetting process:

Liquid slugs which are carried upwards by vapour through the boiling region
and/or

- A sodium film which flows downwards from above over the heated surfaces into
the boiling zone.

When these re-wetting mechanisms were lost the pins became overheated and
power supply was terminated by the excess temperature protection system. Tests
7-1/43 and 45 exhibited similar behaviour. The first re-wetting mechanism works
as long as there is liquid in the lower part of the heated section. The con-
ditions under which re-wetting can be expected for the second case are investi-
gated below by means of a theoretical stationary model.

Natural Convection

The most important test parameters are again collated in Table 1. In order
to understand the influence of liquid flow resistances in the natural convec-
tion loop on the capability for cooling the bundle, the throttle valve was pro-
gressively closed after the onset of boiling at intervals of about one minute,
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but never to the state of complete closure. As an example, Test 37-20/53 will
be described.

Following the switch off of the pump, natural convective circulation in
conjunction with intensive boiling began after a delay of about 30 seconds.
The increased buoyancy resulting from boiling increased the convective flow
and thereby reduced coolant temperature in the test section. Boiling therefore
ceased, with a corresponding decrease in the convective head. Convection slowed
until boiling recommenced with a superheat of about 25 °C, whereupon convec-
tion again accelerated. This cyclical procedure was repeated until more stable
steady boiling was eventually reached through further throttling of the flow.

In the upper part of the bundle, a two-phase flow system was developed,
which with increasing throttling, extended ever more deeply downwards into
the heated section. Fig. 4 illustrates axial temperature distributions obtained
for various stages of flow throttling under steady state boiling conditions.
Mass flow rates m are also illustrated. Dryout was never observed in this test
series.

Several of the most important parameters, such as the driving pressure
head pg, vapour quality etc, were calculated for this test (37-20/53), and are
summarised in Table II. The pressure drop at the throttle valve p was pbtained
from its measured characteristics. The two-phase pressure drop P2Ph w a s cal-
culated between the top of the heated section and the position of thermocouple
49 by means of the two-phase pressure drop multipliers reported in / 2_7 for
bundle geometry, and extrapolated to cover the entire two-phase region. The
remaining liquid flow resistances p of the loop (i.e. in the cold leg besides
the throttle valve and in the liquiff part of the heated section) are obtained
from the following equation:

PR = PG " P T "
 P2Ph

2
They show good consistency with reduction in flow rate (p^o< m ) . The

saturation temperature at the end of the heated section obtained from the
pressure drop calculation is recorded in Fig. 4. This temperature together with
that of thermocouple T49 determines the illustrated temperature distribution
in the two-phase region.

MODEL OF COOLING CAPABILITY WITH A COMPLETE BLOCKAGE

Assumptions

In order to develop a simple model of a liquid film flowing over the pins

counter to the vapour flow, thereby maintaining cooling, it was assumed:

- The highest vapour velocity occurs at the top of the heated section at which
point a spacer grid is situated, and it is through this reduced cross sec-
tion where the total heat produced is transported as vapour flow

- At this point, the mass of liquid transfer through the film must correspond
to the mass flow in the vapour

- The balance of gravitational and shear forces between the two flows must in
this cross section, which will be referred to as the critical cross section,
be equal

- Film and vapour flows lie in the laminar regime
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There is complete wetting of the walls by the liquid

- The surface of the grids themselves do not contribute to liquid transport
by a film.

Validation

For the case of a two-phase counter-current flow between vertical parallel
plates, it can be shown that the mean film velocity is given by

,3 . , _ £ _
} 2y

o

3r>l
with k, =

Pv*g

The derivation of this equation is given in (1). For the case that the
film is flowing only over one of the surfaces, Eqn. (1) must be modified to

(2)

k.

According to_this model, the capacity for heat dissipation is maximised
when the product Vp»y0 is maximised under the appropriate boundary conditions.
These are:

the geometry is that of the critical cross section

- saturated vapour pressure is assumed in the critical cross section.

It is now further assumed that these equations which were derived for flow
between parallel plates, can also be applied, by use of the hydraulic diameter,
to bundle geometry. I.e., Eqn.(I) operates on single sub-channels of the bundle,
and Eqn.(2) applies to the cross section in the region of a spacer grid. Doing
this, one obtains the results illustrated in Fig. 5 for SNR geometry.

APPLICATION TO REACTOR CONDITION

Complete Inlet Blockage

The maximum amounts of heat which can be carried away from the 7 pin bundle
and from the SNR 300 MKIA sub-assembly have been calculated and appear in
Table III. The influence of the spacer grid is so great in the seven pin bundle
that the amount of power which can be stationary removed is only about one
fifth that which can be lost from an ungridded bundle. Because of the occur-:
rence of dryout in every experiment, it was not possible to estimate, from the
experimental results, the maximum value of disposable heat, so the calculated
value could not be confirmed. It can however be stated that at a boiling pres- i
sure of 1.55 bar (Table I), a heat flux of 8.3 W/cn)2 is clearly greater than (
that which can be dissipated. The calculated value for the ungridded cross sec-
tion was 9.7 W/cm , whereas allowance for the presence of the grids reduces this

\
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to only 2.24 W/cm^. It can be assumed that the true value lies closer to the

lower figure.

For the SNR 300 MK1A sub-assembly, it has been catenated, taking the
spacer grids into account, that the amount of heat which can be lost corres-
ponds to only about 0.5 % of full power (Table III), i.e. the removal of decay
heat from a fully blocked bundle under boiling conditions is restricted to
values below that number.

Without the spacer grids, or with wire-wrapped pins, the disposable heat
corresponds to about 3 % of full power, or about the amount which corresponds
to decay heat. In this respect, the honeycomb grid concept is less preferable
than wire-wrapping.

Natural Convection

The boiling tests with the 37-pin bundle have shown that despite severe
throttling at the inlet of the test section, an amount of heat which is in the
range of reactor decay heat, can be transported from the heated part to the
cold leg (heat sink) by natural convection.

Within the range of conditions investigated, the occurrence of boiling
invariably supported the natural convection. No dryout periods were observed.
It is not yet possible to apply the experimental results directly to SNR,
since a detailed comparison of the thennodynatnic and geometric characteristics
of the two loops must first be made. In order to improve further upon the re-
sults so far obtained, so as to better define the maximum disposable heat under
these conditions, a number of additional tests involving another 37 pin bundle
are planned.

g
H
m
P
q
s
T
vF
v3

X
yo

gravitational acceleration
axial coordinate
mass flow rate
pressure
heat flux
separation of the plates
temperature
average velocity in sodium
sodium velocity at H = 650
(7-pin bundle)
vapour quality
sodium film thickness

NOMENCLATURE

a
n
P

void fraction
dynamic viscosity

density

Subscripts

G
film 1
mm R

sat
T
V
2Ph

L ITERATOR!

gravitation
liquid
remaining
saturated
throttling
vapour
two-phase

/ 1_7 W. Peppier:
Experimentelle Untersuchungen der Siedevorgange mit Natrium in engen
KanSlen und deren Anwendung auf schnelle Reaktoren.
KFK-Ext. 8/72-1 (1972)

/~2_7 A. Kaiser, W. Peppier:
Steady State Boiling Experiments in a 7-Pin Bundle, Liquid Metal Boil-
ing Working Group, Risley, Oct. 1975
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EXPERIMENT

7-1/13

7-1/15

M / 1 6

37-20/50

37-20/51

37-20/53

HEAT FLUX

/V/CM2/

18.7

13.2

8.3

9.2

13.8

13.7

SATURATION PRESSURE

/BAR/

1.55

1.55

1.55

0.81

0.81

0,81

INCIPIENT BOILING
SUPERHEAT /°C/

15

26

26

8

0

25

INLET
VALVE

CLOSED

-

THROTTLED

•

CONVECTION

-

-

-

NATURAL

•

M

REMARK

DRYOUT

»

»

NO DRYOUT

-

•

TABLE I : EXPERIMENTAL CONDITIONS IN DECAY HEAT REMOVAL TESTS

FLOW
RATE
ftfi/s/

50,6

38.0

27,1

VAPOR
QUALITY

1.6

1.8

11.0

VOID
h-ICTION

79

89

93

GRAVITATIONAL
PRESSURE

P G /BAR/

0.0305

0.0361

0.0107

THROTTLING
PRESSURE
DROP PT/BAR/

~0

0,010

0.0125

2-PHASE
PRESSURE
DROP P2Pt/

B*R/

0,0121

0.0163

0.0230

REMAINING FLOW
RESISTANCES
PR /BAR/ *'

0.0181

0.0101

0.005?

B) CALCULATED BY MEANS OF L0CKHART-MARTINELL1 CORRELATION AS DETERMINED FOR
7-PIN BUNDLE / 2 /

c> AT THE END OF THE HEATED SECTION

TABLE II: SOME SIGNIFICANT QUANTITIES CALCULATED FROM THE EXPERIMENT 37-20/53

QUANTITY

HYDRAULIC
DIAMETER /MN/

SATURATION
PRESSURE /BAR/

RATE OF SODIUM
SUPPLY • 103

/KG/S/

REMOVABLE
HEAT AW/

HEAT FLUX
WafJ

GEOMETRY

BUNDLE CROSS-SECTION

1,25*' 5.09"

0,7

0.97*'
21.18"

3.8*'
82.9"

1.9*'
2.6"

1.1

1.37*'

30.7i"

5.3*'
118.9"

7,1*'
3,7"

1.6

1.96*'

12,23"

7,5*'
161,6"

9.7*'
5.1"

2.3

2,8*'

59,55"

10.6»>
225.3"

13.3*'
7.1"

GRID SPACER-StCTION

1.81s' "

0.7

0.22*'

3.12"

0,87*'
13,i"

1.1*'
O.i"

1.1

0.31*'

1,96"

1.2*'
19.2"

1.6*'
0.6"

1.6

0.11*'

6,82"

1.7*>
26.1"

2.2*'
0.8"

2.3

0.63*'

9.62"

2.1*'
36.1"

3.0*'
l.l"

7-PtN ELECTRICALLY HEATED BUNDLE *' SNR 300-MK1A-FUEL ELEMENT "

TABLE III: HEAT REMOVAL CAPABILITY CALCULATED FOR DIFFERENT GEOMETRIES (TOTAL BLOCKASE)

1583



00

Test set-up

Sodium outlet

PO-

0- Flow meter
P = Pressure pick-up

Section A -B

inlet

4rfct! —Power supply

GfK
IRE

7-Pin Bundle No 1 Fig.1

0= Flow meter
Ps Pressure transducer
T = Thermocouple

Sodium
outlet

TES5

Blockage

Sodium
inlet

GfK
IRE

37-Pin-Bundle No 1 Fig. 2



Unheattd

H[mm]

800

TMTjO 600

HMttd
I
I

-400

200

Run No 7-1/46
2

Onstt of boiling

Liquid

on

Two-phaM mixture. _

Vapor

Liquid

Orjrout periods

20 25 30 ~S5~

Vapor

Liquid

SO

45 tts) 50

GfK
IRE

Boiling Progress at very Low Power and
Stagnant Sodium in 7- Pin Bundle No1

Fig. 3



Htm ml

600H

400

200-

m, = 50.6 g/s
m2 = 38.0 g/s
rh3 = 27.4 g/s

* * Measured temperatures
° * Calculated temperatures

TE49

600 700 800 T t°C] 900

GfK
IRE

Development o( the Axial Temperature Profile
at Low Power and Stepwise Throttled Natural
Convection in the Experiment 37-20/53

Fig. 4

3• 10s-

P*,, tN/m2)

2 • 105-

1 • 1 0 5 -

a2-io5-

c

GfK
IRE

/ s = ^ = O.92mm X ^ s = - ^ - = 2.545 mm

I Grid spacer-section /

I y ' ^ ^ Bundle cross- section

) 20-10"6 vjr.%[m2/s) 40-10-6

Sodium Film Supply Calculated for
SNR 300-MK1A Geometry

Fig. 5

1586



A MODEL FOR PREDICTING TEMPERATURE FLUCTUATION CHARACTERISTICS
BEYOND THE EXIT OF LMFBR SUBASSEMBLIES WITH FAULTS

Dr. Ing. W. Eifler and Dr. Ir. R. Nijsing

Commission of the European Communities
Joint Research Centre Ispra, 1-21020 lspra,(Va)

Italy

ABSTRACT

In this paper a model based on the theory of turbulent diffusion and including the effect of
the coolant conductivity is described, which relates the main characteristics of the fluctuating tempe-
rature field in the plenum to those of the time average temperature profile at the bundle outlet, which
is distorted as a consequence of a flow blockage. With 'he aim to show the potential of an early fai-
lure detection method based on temperature fluctuation measurements in the coolant plenum, the
model has been applied to a number of practical situations. The applications concern the signal opti-
misation,"background" temperature fluctuations and signals caused by typical cooling anomalies.

INTRODUCTION

A local cooling deficiency inside the pin bundle of liquid metal cooled fast breeder fuel ele-
ment caused by partial blockage of the flow section or by compaction of bowing rods is considered as
one of the possible initiating events of a whole core accident. The accident sequence would be a rapid
pin-to-pin and fuel-element-to-fuel-element failure propagation after the cooling deficiency zone has
reached a critical size. Therefore much attention has been paid in the last years to the exploration of
the possibilities to detect cooling deficiencies in an early stage. One of the detection methods conside-
red is based on the measurement of the coolant temperature fluctuations behind the fuel bundle outlet

In a cooling deficiency zone the coolant temperature is increased by reduction of the local
mass flow. The resulting temperature perturbation is convected by the flow towards the bundle outlet.
In an early stage of the event no significant global flow reduction in the fuel element is to be expected.
In this case the distortion of the temperature profile at the outlet with respect to the known nominal
profile is the only signal which could be used to detect the cooling deficiency developing inside the
bundle.

In the coolant plenum behind the bundle outlet the time average coolant temperature profile
decays by random motion of the fluid particles (turbulent diffusion), which gives rise at the same time
to coolant temperature fluctuations. A model based on the theory of turbulent diffusion and inclu-
ding the effect of the coolant conductivity has been developed, which relates the main characteristics
of the fluctuating temperature field in the plenum to those of a distorted time average temperature
profile at the bundle outlet.

THE PHYSICAL MODEL

Principles

According to the theory of homogeneous turbulence {Taylor [1 ], Kampe de Feriet [2]) the
turbulent diffusivity 0, can be expressed by

0t = r t . v 2 (1)

v* is the rms-value of the fluctuating velocity, F, is the Lagrangian integral time scale of turbulence de-
fined by
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r, =/R,(r)dT '2)
o

Rt_{r) is the Lagrangian correlation coefficient. Introducing the Lagrangian integral spatial scale of
turbulence Fs

rs = 7 . r, (3)

0, can be expressed in a similar way as the Brownian diffusivity by the product of a length and a ve-
locity

0 , = v~. rs (4)

The analogy to the Brownian diffusion process suggests the following interpretation of the turbulent
heat diffusion and of the related temperature fluctuations. The fluid consists of particles which have
a mean lifetime r l f during which they travel an average distance Fs with the average velocity v~, and
during which they retain their temperature. At the end of the time period F, the particles take the
temperature of the surrounding fluid and start again with the new temperature. A probe placed in the
fluid observes during the time interval F, particles arriving from different locations and consequently
having different temperatures, which produce at the probe position a time dependent, fluctuating sig-
nal. The shape of this signal depends on the s1 ounding time average temperature field and on the
probability P(y), that particles originating from arbitrary distances y reach the probe position in the
time period F,. The particle displacement y is related to the instantaneous fluctuating velocity v by

y = F, . v (5)

The above describes the effective turbulent transport only, if the molecular diffusive exchange of the
transported quantity with the surrounding fluid during the ..me period F, is negligible, as generally is
the case for turbulent momentum transport. If this exchange becomes important, as is to be expected
for the turbulent heat transport in liquid metajs, then according to Hinze [3] one may expect for the
integral time scale instead of equation (2) an expression of the form

rt = r°RL(T).f(a,T)dr \ . (6)
\

f(a,r) describes the time dependent heat exchange with the surrounding fluid, a being the respective
exchange coefficient. In this case the integral time scale becomes different for turbulent heat and mo-
mentum transport.

The situation in the coolant plenum

Near the outlet of the pin bundle the structure of the flow field is determined by the turbu-
lence produced at the position of the sudden increase of the flow section. The turbulence in this region
is considered similar to a (quasi) homogeneous and (quasi) isotropic decaying turbulence behind a grid
in a wind tunnel. This assumption is directly supported by experimental work of Comte-Bellot and
Corrsin [4], presenting turbulence decay measurements for several grids. One of these consisted of
round discs having a diameter of 32 mm. Its shape resembles the outlet cross section of a 24 x 18 pin
bundle in a quadratic array with a pitch-to-diameter-ratio of 1.58. This grid as well as the conventional
types of grids produced the same decay behaviour of the turbulence field.

From the numerous studies on decaying turbulence the following information is obtained:

- Fs and!/ can be described by power laws of the type

F s ~ x n ' , v ~ V x
n 2 (7a,b)

x being the distance from the turbulence generating grid. According to theoretical considerations of
Saff man [5] confirmed by the mearurements reported in [4] the exponents ni and n2 have numerical
values of 0.4 and 0.6 respectively.
- Increasing the axial convection velocity U and scaling up the dimensions of the grid conserving geo-
metrical similarity, v and Fs respectively increase proportionally fn terms of the axial distance relative
to a characteristic dimension of the grid.
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• The probability distribution P(v) of the fluctuating velocity components is represented with a good
approximation by a Gaussian normal distribution (see for example Townsend |6j), i.e.

P ( v ) - e ' / 2 ( ? r (8)

The influence of the thermal fluid conductivity on P, has been studied by Bobkov et al. [7,8]
for the bulk region of fully developed flow in circular tubes. In these studies P, has been determined
from measurements of the statistical characteristics of temperature fluctuations. It has been found
that P, is proportional to the factor

,̂ = 1 _e-0.62.10-VRe.Pr'/3 ( g )

Reynolds-and Prandt-number in the exponent are respectively measures of the magnitude of the tur-
bulent diffusivity of momentum 0m J and of the relative importance of the thermal conductivity. In-
troducing for Om.t/p i n the bulk region of a circular tube [v being the kinematic viscosity) the relation

G>m.t/l, =0.00155. Re (10)

eq.O) takes the more general form

This expression can be used to estimate the influence oc the thermal conductivity on P, in all flow si-
tuations, for which 0m. t is known.

Based on the above and with the pin radius Rs as characteristic dimension of a pin bundle with
a specified pitch-to-diameter-ratio, the following expressions are used for v and the turbulence scales
Ps and P, (the subscripts m and h refer to momentum and heat transport respectively):

v - Q , . U . ( x / R s r a 6 (12)

Ps.rn =C r .R s ( x /R 5 ) a 4 , Ps.h = 0.P5.m (13,14)

rt.m = ( C , . / C V ) . ( R S / U ) ( X / R S ) , r,.h = 0 . r , . m (15,16)

Assuming furthermore the validity of eq.(1) also for decaying turbulence, 0,,, , and the total diffusi-
vity for heat Oh.tot can be expressed by

0, IU - (C r .C v ) .U.R s ( x /R s r0 -2 ' G>h.tot = * .Bm . , + a (17,18)

Here a is the thermal fluid diffusivity. Cvand Cp depend on the geometrical characteristics of the
bundle outlet cross section and are to be determined by experiment. From the measurements repor-
ted in [4] with the grid consisting of discs a value in the range of 0.55 - 0.80 is to be expected for Cv.

The psrticle statistics are based on the relations (5) and (8). For isotropic turbulence it fol-
lows from these relations that the probability distribution for the spatial displacement p of a fluid
particle between a specified position and the probe position is also a Gaussian distribution, i.e.

Applying this relation to all fluid particles surrounding the probe, a probability can be attributed to
the former that they arrive at the probe position. The same probability P(p), that a particle travels the
distance p, is assumed for the record of its temperature T at the probe position. In this way the tem-
perature of each particle that has a chance to reach the probe is associated with a probability, to be
recorded at the probe position. Summing up the probabilities associated with identical particle tem-
peratures a function P(T) is constructed representing the temperature amplitude distribution at the
probe position. The characteristics of this function (rms-value, skewness) are used for the description
of the fluctuating temperature field.
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Determination of the "grid" parameters
In order to determine the parameters Cv and Cr and to ensure that the model describes the

-aal situation in a coolant plenum, recent temperature fluctuation measurements of Greef and Brown
[9J have been simulated by model calculations. Fig. 1 shows schematically the arrangement of the test
section used in these experiments. A bundle consisting of 31 heater pins and 6 half dummy pins at-
tached to the channel wall is mounted in a round channel and cooled by a water flow. Arbitrary com-
binations of the pins can be heated. With the aid of an axially movable thermocouple rake radial pro-
files of the fluctuating temperature signals can be measured at different axial positions in the coolant
plenum. In the specific experimental series for which results are presented here pins no. 1, 2 and 3 in
Fig. 1 have been uniformly heated, the flow in the plenum being characterized by a Reynolds-number
of 41,000. In Fig. 2 theroretically and experimentally determined radial profiles of the time average

titrermocoupte ret

rfth T

heated pin
bundle

47

16

dimensions R« ?5mm

R' a^ In ' 1 " 5 ^" 1 "
flow medium water

specifictMt

-pins t,2ond 3 heated

Fig. 1: Experiments of Greef and Brown: test arrangement Fig. 2: Comparison of theoretical and experimental results

temperature (T-Tintet) and of the rms-value aT of the fluctuations are represented for different axial
positions behind the bundle outlet, oj is defined by

oT
2 = / T2 P(T)dT (20)

T in this relation being the difference from the local time average temperature. The theoretical results
have been obtained with numerical values of 0.55 and 0.31 for Cv and Cr respectively. A very satis-
factory agreement is observed. Relatively large scattering of the experimental data at the axial position
nearest to the outlet indicate that in this region the turbulence cannot yet be considered homogeneous,
as also reported in literature for decaying turbulence behind grids in wind tunnels. The numerical va-
lue of 0.55 for Cv is in reasonable agreement with the value-range deduced from ref. [4J. That this va-
lue is at the lower limit of this range may be due to the fact that both pitch-to-diameter-ratio and type
of array are different in the two cases. Due to the relatively high Prandtl-number of water the devia-
tion of the factor 0 from unity is negligible, i.e. the successful simulation of this experiment can be
considered a test for the purely turbulent part of the model. A verification of the influence of increa-
sing coolant conductivity on the turbulence properties is still outstanding. To show however the order
of magnitude of this effect 0h-tot and Ts are represented in Figs. 3 and 4 respectively, varying the

0.32

U-Rs'

I 0.16

OOB

aw.

Typical reactor conditions;

f*r-VrxPrxR».25

(vr.ao5;pr.aoo5;R*.iooooo)

8

Fig. 3: Total heat diffusivity in a decaying turbulence field Fig. 4: Lsgrangian integral spatial scale of decaying turbulence
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thermal conductivity parameters Per and Pr. Pe, is the Peclet number based on the pin diameter, de-
fined by the relation

Per = V r . Re . Pr (21)

Pr is the coolant Prandtl-number, Re is the Reynolds-number in the plenum based on its hydraulic
diameter and V r is the ratio of the pin diameter to the hydraulic diameter of the plenum. It is obser-
ved that the increase of 0h.,ot and the decrease of Fs, both reducing the fluctuation intensity, can be
quite significant for typical reactor conditions.

7 0 0 , -

TCC!

J600- -

500^

APPLICATIONS

Signal optimisation

First the situation illustrated in Fig. 5 is considered. Inside a uniformly heated 217 pin bundle
with a pin radius of 3 mm and a pitch-to-diameter-ratio of 1.3 [10J a blockage covering 12'/ of the
flow section [11 ] is assumed. As a consequence the coolant
in the region concerned is uniformly overheated by 50°C.
This leads to an undercooling of 6.8°C for the coolant in the
remaining region. The time average temperature profile at
the bundle outlet, specified for the diagonal AB in Fig. 5,
has slightly decayed by heat exchange processes inside the
bundle. In Fig. 6 profiles along the diagonal AB of the time
average temperature T and of the rms-va!ue CTT are shown
for different axial positions x behind the bundle outlet. The
largest distance considered is 30 cm. This may roughly cor-
respond to the space available in a real fuel element. Even
at a distance of 30 cm important temperature fluctuations
exist only in the region of the sharp temperature gradients.
No significant signal could be recorded by a probe in the
centre of the plenum, i.e. a corner blockage of this size
could not be detected. To enlarge the intensity of the fluc-
tuations use is made of the inherent features of decaying
turbulence. Increasing the characteristic dimension of the
turbulence generating grid, the initial level of turbulence is
increased, turbulent diffusion is accelerated and consequent-
ly temperature fluctuations are intensified. One could
therefore imagine that behind the bundle outlet a suitable
grid is mounted as sketched in Fig. 7. Here a grid made up
of discs has been chosen, arranged in a triangular array
with a pitch-to-diameter-ratio of 1.3. This allows the use of
the same numerical values for Cv and C r as used for the

original bundle outlet. Calculations have been executed assuming the grid consisting of a decreasing
number of discs with increasing diameter. Radial profiles of T and aT at an axial distance of 30 cm are
represented in Figs. 8 and 9 respectively as a function of the disc radius. A<; expected the time average

Fig. 5 : Definition of flow blockage and related
temperature field at the bundle outlet

660 turbulence generating discs

217pin bundle

Fig. 6: Time average temperature and fluctuation in tensity profiles
tor the blockage defined in Fig. 5

Fig. 7: Schematic arrangement of turbulence generating discs
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TCC)

n*30cm

'Urns)

Fig. S: Time average temperature profile as a function of
increasing disc radius for x =30 cm and the block-
age defined in Fig. 5

Fig. 9: Fluctuation intensity profile as a function of increa-
sing disc radius for x—30 cm and the blockage de-
fined in Fig. 5

temperature is levelled with increasing disc radius, whereas the intensity profile first rises, the increa-
sing turbulence scale being dominant, and is then levelled due to growing importance of decreasing
temperature differences over the cross section, which are necessary for the generation of fluctuations.
The initial rise of the intensity profile is partially due also to the decreasing effect of the coolant con-
ductivity with the rising turbulence level. For the results represented in Figs. 8 and 9 the Peclet-num-
ber increases proportionally to the disc radius from the value 23 specified in Fig. 5 up to a value of
about 117. From Figs. 3 and 4 it results that for this last value the liquid metal behaves behind the
respective grid nearly like a fluid with a negligible thermal conductivity.

As was the intention by introducing the turbulence generating discs a measurable fluctuation
intensity of about 3°C can be obtained in the centre of the plenum. For all further illustrative calcu-
lations presented in the following paragraphs a grid consisting of 19 discs with a radius of 9.6 mm has
been chosen as optimum configuration.

Background temperature fluctuations

The nominal temperature profile at the bundle outlet is generally not flat, it is evident that
then fluctuations exist without i.ny cooling deficiency. To give an idea of the order of magnitude of
these fluctuations, calculations have been executed for the situation illustrated in Fig. 10. A linear va-
riation of the heat generation across the fuel element has been assumed causing a temperature diffe-
rence of about 100°C along the diagonal AB. Profiles of T and or have been represented in Fig. 11 for

different axial posiaons behind the bundle outlet
In spite of the use of a turbulence increasing grid
the time average temperature profile decays rather
slowly. This is due to the large distances over

650.-

Tb.535°C
which heat has to be transported. As a consequen-
ce relatively large fluctuations characterized by an
intensity of 10.2cC are recorded at the selected
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Fig. 10: Definition of nominal time atwmge temperature
profile at the bundle outlet

17 : Time average temperature and fluctuation
intensity profiles for the nominal situation
defined in Fig. 10
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probe position (30 cm behind the turbulence grid in the centre of the plenum). It is to be mentioned
however, that the intensity of these "background" fluctuations decreases with a decrease in the va-
riation of heat generation.

Signals caused by typical cooling anomalies

With respect to their configuration, their size and their location an infinitf. number of different
blockage situations can be imagined. With the aim to show in a more schematicai way the potential of
an early detection method based on temperature fluctuation measurements, here a few typical exam-
ples have been selected, which are described in Figs. 12 to 14. It is assumed that within the extent of

chorocttrrtmg poMon of
»tl» mptct to4ncton

at KKnoting twot ocmrotion

-30

gmiwQ corner btrT
( tat 2 JconctrrmgSM>\
of the flow section / B

-60'

Sbt%)

^ g e n t r a l blockage
concerning 5 b % of trie

' flow section.

Fig. 12: Definition of corner blockage
type 1 and related temperature
field at the bundle outlet

Fig. 13: Definition of corner blockage
type 2 and related temperatu-
re field at the bundle outlet

Fig. 14 : Definition of central blockage and
related temperature field at the
bundle outlet

the zones concerned, characterized by a percentage Sh of the flow section, a uniform overheating of
50°C with respect to the bulk temperature occurs, and that the resulting temperature perturbation
profile decays slight'y on its way to the bundle outlet. The perturbation temperature field pertaining
to this location is superimposed on the nominal field described in Fig. 10. This procedure is illustrated
in Fig. 15.

According to Ohlmer and Schwalm [12] in addition to the time average temperature T and the
rms-value oj, the skewness factor F5 of the temperature amplitude distribution is a useful parameter
for tha detection of anomal situations. F5 is defined by

/ T3 P(T) dT (22)

T in this relation being the difference from the local time average temperature, in Figs. 16 and 17 the
significance of this parameter is illustrated. In Fig. 16 for a specified blockage the radial profiles of T,
oT and Fs at x = 30 cm are shown. Three positions denoted with 1, 2 and 3 have been selected, for
which the complete calculated amplitude distributions P(T) are represented in Fig. 17. It is observed
that the shape of P(T) and consequently the related numerical value and the sign of F< are strongly de-
pendent on the characteristics of the time average temperature field in the vicinity of the position con-
sidered. Fs is positive or negative depending whether the position considered is closer to a low or to a
high u mperature level.

In Figs. 18 to 20 results are presented pertaining to the centre of the plenum at an axial dis-
tance of 30 cm t?hind the turbulence grid, where a measuring probe is supposed to be placed. In
Fig. 18 the signals resulting from growing corner blockages are shown, curves " 1 " and "2" referring to
locations in the hot and cold region of the fuel element respectively. The most significative fluctua-
tion characteristic for this situation is the rrns-value ox • Clear signals could be obtained distinghuishing
not only the extent but also the location of the damaged zone. Probably no clear distinction could be
made between corner blockages of the same extent but of different shape, as can be seen from Fig. 19.
There a comparison is made of signals caused by blockages growing preferably in radial and peripheral
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Fig. 15: Examples for the superposition of Fig. 16: Profiles of time average tempera- Fig. 17: Temperature amplitude distribution
perturbation and nominal tempe- ture, fluctuation intensity and for the positions specified in Fig. 16
rature field at the bundle outlet skewness factor at x =30 cm for

a specified blockage

direction. No significant difference can be observed. Fig. 20 shows the results obtained for growing
central blockages. Here the importance of the different signal characteristics is inverse. No significant
indication ib obtained from aj, while T and Fs increase continuously with increasing extent of the
damaged zone.

SBOr

o w 20 30 40 SO
• SbI<«>)

Fig. 18: Signal characteristics at the sup- Fig. 19: Signal characteristics at the sup- Fig. 20: Signal characteristics at the supposed
posed probe position caused by posed probe position caused by probe position caused by central
a growing corner blockage (type II growing corner blockages of blockages

CONCLUSIONS

Based on the resi its of this study one may come to the following conclusions:
The theoretical model presented for computing the temperature fluctuation characteristics pro-

vides a realistic description of the situation in the coofant plenum. A comparison of theoretical and
experimental results shows a very satisfactory agreement. In this connection it is worth to point out
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that the turbulence properties used in the model are based on the similarity existing between the situ-
ation in the coolant plenum and the well known situation in wind tunnels behind turbulence genera-
ting grids.

The knowledge of the inherent features of decaying turbulence allows it to indicate a possibili-
ty for optimising the signal intensity with respect to a minimum size of flow obstruction which has to
be detected. It is emphasized that instead of the turbulence enhancing grid, made up of round discs,
proposed in this study any other type of grid could be used, which furnishes the required performance.
It may furthermore not be excluded that the cross section of the axial breeder element is designed as
a turbulence enhancing grid, using a smaller number of pins with a greater diameter as those of which
consist the fuel element.

From the application of the model to some typical cooling deficiency situations one may con-
clude that exploiting all the information contained in fluctuating temperature signals, a real chance
exists to detect cooling anomalies in an early stage. For this it is however postulated that the nominal
time average temperature profile at the bundle outlet and all factors, which may change this profile
during the lifetime of the fuel element, are known for each subassembly.
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HEDL EXPERIMENTAL TRANSIENT OVERPOWER PROGRAM

T. Hikido, G. E. Culley and J. E. Hanson

Hanford Engineering Development Laboratory
Richland, Washington 99352, U.S.A.

ABSTRACT

HEDL is conducting a series of experiments to evaluate the per-
formance of Fast Flux Test Facility (FFTF) prototypic fuel pins up to
the point of cladding breach. A primary objective of the program is
to demonstrate the adequacy of fuel pin and Plant Protective System
(PPS) designs for terminated transients. Transient tests of proto-
typic FFTF fuel pins previously irradiated in the Experiment/)] Breeder
Reactor-II (EBR-II) have demonstrated the adequacy of the PPS and fuel
pin designs and indicate that a very substantial margin exists between
PPS-terminated transients and that required to produce fuel pin clad-
ding failure. Additional experiments are planned to extend the data
base to high burnup, high fluence fuel pin specimens.

INTRODUCTION

HEDL is conducting an experimental transient testing program to evaluate
the performance of FFTF prototypic fuel pins up to the point of cladding
breach. Primary objectives of the program are to:

• Demonstrate adequacy of fuel j.in and PPS designs for terminated transients,

• Determine fuel pin cladding failure thresholds,

•Define fuel pin cladding fiilure mechanisms, conditions and characteris-
tics, and

•Develop analytic models for fuel pin transient performance prediction.

This paper summarizes results of the HEDL/Fuels Engineering Proof Test
(HOP) and the transient overpower test (HUT) experiments conducted to date.
Related papers by C. V. Hunter et al, F. E. Bard et al, and R. K. Raars
describe cladding failure characteristics observed in recent Fuel Cladding
Transient Tester (FCTT) laboratory experiments [1], advancements in analytic
modeling [2], and empirical correlation of TREAT t.est data [3], respectively.

HOP SERIES

Transient tests of prototypic FFTF fuel pins previously irradiated in the
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EBR-II are being conducted to evaluate fuel pin performance during postulated
FFTF accident transients terminated by the PPS.

The design criteria for extremely unlikely faults (i.e., extremely low
probability conditions that are not expected during the plant lifetime) is that
in-place coolable core geometry be maintained. A hypothetical 3$/sec reactiv-
ity insertion was defined as the limiting excursion for which the PPS must
maintain the coolable geometry.

The fuel pins used in these tests operated at 33kW/m peak power to burnups
ranging from 7 to 42 MWd/kg in the EBR-II. The fuel pins were subjected to
shaped transients designed to obtain the thermal equivalent of a PPS-terminated
FFTF hypothetical 3$/sec transient in the Transient Reactor Test (TREAT)
facility. Experiment results are summarized in Table I. Data analyses
indicated the energy input to the fuel pins was within ^5% of desired for HOP
3-lA and 3-3B and ^25% greater than required for HOP 3-2A and 3-2B.

Experiment

HOP 3-3B
3-lA
3-2A
3-2B

Design Peak

Summary of

Temperature
at Midplane, K

Fuel Vol Avg

2023
2263
2223
2103

Cladding Mid

823
823
923
903

TABLE I

HOP Test Results

Actual Peak Temperature
at Midplane, K

Fuel Vol Avg Cladding Mid

2073 813
2253 863
2643 1073
2343 993

Peak Cladding
Incremental
Strain, %

0
0
0.4
0.4

Fuel pin cladding did not breach even under the more severe HOP 3-2A and
3-2B test conditions. A comparison of pretransient and posttransient diameter
measurements showed no detectable incremental cladding deformation of the HOP
3-lA and 3-3B pins and only 0.4% diameter increase for the HOP 3-2A and 3-2B
pins. Figure 1 compares fuel microstructure at the axial midplane for the
sibling (nontransient tested) pin and transient tested fuel pin for the HOP
3-3B test which is typical of the results obtained, i.e., effects of the
transient on the fuel microstructure were not discernible.

Analyses of these experiments show that the PPS will not only maintain a
coolable geometry as required for this limiting event but will prevent loss of
cladding integrity. Adequacy of the PPS and fuel pin designs was thereby
demonstrated to confine fuel pin transient overpower damage within the design
criteria envelope [4].

HUT SERIES

The HUT series were designed to examine the regime of fuel behavior
between PPS-terminated transients and cladding failure. This regime is
relevant to characterization of failure thresholds and failure mechanisms and
is extremely important to the development and correlation of suitable analytic
models to be used in reactor safety analysis. The initial tests used fuel pins
previously irradiated in the EBR-II at three power levels to evaluate the
effect of steady-state power (i.e., fuel microstructure) on fuel pin cladding
failure thresholds [5].

The fuel pins used in these tests operated at individual peak power levels
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from =18 kW/m to =37 kW/m to a burnup of =50 MWd/kg. The fuel pins were
subjected to shaped transients designed to obtain the thermal equivalent of
FFTF hypothetical 50c/sec and 3$/sec transients not terminated by the PPS.
The TREAT transients were terminated at the estimated time of fuel pin cladding
failure. Five of the nine fuel pins achieved cladding failure. Results
(calculated and observed) are summarized in Table II.

Of particular interest is the transient performance of the fuel pins
irradiated at low power in the EBR-II, specifically HUT 5-5A and HUT 3-5A. A
peak incremental cladding strain of =0.22%, and a fuel areal melt fraction of
=30% were observed in the HUT 5-5A experiment, but the fuel pin cladding did
not fail. An incremental cladding strain of =0.6% was observed for the HUT
3-5A experiment and the fuel pin cladding did not fail. A comparison of fuel
microstructures at the axial midplane for the HUT 5-5A and HUT 3-5A fuel pins
and their sibling pin are given in Figures 2 and 3. Results were contrary to
what was expected of low power, "gassy" [6], fuel pin transient performance and
indicate that low power fuel pins may not be as susceptible to failure as
previously thought. Further studies are being conducted (i.e., analysis of
other low power pin tests) to verify the observed responses of low power fuel
pins and'establish their failure mechanisms.

Test

HUT
HUT
HUT
HUT
HUT
HUT
HUT
HUT
HUT

5-3A
5-5A
5-1A
3-3A
3-5A

5-5B
3-1A
3-5B
5-1B

Steady State
Pin Power

kW/m

26.8
17.1
37.8
27.1
18.6
17.4
37.2
37.2
17.7

Summary

Ramp Rate

50c/sec
50c/sec
50c/sec

3$/sec
3$/sec

50c/sec
3$/sec
3$/sec

50c/sec

TABLE

of HUT

T
xClad
Max,

1097

1033
1116
1088
1130

1208
1103
1164
1188

II

Test Results

Inc (:iadding
Strain, %

K Avg

0.1
0.22
0.5
0.5

0.4

Max

.__

0.24
0.55
0.56
0.6

Pin
Failed?

Yes
No
No
No
No
Yes
Yes
Yes
Yes

Areal Fuel

Melt, Fraction

Z

47*
31
55
50
0

49*
73*
61*
65*

Calculated: at failure.

Evaluation of the HUT test results and initial analyses indicate that a
very substantial margin exists between PPS-terminated transients and that
required to produce fuel pin cladding failure. This is illustrated in Figure
3, and provides additional confirmation for the adequacy of fuel pin and PPS
designs for terminated transients.

The results of the HUT Test Series were incorporated into a revised ver-
sion of the empirical fuel pin failure threshold correlation model developed by
Scott and Baars et al [5], which will be discussed in a subsequent paper by
R. E. Baars [3]. This fuel pin failure correlation has been incorporated into
the MELT-III [7] accident analysis code and its influence upon accident
analysis will be discussed in a subsequent paper by N. P. U'ilburn et al [8].
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Fig. 1. Comparison of Fuel Microstructure at the Axial Midplane for
the Sibling and Transient Tesied Fuel Pins (HOP 3-3B).
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Fig. 2. Comparison of Fuel Microstructure at the Axial Midplane for
The Sibling and Transient Tested Fuel Pins (HUT 5-5A).
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Fig. 3. Comparison of Fuel Microstructure at the Axial Midplane for
the Sibling and Transient Tested Fuel Pins (HUT 3-5A).
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LMFBR PROMPT BURST EXCURSION (PBE) EXPERIMENTS
IN THE ANNULAR CORE PULSE REACTOR (ACPR)

Theodore R. Schmidt

Sandia Laboratories
Albuquerque, New Mexico 87115

ABSTRACT

A series of in-pile experiments has been initiated
to provide information on the energetics of LMFBR cores
subjected to hypothetical superprompt-critical excursions.
In these exteriments, a single fuel pin in an instrumented
piston-loaded autoclave is pulse heated into partial vapor-
ization by the ACPR with initial reactor periods as low
as 1.4 msec. Nine experiments have been performed with
fresh unrestructured UO2 fuel pins. The first three were
conducted without sodium coolant. In the dry experiments,
energy depositions up to 3200 J/gm were obtained resulting
in low pressure histories, negligible energy conversion
ratios, and large upward axial fuel motions within the
cladding. With sodium, the energy depositions also
ranged up to 3200 J/gm resulting in large sharp pressure
events (60 MPa), very low energy conversion ratios (2.1 x
10"4}? and within-cladding axial fuel motions comparable
to the dry capsule experiments.

INTRODUCTION

A series of in-pile experiments has been initiated at Sandia
Laboratories to provide information on the pressure generation
and conversion of thermal energy into mechanical work in LMFBR
cores subjected to hypothetical superprompt-critical excursions.
These experiments are directed toward the third level of safety
which concerns the postulated failure of the protective safety
systems simultaneously with the accident they are in .ended to
control. The potential consequences of such hypothetical acci-
dents involving gross core failures must be understood in order
to assess the adequacy of containment design.

An inital series of nine experiments using fresh UOj fuel pins
with and without sodium coolant covering a range of energy depos-
itions is reported in this paper. Subsequent experiments will
include preirradiated mixed-oxide fuel, as well as carbide and
nitride fuels.
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ACPR DESCRIPTION

The ACPR is a swimming pool reactor based on TRIGA technology
with approximately 150 fuel elements 381 mm long using U-ZrH fuel
with 20% enriched uranium. It can be operated in the steady-state
mode or the pulse mode, with an energy release of 108 MJ and a
peak power of 15,000 MW. The minimum initial reactor period is
1.3 msec. The central experiment cavity is 240 mm in diameter
and extends vertically to the top of the tank. The pulse neutron
fluence is approximately 3 x 10 n/cm2 with half of the fluence
above 10 keV. The usefulness of the ACPR for fast reactor safety
experiments has been examined previously.

EXPERIMENT DESCRIPTION

The experiment capsule is shown in Fig. 1 and accomodates fuel
pins with column lengths of 343 mm (EBR-II length). The fuel pin
is located in the lower section of the inner pressure vessel
surrounded by an annulus of sodium or void followed by a fluted
molybdenum liner (0.51 mm wall thickness) which simulates the
geometry of six adjacent fuel pins and serves as a thermocouple
mounting surface and as a refractory liner for the Inconel 718
pressure vessel (1.27 mm wall thickness). The flow area is 0.82 cm2

with a condensation perimeter of 37.1 mm. The experiment contains
approximately 55 grams of sodium. Surrounding the fuel pin housing
is a beryllium heat sink wrapped by heater tapes and microquartz
insulation. At the upper end of the inner pressure vessel is a
tungsten alloy piston with a mass of 419 gms and a face area of
2.36 cm attached to the armature of the linear motion transducer.
The piston travel is 64 mm and displaces 15.1 cm . The top of
the piston is tapered and plastically deforms a sleeve in order
to dissipate its kinetic energy. A rupture disc/receiver volume
safety feature is included.

The diagnostic instrumentation consists of six grounded junc-
tion thermocouples of tantalum sheathed W-Re or stainless steel
sheathed Ch-Al (1.02 mm O.D) spaced in pairs at the bottom, middle,
and top of the fuel pin channel. The pressure transducers mounted
at the top and bottom of the fuel pin holder are Kaman Sciences
Corporation's Model KP 1911 high temperature pressure transducers
rated at 34.0 MPa with a 46 KHz frequency response. The high temp-
erature linear motion transducer is a variable reluctance device
with a solid armature manufactured by Moxon, Inc. A scratch gage
within the fuel pin cladding provides a passive monitor of the
axial fuel motion.

The fuel pins were fabricated according to applicable RDT
standards by Hanford Engineering Development Laboratory. FTR-type
cladding and cross sectional dimensions are used. The fuel pin
characteristics are summarized in Table 1.

RESULTS

Dry Capsule Series

The dry capsule experiments were given single reactor pulses
starting with PBE-1E using a 14 percent enriched pin at lower pulse
magnitudes and ending with PBE-3E using a 20 percent enriched pin
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and a maximum size pulse. The measured results are summarized for
both the dry capsule and sodium-in series in Table 2. The radially
averaged peak energy deposition is determined by averaging the
radial energy deposition at the peak axial location. The uncer-
tainty in the energy deposition values is 1 10 percent.

In PBE-1E the fuel pellets retained their individual identity
although extensive melting occurred. This is evident in the radio-
graphs shown in Fig. 2. The cladding melted, ran down the column,
and solidified in droplets. In PBE-2E only the pellets near the
ends of the fuel pin retained their individual identity and some
vapor was produced near the longitudinal center of the fuel column.
The cladding in the lower end of the pin melted, flowed downward,
and formed a solid plug near the bottom of the fuel pin. Immed-
iately above this blockage were several large pieces of sol.idfied
urania. Annular urania debris remained in the upper part of the
fuel pin. The debris was formed when the outer portions of the
fuel column solidified because of heat transfer to the cladding
and the molten center subsequently voided. No fuel was found
above the original fuel pin location.

In PBE-3E the central area occupied by the fuel pin was largely
voided and most of the fuel material formed a solid plug in the
bottom of the autoclave. Some annular debris was located in the
upper part of the fuel pin. No stainless steel blockage was evi-
dent in the radiograph. Some fine powder-like fuel debris was
observed above the fuel pin. There was significant condensation
and flow of urania on the walls of the melybdenum liner and there
were numerous little droplets of stainless steel scattered along
the length of the experiment attached to urania debris.

The measured pressures were low (< 0.6 MPa) and the ratio of
the piston's kinetic energy to the deposited thermal er.&rgy was
negligible. An important result which would produce significant
negative reactivity in an LMFBR excursion was the measured upward
axial fuel displacement withir the cladding. This expansion
occurs during the energy deposition time and prior to cladding
failure. This conclusion is based on the acoustic relief time of
the fuel column which is shorter than the energy deposition time
which, in turn, is shorter than the radial thermal time constant
of the fuel pin. In the first experiment, PBE-iE, where the peak
energy deposition was slightly greater than the melting point,
the axial expansion was about 2 percent. In PBE-2E and PBE-3E,
the plenum spring was compressed to its solid height by an axial
fuel expansion of 50 mm, or 11 percent of the fuel pin height.
This notion is independent of sodium presence in the coolant
channel.

Sodium-in Series

In the first sodium-in experiment, PBE-1S, subjected to a peak
energy deposition of 1570 J/gir, in a single pulse, the cladding did
not fail and no sodium vaporization was detected. PBE-2S was a
multiple pulse experiment similar in energy deposition to PBE-1S.

In PBE-3S, a 20 percent enriched pin was subjected to a multiple
reactor pulse with 920 J/gm ani3 1450 J/gm in the first and second
pulses, respectively. The c1adding did not fail, but there was
significant fuel melting an-j flow within the fuel column as seen
in the radiograph (Fig. 2).

1607



In PBE-4S, a 14 percent enriched pin was given a maximum
single pulse depositing 2700 J/gm. The cladding failed producing
a sharp pressure event followed by some pressure oscillations and
a delayed event as shown in Fig. 3. The piston was fully dis-
placed which can void 185 mm of flow channel length. Disassembly
of the experiment revealed that the rupture disc had broken per-
mitting the experiment contents to expand into the safety plenum.
The peak pressures at the top and bottom of the capsule were
25.8 MPa and 41.4 MPa respectively. The bottom pressure trans-
ducer is located half as far from the pin failure location as the
top transducer. The delayed pressure events are coincident with
the failure of the thermocouple at the central location. The radio-
graph (Fig. 2) indicates that the central 150 mm of the capsule was
voided with material condensed on the molybdenum liner and accum-
ulations above and below the voided area. The cladding is well
defined for a length of 80 mm at both the top and bottom of the
originally fueled area which is now largely devoid of fuel. Cal-
culations based on the thermodynamic state of the fuel at clad
rupture indicate that the fuel can flash into the low pressure
channel thereby voiding that portion of the cladding. The energy
at failure given in Table 2 is a radial average and does not in-
clude peaking factors.

PBE-5S was a repeat of PBE-4S except that a stiffer rupture
disc was used which did not break during the test. The pressure
events as shown in Fig. 3 are similar to PBE-4S with peak pressures
of 31.2 MPa and 41.5 MPa measured at the top and hottom respectively.
Delayed events were observed on both pressure signals and the
thermocouples at the center indicated that some cooling occurred
at the same tiim?. This may be caused by sodium re-entering the
voided region. From the radiographs, it is evident that fuel is
distributed nonuniformly in the upper flow channel accounting for
the large difference in the results of the top thermocouples. The
piston energy was 24J giving an energy conversion ratio of 2.1 x
10"**. The radiographs Jor 4S and 5S are quite similar in terms of
void length, plugging and empty well-defined cladding. The plenum
spring in 5S is fully compressed, indicating large axial in-clad
fuel motion.

In PBE-6S, the fuel pin enrichment was 20 percent yielding an
energy deposition of 3200 J/gm for a maximum single pulse. The
results are different from the previous experiments in that there
was an early pressure event of 7.3 MPa measured at the bottom of
the capsule followed five milliseconds later by gross pin failure
and large pressure events. The peak pressures were 15.8 MPa and
59.6 MPa measured at the top and bottom of the capsule respectively.
It is apparent that some blockage attenuated the pressures reaching
the upper pressure transducer. The piston energy of 20 J was
slightly less than in PBE-5S. The radiograph indicates signifi-
cant voiding over a 250 mm length at the center with significant
amounts of UO2 frozen on the molybdenum liner. There are 20 to
30 mm lengths of voided cladding visible at the top and bottom
of the fuel-pin and the plenum spring is fully compressed. Large
amounts of fuel are in the flow channel above the fueled area.
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Comparison with TREAT Test S-ll

Some of the results from the ANL TREAT experiment, S-lls, are
included in Table 2 for comparison. The average energy deposited
at failure is greater in S-ll than PBE-4S/5S, although from the
measured results, it is evident that the fuel was in a higher
thermodynamic state (pressure and temperature) in PBE. Some of
the difference is caused by heat transfer out of the fuel during
the pulse and lower initial temperatures in S-ll and the uncer-
tainty in the PBE dosimetry. Thermal stresses in the cladding
at high heating rates can also contribute to earlier failure.
Calculations for PBE indicate that temperature differences of 630K
are achieved across the cladding. In the PBE experiments as in
S-ll there is an initial pressurization which can be attributed
to clad yielding prior to rupture followed by a rapid increase
and quenching of pressure with some structure in the peak of the
pulse. There are also some delayed pressure events which occur
earlier in time in PBE. Sodium can reenter the voided area
quicker since the specific energy deposition is less than half
of that in S-ll. The piston constraint in PBE is 2.8 times the
constraint in S-ll which influences the measured pressures. The
energy conversion ratio is higher in S-ll. More fuel material is
available to interact in S-ll since the fuel is uniformly heated
axially while in PBE there is significant axial buckling.

In S-ll, the pressure history was interpreted in terms of fuel
vaporization. Given the error bounds on energy deposition in PBE
and using radial peak-to-average values, the results of the S
series and PBE series are consistent. Preliminary analysis indi-
cates that the same general conclusions can be drawn regarding
fuel vapor as the identity of the working fluid. These conclusions
are reinforced if uncertaiaties in the urania vapor equation-of-
state are introduced.

CONCLUSIONS

An initial series of experiments has been performed with fresh
UO2 under prompt burst excursion conditions. In the voided capsule
experiments, very low pressures were observed resulting in neglig-
ible energy conversion ratios. Pre-failure in-clad upward axial
fuel motions of 15% were measured. The implications are that in
a fresh voided reactor subassembly under prompt critical condi-
tions with energy releases comparable to these experiments, no
work potential would exist and the in-clad axial fuel motion
would contribute large negative reactivities.

With sodium in the experiments,large pressure events were ob-
served, however, these resulted in low energy conversion ratios.
The measured axial fuel motions were also 15%. The implications
are that in a fresh reactor subassembly under similar energy
depositions and rates, large pressures would be produced but
resulting in very low work potential.

A comparison was made with the ANL S-ll experiment. The
results are consistent indicating that fuel vapor pressure is the
most likely candidate for the working fluid. However, more anal-
ysis and detailed modeling must be performed to substantiate this
conclusion and to rule out other phenomena such as sodium liquid
or vapor expansion. The influence of the relatively cold structure

1609



in the experiments on vapor quenching needs to be examined as to
its impact on energy conversion ratios. There is evidence that
the fuel may flash to vapor on pin failure rapidly voiding the
clad. This indicates that the axial failure location is critical
for reactivity considerations. It is noted, however, that the
large axial expansion of the fuel column within the clad occurs
prior to pin failure.
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Table 1. Fuel Pin Characterist

Fuel Material
Uranium Enrichinent (%)
Fuel Mass (g)
Planar Smeared Density (%TD)
Fuel Pellet Diameter (mm)
Fuel Length (mm)
Fuel-Clad Bond
Plenum Length (mm)
Spring Solid Height (mm)
Cladding Material
Cladding Outside Dia. (mm)
Cladding Thickness (mm)
Wire Wrap Diameter (mm)

1CS

uo2
14-20
f.4
• ..7
£, . 93
343.7
Helium
90
39.4
316SFT
5.83
0. 38

1.39

FEED THROUQHS
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SUPPORT RODS

METAL SEAL

CLAMP

•LINEAR MOTION TRANSDUCER
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ENERGr ABSORBER
AND LATCH
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TUNGSTEN ALLOT PISTON

RUPTURE OISK

•ALUMINUM CONTAINER

PRESSURE TRANSDUCER

BERYLLIUM HEATSINK
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POLYETHYLENE MODERATOR

ALUMINUM CONTAINER

PRESSURE TRANSDUCER
T.C. FEED THROUGH
FILL PORT

CONTAINMENT HEAT SINK

PROMPT BURST EXCURSION EXPERIMENT

Figure 1. Schematic of Prompt Burst Experiment
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Table 2: Summary of Measured Results

PBE-1E
Reactor Characteristics

Pulse Mode
Initial period (msec)
FWHM (msec)
Reactor Yield (MJ)
Pulse Yield (MJ)

Initial Conditions

Temperature (K)
Pressure (MPa)
Coolant
Uranium Enrichment (%)

Results

Radial Deposition
Profile (Peak/min.)

Axial Deposition
Profile (Peak/ave)

Radially Averaged Peak

Single
2.3
7.3
61
49

420
0.14
Void
14

1.44

1.24

1570
Energy Deposition (J/gm)

Energy at Failure,
Radial Average (J/gm)

Total Energy at Peak
Piston Momentum (KJ)

Total Energy Deposited
(KJ)

Piston Kinetic Energy (J
Measured Energy

Conversion Ratio

81.2

) 0.0
0.0

Peak Pressure (top) (MPa)
Peak Pressure (bottom)
(MPa)

In-clad Axial Fuel
Expansion (mm)

0.27

6

PBE-2E

Single
1.4
4.7
105
86

650
0.24
Void
14

1.44

1.18

2700

120

147

2.2(-3)
1.8(-8)

0.48

49

PBE-3E

Single
1.4
4.8
104
85

770
0.28
Void
20

1.72

1.12

3200

150

184

0.33
2.2(-6)

0.34
0.58

52

PBE-4S

Single
1.5
4.9
102
84

770
0.28
Sodium
14

1.44

1.12

2700

1910

109

147

5.6
5.K-5)

25.8
41.4

PBE-5S

Single
1.4
4.8
103
84

770
0.28
Sodium
14

1.44

1.12

2700

1950

113

147

24
2.K-4)

31.2
41.5

50

PBE-6S

Single
1.4
4.8
104
85

770
0.28
Sodium
20

1.72

1.12

3200

2380

132

184

20
1. 5(-4.

15.8
59.6

50

S-11

Single
23

104
18000
— _ _ —

403
0.15
Sodium
13

1.05

7470

2220

66.5

202

60
9.0(-4)

15.0

——«•—
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POST TEST RADIOGRAPHS
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FIGURE 2. RADIOGRAPHS OF PBE SERIES
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PBE-4S

PROMPT BURST EXCURSION
DATA SUMMARY
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100
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Fig. 3. Data Summary for PBE-4S, PBE-5S, and PBE-6S
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LOSS-OF-COOLING EXPERIMENTS WITH SINGLE FUEL PINS

H. Kwast

Netherlands Energy Research Foundation ECN
Petten (N.H.), The Netherlands

ABSTRACT

This paper deals with some results of three series of Loss-of-Cooling
experiments, namely with 1) fresh fuel pins, 2) pre-pressurized fresh
fuel pins and 3) pre-irradiated fuel pins. These pins were tested in
sodium filled capsules. Furthermore the Loss of Cooling (LOC) time
and the type of the shroud tube (closed or with slots), were used as
parameter. The results indicate that considerable clad melting can
occur without leading to fuel failure. In cases fuel failure occurred
this happened very gently. Preliminary results indicate that in case
of equal energy input the extent of pin failure decreases by using a
slotted shroud tube and pre-irradiated fuel pins. Considerable gas
blanketing can occur if fuel pins with high internal pressure are
subjected to a Loss of Cooling condition. The occurrence of a pressure
pulse in case of an experiment with a low pressure, low burn-up fuel
pin is most likely attributable to an FSI. So far no significant
deformations of the capsule construction have been observed, so it can
be concluded that the fuel failures were of a benign nature.

INTRODUCTION

The objective of this paper is to discuss some results obtained from a series
of Loss-of-Cooling experiments performed in the framework of the DeBeNeLux
SNR-300 project.
These experiments consist of the irradiation of single fuel pins in sodium-
filled capsules and are carried out in the Poolside Facility of the High Flux
Reactor at Petten.
A description of the experiments and the program has been given in Ref. /I/.
Details of the capsule construction can be found in Ref. Ill.

To summarize, the loss-of-cooling condition is achieved by introducing a
sudden interuption of the radial heat flow passing from the fuel pin and the
surrounding stagnant sodium to the outer capsule construction. This is done
by blowing away the NaK from the annulus which surrounds the sodium contain-
ment. The result is a temperature increase of the sodium, cladding and fuel
of about 75°C/sec. up to sodium boiling. The experiments known as LOC ex-
periments, are terminated by a reactor scram either on clad failure or after
a pre-set time (LOC time). The linear power is kept constant throughout the
experiments at approximately 560 W/cm.

1615



The fuel pins consist of 8% enriched, 91% TD U02 pellets 5.1 nun. in diameter,
clad in stainless steel, Sandvik 12R/2HV (X8CrNiMoTiB 1515), with an innev
diameter of 5.24 mm and a wall thickness of 0.38 mm.

The main onjectives are to determine the failure modes, mechanisms, thresholds
and consequences of fuel pin failures under simulated loss of coolant flow
conditions. In addition, it is intended to investigate under which conditions
fuel-cladding-sodium interactions will occur and to establish if such inter-
actions lead to deformation of the surrounding stainless steel structure.
Furthermore, attention is given to the release of fission gases as well as
to fuel and cladding relocation. These phenomena are also potential failure
propagation mechanisms.

The main parameters are:

1. Loss-of-Cooling (LOC) time, defined as the time between start of NaK-
ejection and reactor scram.

2. the internal pressure of the fuel pin and
3. the burn-up of the pre-irradiated fuel pins.

Up to now, 14 LOC experiments have been carried out, of which seven were
with fresh fuel pins without internal gas pressure, four with pre-pressurized
fresh fuel pins, and three with pre-irradiated fuel pins. Sofar a max. burn-
up of 20 Mwd/kg U02 was achieved. It was recognized from the start that the
results of experiments with single fuel pins might be strongly influenced by
the geometry used. In the first series of experiments the fuel pin was, for
safety reasons, surrounded by a closed shroud tube. Later on, some capsules
were equipped with a slotted shroud tube. This gives a better simulation of
a pin in a fuel element.

EXPERIMENTAL RESULTS

A. Fresh fuel pins

The main parameter in this series of experiments is the LOC time. Although
results of these experiments were reported earlier /].3/, some of the conclu-
sions will be repeated. In addition new information is presented.

It was observed /3/ that failure of fresh fuel pins is due to clad melting and
occurs within about 1 second after the start of sodium boiling.

Clad melting over a length of 150 mm., without leading to disintegration of
the fuel stack, has been observed in an experiment with a normalized LOC time
(NLT) 1) of 7.6 sec. The maximum amount of central fuel melting was 22%.

Disintegration of the fuel stack was observed in an experiment (L04) with an
NLT of 11.9 sec. The length of the clad melting was 190 mm. and the maximum
amount of fuel melting 30%.

In the following experiment (L05), the LOC time was increased to 17.5 sec,
corresponding with an NLT of 14.5 sec. A pressure pulse of 12 bar was
measured 0.8 sec. before termination of the experiment. Most likely this
pressure pulse was the result of a fuel-sodium thermal interaction (FSI).
caused by some hot fuel particles dropping to the bottom of the capsule where
liquid sodium was present. This is supported by a measured steep temperature
increase of this sodium at the moment of the pulse.

1) Because the irradiation conditions differ somewhat with respect to (a) sta-
tionary sodium temperature, (b) linear power, and (c) rate of sodium tem-
perature increase, the LOC times of the different experiments cannot be com-
pared in a straight forward way. Therefore a normalized LOC time (NLT) was
introduced based on normalized conditions /3/.
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One more experiment (L08) with a pre-set LOC time of 17.5 sec. was carried
out. The NLT in this case was 13.4 sec. which is 1.1 sec. less than the afore
mentioned experiment L05. A comparison of the results of both experiments is
given in Re£.<?. /3, 5, 6/.

The appearance of the fuel stack of experiment L08 was almost identical with
that of fuel pin L05, i.e. fuel bulging and fuel ejection in the lower part
of the fuel pin, while the upper part had become a thin-walled tube of U02>
However, in this case no pressure pulse was recorded.

Fig. 1 shows four cross sections of experiment L08. Cross section A gives an
impression of the macro structure at the top of the fuel stack. The maximum
wall thickness of the remaining fuel at this location is only 0.7 mm. The
amount of molten fuel approximated 64%.
Cross section B, shows the macro structure and corresponding autoradiograph
at a location where molten fuel was ejected from the centre of the pin.
About 50% of the fuel in this cross section melted. As can be observed the
shroud tube also melted coming into contact with the sodium containment,
without penetrating it.

The ejected fuel had flowed downwards remaining within the shroud tube. This
is illustrated in cross section C, located 15 mm. below cross section B.
The amount of molten fuel in cross section C was approximately 20%.

The presence of solidified stainless steel was observed in cracks and lenti-
cular voids of the lowest pellet in the fuel stack. This is illustrated in
axial cross section D, Fig. 1. The regions a and b are shown in more detail
in Fig. 2. In region b, Fig. 2b, where the temperature was higher compared to
region a, spherical metallic particles were observed. Close observations of
these particles revealed the presence of a larger number of very small (l-5u)
inclusions concentrated along the U02 grain boundaries. Micro analysis of the
metallic inclusions proved that indeed the lenticular voids were filled with
solidified canning material /A/. The largest spherical particles showed a
depletion in Cr and Mn, most probably due to evaporation. The boiling points
of Cr and Mn are 2480OC and 1900°C respectively. The main constituents of the
very small inclusions were Cr, Mn and Fe /4/. From this it was concluded that
these very small inclusions were formed from the larger spherical particles
by an evaporation-condensation mechanism.
However, under the conditions considered, there is no indication of the
cladding material present in the fuel causing fuel fragmentation.

B. Pre-Pressurized Fresh Fuel Pins.

In this series four experiments (L06, 07, 09 and 12) have been performed. Some
of the experimental data are summarized in Table I. From the results of ex-
periment L07, fuel pin pressure 76 bar, it was concluded 11,1/ that the can-
ning failed just before the onset sodium boiling. Nevertheless considerable
clad- and fuel melting was observed, Fig. 3. The macro structure illustrates
meltthrough of the fuelstack at three different locations. A detail illustra-
tion of one of the openings through which the molten fuel has flowed out,
is given in Fig. 3b. As is indicated by an arrow some solidified fuel is still
present. The estimated amount of central fuel melting at the considered cross
section, Fig. 3, was 40%.

These results can only be explained by assuming violent rupture of the canning.
The subsequent rapid release of the gases caused partial blanketing of the
fuel pin. Consequently in this region the temperature of the fuel pin in-
creased much faster than before and ultimately resulted in considerable clad
and fuel melting. At the moment of pin failure a pressure pulse of 160 bar
was recorded in the sodium containment. This high pressure pulse is believed
to be generated due to the sudden gas release from the fuel pin. During the
release, the gas was heated by the hot fuel, cladding and sodium.
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Fig. 1. M»crostructures and autoradiographs of four cross"
sections of experiment LOB.
(Fresh fuel, closed shroud tube, NLT 13.A. sec).
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(a) (b)

Fig. 2. Detailed view of cross section D, see Fig. 1, showing solidified
canning material in the fuel. Region a. (a), Region b. (b).

TABLE I

Experimental data of pre-pressurized fuel pins.

Experiment no. L06 L07 L12 L09

Initial pin pressure,
Type of shroud tube
Total LOC-time .
Norm. LOC-time (NLT)a;

Pin failure at
Na-temperature at failure
Length of clad failure
Max. amount of molten fuel
Fuel melt through
Location of failure as per
centagp of Lne height of
the fit! stack
Pressure Pulse-height

-start
—Deak

bar

sec.
sec.
sec.

°C
mm
%

%

bar
sec.
sec.

75
closed
7.4
6.2
-
-
-
10
no

-

-
-
-

76
closed
7.1
6.7
6.4
1070
75
40

yes

30-60

160
6.4
6.6

76
open
10.9
9.8
10.0
1135
90
10
no

60-95

160
10.05
10.18

36
closed
8.9
7.8
7.6
1120
130
14
no

30-85

80
7.6

7.75

a) The times given are based on normalized conditions.
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Fig. 3. Macrostructure (a) "ic the failure area of experiment L07, located
at 45% of the height of the fuel stack. One of the openings through
which molten fuel has flowed out is shown in more detail (b).

To determine the effect of the surrounding geometry on the potential of pin
to pin failure propagation due to fission gas release, another experiment
(LI2) with a fuel pin pressure of 76 bar has been performed. The only differ-
ence was the shroud tube, which was slotted in case of experiment LI 2.
The experimental data are also collected in Table I.

A comparison of the results of the experiments with a closed and slotted
shroud tube, L07 and 12 respectively, has led to the following observations
and conclusions.

1. The failure time of the fuel pin surrounded by a slotted tube (L12), was
3.6 sec. longer than of L07. The temperature measurements indicated that, in
case of an open (slotted) shroud tube, sodium boiling started 3.2 sec. before
pin failure. The time delay is rather long compared with previous exp<. rimprts
with a closed shroud tube. This can be explained by assuming dry-out did not
occur. The different behaviour may be attributed to the use of an open shroud
cube, which permits radial sodium flow through the slots. This can delay or
even prevent dry-out. However, almost from the start of sodium boiling the
temperature measurements of LI 2 indicate a continuous rise of the sodium
temperature. Due to this temperature increase and the related expansion of the
sodium , the pressure of the cover gas increased, which possibly resulted in
suppression of the sodium boiling. This means that the time delay of about
3 sec. between the commencement of sodium boiling and pin failure cannot yet
be looked upon as typical for the presence of a slotted shroud tube.

2. In case of gas release from the fuel pin this gas may also escape through
the slots. Depending on the internal pin pressure this might reduce or pre-
vent gas blanketing of the fuel pin. Although the length of clad failure
(.melting) did not differ significantly in the experiments L07 and LI 2, only
in case of L07 (closed shroud tube) the fuel stack failed. As Table I indi-
cates the maximum amount of central fuel melting differs also considerably.
From these observations it can be concluded that during the experiment with
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an open shroud tube (LI 2) the extent of gasblanketdn? was strongly reduced.

3. On fuel pin failure of both experiments a pressure pulse of 160 bar was
recorded. It is believed that the nature of these pulses is the same.
A pressure pulse of above 80 bar has been recorded during experiment L09,
with a fuel pin pre-pressurized at 36 bar. Also in this case the peak pressure
coincided with the reactor scram (Table I.) The shroud tube of this experi-
ment was a closed one. The temperature measurements have indicated sodium
boiling during 0.8 sec. before fuel pin failure. This is in accordance with
observations of non pressurized fresh fuel pins /3/. The fuel pin (L09)
failed at seven points between 30 and 85% of the height of the fuel stack.
Based on the appearance of the canning at the failure spots, Fig. 4, the
conclusion was that the fue1 pin did not fail by violent rupture /!/.

Figure A illustrates four different views of the failure area of this fuel
pin (L09). As can be seen, D shows a crack without melting, while the crack,
shown in B was partially filled with molten clad material. Around the crack,
illustrated in A, some clad material has melted away.
The given views of the failure spots are located at 38, 46, 68 and 807 of the
fuel stack respectively. The occurrence of many cracks in the canning at
different locations cannot be explained by a creep mechanism due to gas pres-
sure. Therefore, from the results obtained sofar it is concluded that failure
of non-pressurized fuel pins, as well as of pins with internal pressures
lower than approx. 40 bar, occurs by cracking of the canning due to differ-
ential expansion between fuel and cladding. Ultimately this leads to clad mel-
ting as a result of either an increased cladding temperature on contact with
the fuel or of sodium vapour blanketing (dry-out). So far it cannot be said
whether fuel-clad contact takes place before sodium boiling or vice versa.

C. Pre-irradiated fuel pins.

The aim of this test series is to determine the influence of pre-irradiation,
on the failure behaviour. Sofar three experiments (L10, Lll and LI 3) have
been performed. Results of these experiments are summarized in Table II.
The fuel pin of the first experiment (Lll) was pre-irradiated at approxima-
tely 1% B.U. (about 10 Mwd/kg). The normalized LOC time (NLT) was 8.8 sec.
The sodium boiling time, based on normalized conditions, was therefore
8.8-6.5 = 2.3 sec. Failure of the fuel pin occurred after 8.2 sec. which
means after a sodium boiling time of 1.7 sec.

The main difference between the first (Lll) and the second (L10) experiment
with a pre-irradiated fuel pin is the burn-up. As can be seen from Table II,
the burn-up of fuel pin L10 is about twice as much as of Lll. This table also
shows that, although the failure time and the sodium boiling time are longer
for experiment L10, the length of clad failure is considerably less compared
with Lll. The maximum amount of central fuel melting is almost equal in both
experiments. The appearance of the failure area of fuel pin D O and Lll is
given in Fig. 4 and illustrates large and small cracks in the canning,
together with locations of clad melting.

Comparing the experimental results of pre-irradiated and fresh fuel pins,
tested at similar conditions (low internal pin pressure, short LOC times and
a closed shroud tube) led to the following conclusions:

1. the mechanism and mode of clad failure of pre-irradiated fuel pins equals
that of fresh fuel pins,

2. the extent of clad- and central fuel melting is less in case of pre-
irradiated pins,

3. the presence of fission products on low burn-up fuel does not reduce the
fuel failure threshold.
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PIN PRESSURE
NLT
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7.6 8.2 8.6 SEC
- 1.2 2.5 V.FIMA

Fig-4 Views of the failure areas of fuel pins L09, L10 and LI!.
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The total LOC time of the third experiment with a pre-irradiated fuel pin
(LI3} was the same as of L05 and 1.08, being 17.5 sec. Contrary to the latter
experiments, capsule LI 3 was equipped with a slotted shroud tube. The experi-
mental data are also summarized in Table II. The NLT is estimated to be 16.2
sec. After a NLT of 7 s e c , the pressure measurements indicated fuel pin
failure. As at normalized conditions sodium boiling starts after 6.5 s e c ,
this means pin failure occurred 0.5 sec. later. Compared to another experi-
ment with an open shroud tube (LI 2) this seems rather fast. At 10.75 sec
a pressure pulse of around 90 bar, has bpen recorded. Post irradiation exami-
nation revealed the presence of some fuel and cladding particles down in the
capsule to where the sodium was still in a liquid state. This pulse could
therefore be attributed to a Fuel Sodium Interaction (FSI).

The neutron radiograph of capsule LI3 showed fuel failure between 50 and 70%
of the height of the fuel stack. Thi-1 region is located much higher thar in

experiments L05 and LOS. In these fuel pins fuel failure occurred at 5-30%
and 15-45% respectively.
Fuel pin L13 remained intact up to approximately 30% of the height of the fuel
stack.

TABLE II

Experimental data of pre-irradiated fuel pins.

Experiment no.

Initial pin pressure
Total LOC time
Norm. LOC time (NLT)
Type of shroud tube
Burn*up (% Fima)
Time of failure
Na temperature at failure
Length of clad failure
Location of failure as per-
centage of the height of the
fuel stack
Fuel stack failure
Max. amount of molten fuel
Pressure pulse-height

-start
-peak

bar
sec
sec.

%
sec
OC
mm

%

%
bar
sec.
sec.

L10

16
10.2
9.4

closed
2.5
8.6
1100
75

70-100

no
13.5
-
-
—

Lll

12
11.0
8.8

closed
1.2
8.2
1090
130

40-92

no
12
-
-
—

L13

6.4
17.5
16.2
open
1.1
7.-
-
160

30-95

ves
' 65
30

10.37
10.75

To summarize, the results of the experiment LI 3 with pre-irradiated fuel,
an open shroud tube and a long LOC time, revealed that;

1. the extent of clad failure (melting) is significantly less compared to
experiments with fresh fuel and a closed shroud tube,

2. although the fuel stack failed seriously by bulging and flow out of
molten fuel, only minor axial fuel relocation occurred.

3. from a detailed observation of the neutron radiograph and examination
of various radial cross sections, it is concluded that despite rather
close contact with molten fuel and canning, the shroud tube remained
intact.
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To evaluate whether the difference in failure behaviour can be attributed to
the pre-irradiation or to the presence of a slotted tube, the experiments are
being continued with two irradiations. The first one, L14, with fresh fuel
and an open shroud tube. The second one, L16, will be pre-irradiated up to
approx. 1% B.U. (like L13). The shroud tube around this fuel pin is of a closed
type. The total LOC time of both experiments will be 17.5 sec.

SUMMARY

1. Considerable clad failure can occur without leading to fuel disintegration.
2. FSI only occurred during experiments with long LOC times.
3. The occurrence of an FSI is due to dropping of hot fuel down in the capsule.
4. No significant deformations of the inner capsule construction have been

observed.
5. Molten fuel was not ejected violently.
6. Gasblanketing of the fuel pin only occurs at high internal pin pressures.
7. The use of an open shroud tube delays dry-out and decreases the extent of

gasblanketing.
8. The failure of low burn-up fuel pins is not significantly influenced by

the presence of fission products.
9. There are five to ten sec. between sodium boiling and disintegration of the

fuel stack at the given heat rating.
10. No fuel or steel blockage in the blanket region was observed.
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ABSTRACT

Tests E8, L5, Fl and F2 were recent experiments performed at.
TREAT as a part of the LMFBR Safety Test Program. Test E8 employed
seven pins with fuel which had an axial variation ol ils fuel micro-
structure more like FTR than in previous tests. Test E8 was the
first overpower experiment with cLe;ir indication of an initial post-
failure fuel dispersal. An analysis made with the PLI'TO code indi-
cates that the driving force for fuel expulsion to the coolant
channel was fission gas. The subsequent fuel dispersal could be
explained by fission-gas expansion and a very mild fuel-coolant
interaction.

Posttest examination provided a plausible explanation for the
initial radial swelling of fuel at constant power under the simulated
loss-of-flow conditions in Fl. The initial gross axial, fuel movement
in Fl was downward. The motion was however dispersive ;n Tests F2
and L5, both of which ended in power ramps simulating hypothetical
overpowers under loss-of-flow conditions. The L5 posttest examination
results showed some similarities to Fl. Interpretation of the Fl and
L5 posttest examination results may provide a scenario for initial
fuel motion in LMFBR loss-of-f'• •-..- accidents with voiding in the lead
subassemblies at nominal to several times nominal power.

INTRODUCTION

This paper summarizes the results of Tests E8, Lr), Fl , and F2, the four
most recent experiments conducted in TREAT on irradiated fuel in support ol
LMFBR safety evaluation. The experiments studied the behavior of fuel, cladding
and coolant after fuel element failure in the initiating phases of the following
hypothetical core disruptive accidents (HCDA): (1) transient overpower (TOP)
leading to gross fuel movement just after clad failure (E8); (2) loss-of-flow
(^OF) with delays of the order of seconds between clad failure and gross fuel
movement (Fl); and (3) overpower accidents driven by positive reactivity effects
resulting from coolant, clad and fuel behavior under LOF conditions (L5, F2).

Table 1 summarizes the essential differences between the experiments with
regarc to test category, type of test vehicle and test cluster. Test E8 was a
TOP experiment in which test conditions were established within the sodium
environnent of the Mark-II loop fl]. The test was conducted to obtain data for
mechanistic accident ana'ysis. Test L5 was the first mechanistic loss-of-flow
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experiment with full-length, irradiated fuel conducted in the Mark-II loop.
Tests Kl and F2 were phenomenalogical experiments investigating the behavior of
fuel and cladding under idealized conditions with coolant dryout hypothesized
for a specitic point in the loss-of-flow accident scenario. Consequently, these
tests were conducted in the absence of sodium.

Table I. Recent TREAT LMFBR Safety Tests with Irradiated Fast Reactor Fuels

Test Test Category Test Vehicle Test Cluster

E8 Transient Overpower (TOP) Mark IIC loop-flowing sodium 7 EBR-II-irradiated pins

Fl Loss-of-Flow (LOF) Dry Capsule 1 EBR-II-irradiated pin with nuclear

heated wall

L5 LOF-driven TOP Mark IIC loop-flowing sodium 3 GETR-trradiated pins

F2 LOF-driven TOP Dry Capsule 1 EBR-II-irradiated pin with nuclear

heated wall

The most important highlights of the test objectives, results and conclu-
sions are discussed in this paper. Interpretation of the test results Is
presented using: (1) the PLUTO [2] mechanistic analysis with F.8; and (2) the
phenomenological approach to explain fuel behavior for the Fl and F2 test con-
ditions. A fuel behavior model based upon the Fl posttest examination is also
shown to be plausible to explain both the L5 results and the results reported
previously [3,4] for Tests L3 and L4. The PLUTO analysis of E8 is presented as
a specific illustration of the development of a mechanistic model for LMFBR
accident analysis.

Test E8 and the earlier Mark-II loop TOP tests with fresh fuel (El, E2, H2
and E4) and irradiated fuel (E3, H3, H4, H5, E6, and E7) reported previously
[5,6] represent a complete set of TOP experiments on FTR-type fuel. In addition,
TOP experiment R9 was performed on full-length fresh fuel under prototypic LMFBR
hydraulic conditions subsequent to E8 [7]. Test R9 deals with a 50c/sec simu-
lation analogous to H4 and H5.

Earlier Mark-II loss-of-flow experiments L2, L3, L4 13,4] and experiments
in the R-series [8] have demonstrated the differences in fuel motion behavior
between unirradiated and irradiated fuels. From the fresh fuel tests, the
initial fuel motion occurs >jy collapse of the fuel stack after the clad melts.
The behavior lor the irradi ited fuel is apparently more complicated. For
example, appreciable swelling for fuel above the solidus was observed in recent
Tests Fl and L5 with irrad ated fuel, an apparent consequence of the fission
products entrained within i:he fuel microstructure. The test program therefore
considers variations in fuel microstructure as an important test variable.
Experiments have been conducted in which the fuel microstructure could be cha-
racterized from the preirradiation power level as being either "high-power-
structure" or "low-power-structure". In addition, the fuel used in Te.ot L5
possessed a micros truetural variation along its 86-cm length. This variation
represents a different physical variable from fuel, such as the L3 low-power and
L4 high-power fuels, in which the microstructure was predominantly uniform along
its entire length.

TEST FACILITY AND HARDWARE

All tests described in this paper were conducted in the Transient Reactor
Test Facility (TREAT) [9]. To perform a typical test, two of the TREAT elements
at the center of the reactor are removed to provide a 10-cm-by 20 cm space for
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the experiment. Special slotted fuel and reflector elements provide a 60-cm-
hlgh viewing slot into the core renter so that fuel motion can be monitored by a
fast-neutron hodoscope [10], The hodoscope provides a plnnar view of the test
section by means of a collimator and array of fast-neutron detectors. Each
channel of the hodoscopt array covers a spatial element nominally 3.6-mm by
22.2-mm at the test region. A flexible, programmable TREAT control system
provides ;) means of shaping the reactor power depositions in the test fuel. The
following discussion deals with the most recent safety tests in greater detail.

TRANSIENT OVERPOWER TEST E8

In Test E8, seven mixed-oxide PNL-10 elements [11] from EBR-II subassembly
X093 were subjected to a simulation of an LMFBR unprotected $3 per sec reacti-
vity insertion. The fuel elements for the test had been irradiated at a peak
linear heating rate of about 30 kW/m (158 kW/kg) to a burnup of about 5 atom
percent. These fuel elements therefore provide a representation of fuel with
the microstriicture of "low-power-structure" FTR-type fuel with a small central
void.

The seven fuel elements were arranged on a triangular spacing in the test
region of the Mark-IlC loop. The E8 test region design employed a gas-filled
region surrounding the six-fluted flow tube, as shown in Fig. 1, as an inset
with the posttest neutron radiograph. This test section design was similar to
the design for Test E7 [5], The active 34-ctn-long fuel region of the. PNL-10
elements was filtered by 0.5-mm-thick dysprosium metal wrapped around the out-
side of the 50-mm-dia. test section. The initial sodium flow rate of about 575
cm3/sec (9.1 gpm) was provided by an annular linear induction pump of a design
used in previous Mark-IIA tests. Using the average test region flow area of
1.72 cm2, the coolant velocity in E8 was about 3.3 m/sec.

The TREAT transient, shown in Fig. 2, consisted of a 2-sec preheat at Uk
kW/m (230 kW/kg) to simulate the peak stored energy per unit length in the
hottest peripheral elements in the test cluster relative to that energy stored
in a low-power FTR element undergoing a 3$ per sec reactivity excursion. A
power burst peaking at 2500 MW followed the preheat. The total energy release
in the TREAT transient was 1180 MJ which deposited a total of a'; least 2.45
MJ/kg in the element in the cluster with the highest calibration factor. The
initial period of 150 msec for the burst provided a burst width of about 325
msec (full width at half peak power).

Flowtneter and pressure-transducer data indicated that the first failure
event occurred at an integrated TREAT power of 675 MJ (about 500 msec into the
excursion) with a corresponding sample energy generation of 1.40 MJ/kg. At this
point in the transient, COBRA computer calculations [12J indicated that about 50
percent of the fuel at the midplane of <rhe> two hottest peripheral elements had
just reached the temperature of the solidus. Note, however, that this 50 per-
cent estimate is sensitive to the calculational model. Small changes in input
parameters can easily shift the result since the power generation rate is occur-
ing rapidly rn about a 150 msec period. Using this measure of the failure
threshold, the E8 fuel failed approximately when expected based on previous
TREAT tests with high-power structure fuel reported by Rothman ejt _ajL [5]. After
the first indication of failure, the inlet pressure transducer recorded several
additional pressure pulses in the next 20 msec, but no pulse was larger than
about 1.5 MPa (15 atm). The pressure transducer output at the outlet showed no
pulses. Flowmeter data suggest that the test section voided rapidly and sodium
could have completely vacated the test region in the 200 msec after the first
failure indication. After the test, attempts to re-establish flow through the
test region failed, implying that a flow blockage existed.

The neutron radiograph of the test section, containing the active fuel
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iolumn and upper fuel element structure, is shown in Fig. 1. The radiograph
shows the failod fuel elements and Indicates material movement well above the
top of the ftK'l column. Using the radiograph as a guide, the loop was disassem-
bled and dissected for metal]ographic examination.

From the examination to date, the following observations can be drawn by
reference to Kig. 1. The region from the midplane to 76 mm below is essentially
voided of either fuel or steel. The region from the midplane to the top of the
original fuel column contains a mixture of failed fuel and steel. A closer
examination of the region at the top of the original active fuel column is shown
in Fig. 3. Figure 3 shows the mixture of fuel and steel, including the remnants
of the flow tube. Insulator pellets shown in the figure had apparently dropped
down from above. A steel barrier formed in some of the coolant channels just
above the top of the fuel column. Yet, fuel, with a little steel entrained,
solidified above in the region containing the reflector pieces. In addition,
a quantity of fuel was found dispersed in the sodiuui above the top of
the original fuel column. Molten fuel had apparently entered the coolant chan-
nel before very much clad had melted, consistent with the pressure transducer
signals indicating that the element failures had been abrupt. The results
appear to substantiate that a degree of sweepout of fuel is possible. The fuel
sweepout mechanism and resultant decrease in reactivity have been postulated
|13] as the means leading to termination of hypothetical overpower LMFBR accidents.

The general scenario of the events occurring in E8 is given in Table II.
The results from the hodoscope are in apparent agreement with the sensor data
and the posttest examination. The neutron hodoscope confirmed that several pins
failed before the power peaked. Small quantities of fuel left the element and
moved rapidly to the cooler reflector region above. Further sweepout ceased when
apparently an upper blockage was formed. Fuel motion continued below the block-
age. The first fuel motion detected by the hodoscope occurred at 7.219 sec, at
90£ of maximum power. This time was about 15 msec after the first indications
by pressure and flow sensors that an element had failed. If, as calculated, the
outer radial portions of the fuel pellets were not yet molten, then the expelled
material consisted mainly of molten fuel from inside the failing element, per-
haps driven through a break by expanding fission gas. The expelled fuel moved
rapidly upward and collected a few cm above the top of the original fuel column
within 20-80 msec.

Upward sweepout from failed elements stopped after 80 msec by an apparent
blockage, containing about 60 g of fuel, in the first 150 mm above the top of
the original fuel column. The posttest examination confirmed that a stainless
steel barrier had formed at the top of the original fuel column. Fuel motion
continued within the original fuel zone. By the end of the transient, the 80-mm
region just below the midplane was largely voided of fuel. The bulk of the fuel
was between the midplane and the upper blockage. The final configuration seen
by the hodoscope is consistent with the posttest neutron radiograph.

A slightly modified version of the PLUTO code [2] was used to analyze the
early postfailure sodium and fuel motion (7.200-7.300 sec), providing additional
insight into the early events. The version of PLUTO used for the E8 analysis
models the Mark-II loop and pump and has the capability for resetting the fuel
pin dynamics modal to prefailure conditions at any time during the calculation.
This represents a simplified treatment of noncoherent pin failures.

A parametric study was performed with a variation in the number and se-
quences of pin failures, initial pin pressure and melt fraction, fuel-coolant
interaction (FCI) parameters, and gap sizes controlling the plenum fission-gas
release. The best results obtained are shown in Figs. 4(a)-(d). The reasonable
agreement was achieved by assuming the following for PLUTO: (1) A pin-hole
type fission-gas release from one pin starting at 7.200 sec. The presence of
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Table II. Scenario of Events in E8

4.4

6.7

7.204

7.212

7.219 - 7.30

7.219

7.223

7.224

7.?.28

7.234

7.238

•V7.270

7.30 - 7.40

115

115

2140

2220

2270

2300

2310

2330

2360

2400

v2535

Time, sec Power Level, MW Sensor* Observation

4.0 - 7.219 H No observable fuel motion.

Start of preheat plateau.

Power ramp begins.

| ?,F Beginning of observable pressure and flow changes.

I C Calculated failure of first element.

P Pressure pulses recorded as first element ruptures.

H Loss of fuel from pins, over extended axial region; lose
fuel swept upward, to lodge above original fuel zone.

H Ca. 6 g of fuel leaves peripheral pin on east** side of
bundle. Expelled fuel travels upward to region above
fuel zone.

P Second set of pressure events recorded.

C Calculated failure of two pins.

H Ca. 18 g of fuel leaves west side of bundle, again moving
rapidly to superstructure over fuel zone.

P Third set of pressure pulses recorded.

F Maximum exit flow rate (1.65 il/s); inlet flow crosses zero.

Peak power reached.

H Fuel moving about within original fuel zon«.

7.30 2500 H Upward sweepoat greatly diminishes, as upper blockage is
largely completed. • •

7.32 2470 H Inner wall of flow tube penetrated on east.side. (Penetra-
tions of flow tube In line with hodoscope would be observ-
able.)

7.34 2150 F Inlet flow at maximum negative value (0.5 His).

H: Hodoscope; P: Lower pressure sensor; F: Flow meters; C: Calculation (PLUTO)

Orientation: Pump on south side of test zone; hodoscope to north.

this fission gas in the upper sodium slug attenuates pressure waves generated by
later events and thus explains the lack of signals at the upper pressure trans-
ducer. (2) The failure of the cladding of one pin (rupture length 5 cm) was
assumed to occur at 7.210 sec. This failure led to the first set of pressure
pulses in Fig. 4(b). An initial pressure in the molten pin cavity of 11.8 MPa
(120 atm) was used together with a void fraction of 4.5%. The pin cavity was
assumed to encompass only 40 percent of the fuel area although more than 50% may
have been at or above the solidus. This was done since none of the fuel had
reached the liquidus at failure time and the outer molten fuel is believed to be
very viscous. Moreover, a larger cavity leads to more fuel ejection from the
pin, which is in disagreement with hodoscope data. (3) Additional failure of
two pins was assumed to occur at 7.221 sec with a higher (23.6 MPa) fission-gas
pressure than the first failed pin. This is due to the fact that the first
failure probably involved fission-gas release to the coolant through a pin hole
prior to ejection of any fuel (see (1) above). (4) The fuel injected into the
channel was assumed to fragment instantaneously into particles of 0,01-cm-
radius. Although the drag acting on these small particles is quite high, they
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still do not move a.s rapidly as predicted by the hodoscope (see Fig. 4(o)).
However, tile Clio-Wright steady state FCI formulation used in PLUTO was modified
such that the particle radius In the eoefiicient used was 0.0225 cm. This led
to a rather mild IT.I with a maximum sodium vapor pressure of 0.3 MPa which
nevertheless contributed significantly to the initial voiding rate. (5) A
plenum fission-gas release from one pin was indicated at 7.235 sec. The plenum
gas prevents the upper sodium slug from losing its velocity much more rapidly
than predicted by the experiment. Sodium vapor pressure cannot contribute much
to the pres'-uirix.nt ion of a partially voided and rather cold plenum region ("860°K)
because of strong condensation effects. (6) Two more pins were assumed to fail
at 7.260 sec and a complete fuel blockage above the fuel section was then as-
sumed to occur at 7.263 sec. Additional plenum-gas release below the blockage
led to the pronounced lower flow reversal (see Fig. 4(a)). An uncertainty
remaining is the question of whether a much higher ratio of fission gas Co fuel
was ejected through the clad ruptures or whether fission gas was released from
fuel after its ejection into the channel. If either of these were the case no
FCT or plenum-gas release may be necessary to explain the sodium voiding and
fuel dispersal.

At any rate, the analysis shows that rhe PLUTO assumption of a "gas bottle"
in the pin, which leads to fuel ejection at the clad rupture times is adequate
for E8 type pins. Moreover, even fuel injected into a relatively slow cool nt
stream ('O.3 m/soc) is rapidly swept upwards. Thus, the PLUTO modeling seems
adequate for predicting the early postfailure events. However, if gross voiding
takes place fuel freezing phenomena become important. A new cede PLuT02 (14]
which models these freezing phenomena is under development.

LOSS-OF-FLOW TEST L5

The L5 Tost addresses postulated LMFBR loss-of-flow accident scenarios for
which tile interest lies in the potential for a reactivity reduction caused by
fuel motion in voided subassemblien experiencing significant power increases.
These power increases occur from reactivity insertions due to fuel slumping or
sodium voiding elsewhere in the core. Therefore, the TREAT transient and Mark-
2IC loop flow coastdown subjected the test fuel to a mild overpower burst (a
800-r.isec initial period) peaking at 6 times the nominal fuel operating power of
36 kW/m after the test region was voided of sodium coolant, but at incipient
clad meaning.

The test cluster consisted of three HEDL-59 fuel elements with a 86-cm-long
active fuel column, preirradiaLed in C.ETR at 41 kW/m to about 8 atom percent
peak axial burnup. Although the HEDL-59 design [15] met most of the desired
criteria for the test, it was necessary to reduce the fission-gas pressure in
the irradiated fuel element plenum region to insure against premature clad
failure [16]. Also,- the thermal irradiation in CETR may have introduced condi-
tions somewhat different from a fast-reactor irradiation. The desired axial
power distribution for the rest was achieved by means of dysprosium nautron
filters of varying thickness placed along the outside of the 50-mm-dia. loop
test region. A diagram of the fuel element arrangement as an inset with the
posttest neutron radiograph is shown in Fig. 5. The TREAT power burst was timed
to occur at incipient clad melting based upon pre-experiraent predictions by the
SAS2A code [17]. A Data-Trak controller regulated the pump power supply to
achieve the desired linear coastdown. The TREAT reactor power level was set to
heat the fuel initially at a peak linear heating rate of about 36 kW/m. The
power burst was then designed to melt the fuel, but keep fuel temperature below
3500°C in order to limit fuel-vapor pressure below a few atmospheres.

Reactor power and the inlet flowmeter signal for the test are shown in Fig.
6. The flow coastdown was initiated about 4 sec after the reactor reached the
42-MW level. The first indication of boiling and flow reversal occurred about

1630



U. h sec l a t e r . Tin.- post tost :";id iograph r e s u l t s , s h o w n in I i j.1 . >, i n d i c a t e that
the f u e l , a l t h o u g h a p p a r e n t l y m e l t e d , h a d m o v e d into a p a t t e r n of a I t i-ni.iti'
r e g i o n s o f low a n d h i g h d e n s i t y ; a p p a r e n t l y , g r o s s s l u m p i n g had nut i n v u r n - J .

IV st m o r t e m e x a m i n a t i o n ol' tlie test s e c t i o n indicated lli.it U c l had . r w c l
a x i a l l v a w a y from tile o r i g i n a l fuel c o l u m n m i d p l a n o f o r m i n g p l u g s al the e n J s ol
the fuel c o l u m n . H o w e v e r , t lie 8 6 - e m r e g i o n o c c u p i e d by the o r i g i n a l 1 ne i c o l u m n
had not b e e n c o m p l e t e l y v o i d e d of fuel at a n y e l e v a t i o n . Th<-> fuel w a s Hi. ''. eJ
•ivtl n e a r l y ils e n t i r e length so that its ide n t i t y ;)s w h o l e r e i l e t s w a s lest.
L a r g e s c a l e m o t i o n of fuel w a s a p p a r e n t l y p r e c e d e d !iy im. I L' n^ m d m o t i o n r,I
c l a d . S o l i d i f i e d clad b l o c k e d the c o o l a n t flow c h a n n e l s bo' 1. a'_ t_ 1«- • t< \< and at
tin b o t t o m of the o r i g i n a l a c t i v e fuel r e g i o n . T h e flow t ••r>c- w a s a1, so d e s t r o y e d
by m e l t i n g at s e v e r a l l o c a t i o n s . Mo fuel m a t e r i a l M I S t ound r.'.c.ve the tup of
the a c t i v e fuel c o l u m n .

T h e r e s u l t s of test o b s e r v a t i o n s w i t h the loop i n s t r u m e n t a t i o n .ind f a s t -
netitron h o d o s c u p e a r e c o m p a r e d w i t h SAS'JA I 18] c a l c u l a t i o n s in T a b If 1 1 1 .
C a l c u l a t e d v o i d i n g p r o f i l e s a r e s h o w n in F i g . 7. T h e g a p c o n d u c t a n c e and s a m p l e -
t o - r e a e t o r p o w e r c a l i b r a t i o n f a c t o r v a l u e s used in the SAS c a l c u l a t i o n s w e r e
a d j u s t e d u s i n g the L5 heat b a l a n c e test a s a g u i d e . T h e c a l c u l a t e d s o d i u m
v o i d i n g p r e c e d e d the o b s e r v e d v o i d i n g by a b o u t 1 s e c . A n a l y s i s ol the h o d o s c o p e
d a t a s h o w s that t h e I.") fuel m o t i o n w a s not n e a r l y a s e x t e n s i v e as in p r e v i o u s
l o s s - o f - f l o w t e s t s w i t h i r r a d i a t e d f u e l . T h e onset of m a j o r axial fuel m o t i o n
o c c u r r e d a b o u t 100 nisi-' a f t e r p e a k p o w e r . T h e net m o t i o n w a s o b s e r v e d to he
d i s p e r s i v e a w a y from the mi d p lane ol the o r i g i n a l a c t i v e fuel c o l u m n , w i t h
a l t e r n a t e l y d e n s e a n d less d e n s e r e g i o n s a x i a l l y .

i s ing the c r i t e r i o n for the i n i t i a t i o n of fuel m o t i o n of r)0.: uf the p e l l o .
a r e a a t , or a b o v e , the s o l i d u s , the S A S c a l c u l a t i o n i n d i c a t e d tuel m o t i o n i n c e p -
t i o n b e f o r e t h e s c r a m . T h e h o d o s c o p e d a t a i n d i c a t e d that the m a j o r fuel m o t i o n
b e g a n j u s t a f t e r the s c r a m . T h e c a l c u l a t i o n s i n d i c a t e that tin- fuel had nut
e x c e e d e d its l i q u i d u s d u r i n g the t e s t .

T h e 1.5 T e s t r e s u l t s s h o w that the net luel b e h a v i o r w a s initially d i s p e r -
s i v e a w a y f r o m the m i d p l a n e . T h e s e r e s u l t s imply that fuel m o v e m e n t s in v o i d e d
s u b a s s e m b l i e s s u b j e c t e d to a m i l d p o w e r burst w o u l d r e d u c e r e a c t i v i t y in an
L M F B R HCIJA. T h e d i s p e r s i v e d r i v i n g f o r c e for 1.3 w a s p r o b a b l v e n t r a i n e d g a s e o u s
f i s s i o n p r o d u c t s s i n c e the f u e l - v a p o r p r e s s u r e g e n e r a t e d w a s app a r e n t Iv too low.
T h e l.r> r e s u l t s m i g h t a l s o h a v e a b e a r i n g on the a n a l y s i s ol larger I.MKBRs in
w h i c h fuel m o t i o n in the lead s u b a s s e m b 1 i e s can o c c u r at several t i m e s n o m i n a l
p o w e r .

O B J K C T 1 V K S , DF.SICN AND RHSL'l.TS OF THF. F1,J TF.STS

The general objectives of tests KI,2 was to provide basic information tor

accident analysis on fuel element behavior under idealized condition1; after

coolant dryout hypothesized for loss-of-flow accident scenarios at power levels

in the range of one to ten times design. Consequently these tests were conducted

in the absence of sodium using a special dry capsule apparatus. Both tests were

performed on irradiated fuel that was selected to be characteristic of "high-

power-structure" KTR fuel, the first fuel to melt u-nler hypothesized loss-of-

flow conditions. Test Fl evaluated fuel motion of moderate burnup fuel at

design power. The F2 test evaluated motion of low burnuj) fuel subjected to a

power burst to represent an overpower accident driven by fuel compaction under

hypothetical loss-of-flow conditions. Table IV summarizes certain properties of

the Fl,2 test fuels.

Fuel and fuel-boundary conditions in the Fl and F2 tests were achieved in

TREAT in the special F-series dry test capsule. F'nch test used a single fuel

element surrounded by a nuclear-heated wall. An axial view of the Fl,2 test
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Table HI. Sequence of Events in TREAT Loss-of-Flow Test L5

Event

Reactor Control Program Initiated

Reactor Power Reached 42 MW
(36 kW/ot per element)

Flsv Coaatdown Initiated
(Initially 170 cm'/sec)

First Indication of Coolant Channel
Voiding

Flow Reversal at Teat Section Inlet

Power Burst Initiated at 390 MJ
Energy Release

Incipient Clad Melting

Flow Coastdovn Ended (23 cm5/«eci

Localized Fuel Motion Observed*

Clad Melted

Clad Mockage Formed

Beginning of Fuel Melting

Fe«k Power Reached (240 MW)

Onset of Major Axial Fuel Motion

Reactor Scran Setting (600 MJ)

Experinent
Stnsors

0

3.0

7.0

11.6

11.6

11.8

-

12.0

-

-

*•

-

13.4

-

13.4

Time (sec)
Fast Neutron SASt

Hodoscope Calculations

0 0

3.0

7.0

10.9

11.2

11.8

12.3H-

12.0

W.I

12.8

12.9

13.1

13.4

13.5 13.2

-

tt
Based on single element model using cluster average parameters.

200 an above midplane of fuel column.
At about 125 mm above aldplane of fuel column and also at 100 ma below mid-
plane.

Sensor data shovs no clear indication of the tiae a clad blockage could have
formed.

design is shown in Fig. 8, showing the position of the test fuel relative to the
test instrumentation. At mid-axis of the fuel column, the fuel pin is surrounded
radially by successive annular regions of a nuclear-heated wall, a thin molydenum
reflector, a stainless steel heat sink, a stainless steel capsule wall (the
pressure barrier), and a steel wall. The test capsules were pressurized with a
A-3% He mixture to 83.4 kPa at ambient temperature. The gas plenum of the Fl
test element was punctured and back filled with Xe- 1% He to 83.4 kPa at ambient
temperature.

The gas plenum of the F2 test element was not changed prior to the test.
The test instrumentation consisted of two thermocouples, a pressure transducer
and the fast-neutron hodoscope. Neutron filters were placed around the test
region to achieve the desired axial and radial profiles within the test element.

Fl Test

The Fl test was conducted to evaluate the effect of fission products on mo-
tion of "high-power-structure" FTR fuel at design power. Therefore, the TREAT
reactor was scrammed after complete melting of most of the fuel column occurred,
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Table IV. J-'J , 2 Fuol Description

Parameter Fl F2

Irradiated Peak Power (kW/m)

EBR-II Peak Burnup (atom percent)

Fuel Column Length (mm)

Mid-Axis Fuel Microstructural Dimensions (mm)*

Central Void Radius
Columnar Region Radius
Equiaxed Region Radius
Unrestrurtured Region Radius

Clad Dimensions (mm)

Inner Radius
Outer Radius

39.'.

2.35

343

1.65
1.73
2.54

2.54
2.92

38.1

0.35

343

0.66
2.06
2.21
2.51

2.54
2.92

From destructive examination of sibling fuel elements.

but at fuel temperatures lower than those which could lead to fuel-vapor-pressure-
driven dispersal.

Figure 9 summarizes the reactor power and capsule data before and iust
after t.he Fl test scram. Sample power was held at a constant level of 38 kW/m
for 9.9 seconds. Unlike the subsequent F2 test, neither thermocouple was con-
tacted by hot fuel or clad in the Fl test. The continuous rise in temperature
during the test appears to be the result of capsule fill gas heating from the
sample, hct fission gas released from the fuel, and gamma heating of the thermo-
couple sheath. The cause for the inflections in the temperature trace of the
upper thermocouple cannot be readily identified, but may represent changes in
convection patterns in the capsule fill gas as a result of shifts in hot fuel or
cladding below the thermocouple. Note also that the time response of these
thermocouples is about 30 msec in sodium, so that the time response in the
helium environment of the F-series capsule is much longer. The gradual rise in
capsule pressure response is apparently caused by heating of the test capsule
fill gas. No sign of an abrupt or even a gradual release of fission gas into
the capsule is apparent from the pressure transducer data. Evidently detection
of fission-gas release from the element was masked by the presence of the much
larger quantity of capsule fill gas.

Figure 10(a) is the posttest neutron radiograph of the Fl capsule. Pretest
fuel column and heated wall axial positions are shown for reference. Examination
of the radiograph shows that the heated wall contained the test fuel adequately,
as can be judged by its undeformed appearance and almost total confinement of
the fuel within the inner diameter of the heated wall. The only significant
penetration of the heated wall, by molten fuel, occurred near the top of the
original fuel column. The interpretation of the radiograph was aided by metal-
lography performed on selected sections of the Fl test capsule. Final axial
relocation of the fuel was downward, as evidenced by a 150-mm region voided of
fuel above a 130-mm region of molten fuel, which extends radially to the inner
diameter of the heated wall. Partially melted fuel segments exist above and
below the regions of extensive axial relocation, with unmelted fuel pellets near
the cooler end of each partially melted segment. A single unmelted fuel pellet
at the top of the fuel column is the only fuel found above the original fuel
column position.

Figures 11(a) and 11(b) show the second pellet and part of the third pellet
from the top of the original fuel column, respectively. The location of these
pellets is also indicated by the posttest neutron radiograph shown in Fig. 10(a).
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Figure ll(a) shows the outside surface of the two pellets while Fig. 1 K b ) is a
photomicrograph of a longitudinal surface containing the fuel pellet axis. The
upper surface of the second pelJet, and the interface between the second and
third pellets are also Indicated. The large axial variation in microstructure
evident in Fig. ll(b) is due to the axial power shaping that resulted in about a
3% difference in power generation along one pellet length near the top of the
fuel column. Hence at the test scram time, most of the region near the uottom
of Tig. 11 (b) is above the solidus while the region near the upper surface of
the second pellet is not yet molten. The petition of the fuel solidus isotherm,
approximately located in Fig. 11(b), was inferred by examining the pores for
angularity and assuming that rounded pores were above the solidus and angular
pores were below the solidus. The significant feature shown in Figs. 11 (a) or
11(b) is the largo amount of bulk swelling, particulavly near the bottom. The
almost parallel outer surfaces of the third pellet suggest contact and realign-
ment of these surfaces by the heated wall. Transient-induced fuel swelling in
fuel below and above the solidus s shown in Fig. 11 (b). It would be unlikely
that fuel with a radially varying fission-product retention and transient ther-
mal history would exhihit the same degree of swelling along its radius. Indeed,
Fig. ll(a,b) shows that the swelling in fuel above the solidus was greater than
swelling bolow the solidus, with the large cracks shown in Fig. ll(a) only at
axial locations where some fuel had reached the solidus. The axial cracking
pattern suggests that fuel below the solidus could not swell as fast as fuel
above the solidus, so the difference1 in swelling was relieved by cracks in the
unmelted fuel. Since no cracks were observed at axial levels where fuel had not
yet reached the solidus, it is unlikely that the cracks were caused by transient-
induced thermal shock. Figure 1 K b ) shows no evidence of transient-induced clad
entrainment, although two Large pores near the bottom of the figure were inad-
vertantly filted with a mixture of metallic cutting debris and epoxy during
specimen mounting. Uneveness in the central void shape near the bottom of Fig.
ll(b) suggests that columnar fuel in this region had melted and started to run
down the central void.

Interpretation of Fig. ll(b), plus consideration of the axial power distri-
bution, provides a plausible fuel motion scenario for th*. Fl t(*st. Gross
swelling is initiated at or above the solidus temperatures in the highest power
fuel near the center of the fuel column. The gross radial swelling can explain
why unmelted portions in the upper half of the fuel column did not drop into the
molten fuel region shown in the neutron radiograph. Evidently, the large amount
of radial swelling was sufficient to cause the fuel to grip the heated wall so
the u iper half of the fuel column could not fall into the molten fuel region
forming below it. Subsequent fission-product release from the fuel could re-
lieve the mechanical gripping action at the fuel-heated wall interface, leading
to the net compaction of fuel observed in the posttest neutron radiography.

F2 Te>t

Test F2 was conducted to evaluate the effect of fuel-vapor pressure on the
fuel motion of restructured fuel. The test was planned so appreciable fuel
vapor would be developed near the test scram time during a power burst without
the effect of fission-product gases. Therefore, the fuel selected had no appre-
ciable burnup.

Figure 12 summarizes the test capsule data during the test, including a
short period after reactor scram. The F2 TREAT power transient consisted of
about a 6.5 sec period at about 41 kW/m constant power followed by a burst to a
power level about 11 times nominal. The initial period for the overpower was
about 200 msec. The lower thermocouple burned out by contact with molten clad
at the end of the constant power interval. The upper thermocouple burned out
from contact with molten fuel that was ejected 410 msec after initiation of the
power burst. The gradual rise in capsule pressure during the heatup interval is
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caused by heating of the capsule fill gas and pin plenum gas. As in Tes'_ I'l,
th >re were no sharp increases in capsule pressure after cladding fa i Inn caused
by 1 please of retained fission gas from the fuel or pin plenum. The slight
decrease in capsule pressure after the pressure peak is probably due to a nega-
tive radiation res ,->nse for that particular pressure transducer. The F2 post-
test neutrm radiograph is shown in Fig. 10(b). The pretest fuel column and the
posttest heated wall axial positions are located on the post tost neutron radio-
graph for reference. Interpretation of the radiograph is dependent upon incom-
plete posttest examination so that the interpretation is now still preliminary.
However, a significant feature identified in Fig. 10(b) is a 165-mm-Iong region
of once-molten fuel ejected to a position as high as 190-mni above the original
fuel column. Most of the ejected fuel is lodged in a 100-mm-long annular fuel
slug located between either the upper stainless steel heat sink or tantalum
transition piece, and the insulator pellet region of the fuel pin. Proceeding
downward from the ejected fuel are a 140-mm region voided of fuel, a 100-mm
region partially voided of fuel, a 90-mm region of once-molten fuel extending
radially outward to the inside of the heated wall, a 13-mm region partially
voided of fuel, and a 13-mm region of partially melted fuel. Test-induced
changes in the 330-mm-long heated wall are evident from its generally deformed
shape. Melting of the UO2 phase, radial deformation out to either the molybdenum
reflector or the lower stainless steel heat sink, and test fuel leakage through
the heated wall wjre observed in some parts of the 330-mm-long heated wall.
Unlike the results for Fl, the tantalum cup at the bottom is filled with stain-
less steel clad that had drained off the fuel column.

The initial fuel ejection ever.t in the F2 test is the most important test
result relevant to LMFBR safety evaluations. The hodoscope indicated that the
fuel column was still erect at the end of the initial heating interval at const-
ant power. Heat transfer calculations indicate that the peak axial fuel tempe-
rature was slightly below the solidus at the beginning of the power burst. The
initial fuel ejection that occurred 410 msec after initiation of the power burst
was detected by burnout of the upper thermocouple and by the hodoscope. The
horoscope detected the ejection as a large increase in the count rate of the top
active row (row 2) in its detector array. Fig. 13 illustrates the geometry and
the position of certain test instruments relative to the ejected fuel slug. The
position of the ejected fuel in Fig. 13 was obtained from the posttest neutron
radiograph, Fig. 10(b). The velocity of the ejected slug estimated from the
hodoscope data is about 470 mm/sec. The low slug velocity infers that the
pressure difference (P - P ) that drove the ejected slug was ai^o low. An
estimate of P (of 152 kPa) was made based upon the pressure transducer data and
simple hydraulic assumptions at the time of slug ejection. Heat transfer cal-
culations indicate that the peak axial fuel temperature at the ejection time was
about 3000°C. Less confidence is placed in the heat transfer calculation than
the pressure estimate since the heat transfer calculation is more sensitive to
changes in fuel geometry prior to the ejection.

A survey was made to determine what candidate constituents can generate a
sufficient fuel slug driving pressure (152 kPa), which is assumed to correspond
to the partial pressure of a gas or vapor in thermodynamic equilibrium with fuel
at a temperature of about 3000°C, corresponding to the fuel hot spot in the F2
test. Four candidate species were considered to be fuel, cesium, xenon and
cladding. Within the uncertainties of the the heat transfer calculations and
the pressure estimate, none of the candidate species can be rejected as a cause
of the ejection event solely on the basis of thermodynamic consideratiors.
Fission products could have been released from the fuel before the ejection.
There is also evidence that the stainless steel cladding drained off the fuel
column before the ejection. However, the posttest examination revealed the
presence of some stainless steel entrapped in the molten fuel. It is not cer-
tain that the steel entered the fuel before the ejection event. Examination of
the capsule wall is in progress to determine what materials may have condensed
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on the wall. Unfortunately both condensable fission products and fuel particles
have been found. It therefore seems unlikely that the vapor or gaseous species
responsible for the initial ejection event will be determined by experimental
means.

While clad motion determination was not a primary goal in the Fl and F2 ex-
periments, decided dissimilarities in clad behavior were noted during these two
tests, which were similar except for fuel burnup up to the time of the F2 power
burst. Response of the F2 lower thermocouple indicated clad draining into the
bottom tantulum cup before the burst initiation. There was no indication of
clad draining in the Fl test, even though about 42 percent more energy was
generated at constant power in the F] test compared to F2 at the time of the
lower thermocouple burnout. Posttest examination indicates that some Fl clad-
ding was trapped between the fuel and heated wall with molten clad intrusions
into some fuel which was still below the solidus. Since no mechanical blockages
to clad drainage were observed in the Fl posttest examination, one can hypothe-
size that some mechanism existed in that test which thermally isolated the clad
from both the fuel and heated wall. This thermal isolation delayed heating of
the Fl cladding relative to F2. The only apparent difference between these two
tests is that the Fl fuel had a higher burnup than F2, 2.35 atom percent versus
0.35. Future investigation of differences in fission-product release, diffe-
rential thermal expansion (or swelling) between the irradiated fuel and cladding,
or clad-fuel wetting behavior might explain the differences in clad behavior for
these two tests.

CONCLUSIONS

While certain conclusions can Lie drawn from the posttest examinations and
data analyses, accident analysis models extend the area of understanding in
important ways. For example, in Test E8 the initial postfiilure coolant behavior
could have been caused by either a fission-gas release and/or a mild fuel-
coolant interaction. However, PLUTO analysis indicates that the most plausible
explanation is an initial expulsion of a mixture of fission gas and fuel together
with a very mild fuel-coolant interaction. Test E8 was the first TOP test in
which the fuel motion was clearly dispersive. Initially, a small amount of fuel
was swept above the original fuel column within 20 msec of the initial failure.
Subsequent coolant perturbations and fuel movements followed until an upper
blockage was formed at about 100 msec after failure. Further fuel movement
within the original fuel zone continued beyond that time, but its usefulness Tor
accident evaluation may be limited by the loss of test section geometry. How-
ever, the fuel and coolant behavior within the first tens of milliseconds after
failure can be modeled with PLUTO.

Clad failure in Tests L5, Fl and F2 occurred when the clad was near its melt-
ing point. This was significantly different than the abrupt type of clad failure
in Test E8 at a calculated clad temperature of 920°K. Due to the limitations in
detector sensitivities under the particular test conditions for loss-of-flow
Tests L5, Fl and F2, there were no indications of when clad failure had actually
occurred. However, posttest examination of constant-power-test Fl provided a
plausible fuel element behavior model, based on fuel swelling, to explain the
fuel motion. Fission-product-induced swelling in the fuel above the solidus
forced the unmelted outer fuel surface against the heated wall. The net fuel
slumping observed in posttest examination of Fl could have been caused by a
later release of fission products from the fuel above its solidus. The fission-
product release relieved the driving force which had forced the fuel against the
heated wall.

Note that the microstructure of fuel tested above the solidus in L5 undt?r a
loss-of-flow driven overpower (Fig. 11(c)) showed some gross radial swelling
similar to the results in Fl at constant power (Fig. 11(b)). However, the gross
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axial movement which followed was different. Both tests performed to date with
irradiated fuel under LOF-driven overpower conditions, L5 and F2, were axially
dispersive, even though the fuel in L5 was apparently only driven to partial
melting. Fuel motion in Test F2 with low burnup fuel was even more dispersive.
It is presently unclear from the current state of F2 posttest analysis whether
the dispersive fuel motion was induced by fuel vapor, volatile fission products,
fission product gases, clad vapor, or a combination of these driving forces.

The fuel dispersals in Tests L3 and L4 occurred in both tests several
seconds after the initial axial motion. This type of dispersal did not occur in
Fl. Either Fl was terminated before a dispersal could develop or the dispersals
were dependent upon such factors as the inititnate mixing of fuel and stainless
steel.
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Fig. 1. Test Cluster Cross-sectional View and
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SUMMARY AND EVALUATION OF R-SERIES LOSS-OF-FLOW
SAFETY TESTS IN TREAT

B. W. Spencer, M. A. Crolmes, R. E. Holtz, F. J. Testa, and N. A. Kramer

Argonne National Laboratory
Argonne, Illinois 60439, U.S.A.

ABSTRACT

A series of in-pile tests has been performed In which 7-pin
bundLes of FTR fuel pins (fresh U0?) have been subjected to transient
undercooling conditions representative of a hypothetical unprotected
loss-of-flow (LOF) accident in FTR. The tests were undertaken to
evaluate SAS modeling and code predictions of coolant voiding, molten
cladding motion, and cladding blockage formations. Agreement with
SAS predictions was found to be remarkably good. The absence of
sodium superheat, sodium reentry, and fuel-sodium interactions was
confirmed. Flooding of molten cladding by sodium vapor streaming
was confirmed to result in an upper cladding blockage prior to sub-
sequent formation of the lower blockage. The tests also revealed two
areas where improvements in modeling were needed 1) to handle the
additional effects upon coolant and cladding motion caused by plenum
gas release, and 2) to improve the description of upward cladding
motion and blockage formation which was found to be less substantial
than predicted. These and related improvements suggested by the tests
are being incorporated into SAS4A.

INTRODUCTION

Hypothetical accidents such as the unprotected loss-of-flow are currently
analyzed by means of large computer codes which integrate models of physical
phenomena into a description of an accident sequence for given initiating condi-
tions. The R-series tests, together with complementing in- and out-of-pile
testing programs, provide a data base with which the validity of code predic-
tions may be assessed. The overall objective of the R-series LOF tests has been
to support development of the SAS accident analysis code [1] in the areas of
coolant dynamics and molten cladding behavior for the initiating phase of the
hypothetical LOF accident under FTR-type conditions.

A new R-series test vehicle was developed for use at TREAT [2] which has
the unique capabilities of accomodating full-size LMFBR fuel pins and providing
the essential hydraulic and thermal features of an LMFBR (Figs. 1-3). Five 7-
pin tests have been performed in which the test sequences were continued to
varying degrees of cladding and fuel melting. Pretest analyses performed with
SAS, using input conditions appropriate for these 7-pin TREAT tests, were used
first as a basis for planning the test sequences (in particular, the times of
test terminations), and later (Fig. 4) for comparisons with test results.
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Evaluation of test data, post-test examinations and SAS comparisons have been
completed to the extent that important findings for these 7-pin LOF tests can be
summarized.

DESCRIPTIONS OF TESTS

All tests were conducted in a similar manner using the same basic apparatus
and test section configurations. The 7-pin test sections, illustrated in Fig.
1, were designed to provide radially uniform power generation and temperature
conditions, consistent with the SAS single-channel thermal-hydraulic model of a
subassembly. Test conditions nominally represented the central region of a high
power-to-flow subassembly in the FTR.

The purposes and key parameters of individual tests are listed in Table I.
The only parameter varied in tests R4 through R6 was the time of termination of
pin power relative to the onset of inlet flow reversal (FR). This gave three
"snapshots" of debris configurations at varying stages of disruption. In parti-
cular, test R5 terminated early to key on the formation of cladding blockages.
Tests R4 and R6 both terminated after considerable fuel melting had taken place.
Test R7 war, terminated by an energetic power pulse which was programmed to match
the SAS-cal?ulated power associated with fresh fuel slumping in FTR. The pur-
pose of this test was to assess the motion of molten core materials (driven by
fuel and steel vapor pressure) for a fuel bundle plugged at both the top and
bottom by steel blockages. Test R8 was performed with pressurized fuel pins to
examine the effect of pressurized, noncondensable gas release upon sodium void-
ing and upon formation of the steel blockages.

Initially, calibration experiments were performed to determine the test
fuel power generation in terms of TREAT reactor power. Results ar^ summarized
in Table II and Fig. 3. All tests were begun with a preheat stage during which
quasi-steady thermal and hydraulic conditions were established. Coolant velocity
was about 7.2 m/s (23 fps), test fuel power was nominally 30 kw/pin, and the
sodium inlet temperature was nominally 316°C (600°F). The inlet plenum pressure
at full flow was about 8.5 atm and the outlet plenum pressure was constant at
about 1.3 atm. The transient undercooling portion of che test was initiated by
a controlled depressurization of the inlet plenum. The coastdown was programmed
to be initially rapid (to conserve reactor run time), decreasing to about 40-50%
of full flow in abouu 2 sec. Thereafter, the rate of coastdown was reduced to
approximately match that of the FTR pump coastdown.

Test data, including sodium flowmeters, pressure transducers, thermocouples,
acoustic microphone, and fuel failure detectors, where recorded on analog tape
and subsequently processed by digital techniques. Information about fuel motion
was obtained using the fast neutron hodoscope.

SUMMARY OF KEY TEST RESULTS

Results of tests R3 through R5 [3] and recent tests R6 through R8 [4-
6] have been reported separately. Key test results are summarized in this
section, including important variations caused by a) pressurized fuel pins, and
b) a power burst at slumping initiation. A summary of parameters and events for
the various tests is given in Table III.

The coolant flow coastdown induced undercooling, causing the coolant
outlet temperature to increase toward its saturation temperature. Coolant
boiling and subsequent voiding started at the top of the active fuel. The
typical sequence showed local boiling occuring for about 1 sec. prior to the
start of net voiding, and net voiding occuring for about 0.7 sec prior to inlet
flow reversal. No significant sodium superheat was detected. Detailed OPERA
measurements [7] have shown that initial void growth occurs as unidirectional
annular flow in which sodium vapor fills the central region of the bundle while
sodium flow continues through a peripheral annulus. The void growth continues
upstream until vapor formation exceeds vapor condensation to the extent that
pressurization leads to inlet flow reversal. This flow reversal (FR) occured

1648



after about 20 &u »SS-voiding into the_core for the R-series 7-pin tests [8].
Following FR, voiding cOHLluues as a bidirectional annular flow. Test data
indicated the void fraction was about 85%, suggesting that the average sodium
film thickness remaining on the cladding and structure was about 0.09 mm.

Test data in Fig, 5 show channel conditions during and following voiding.
Key test events are indicated together with related SAS predictions. Time is
measured from FR which provides a convenient Reference between test and SAS.

Comparisons of the initial voiding profiles in Figs. 4 and 5 show good
agreement except that the "chugging" oscillations have been smoothed out in Fig.
J. On the average, downward voiding through the core is limited by thermal and
heat capacity considerations to the rate at which the cladding reaches the
sodium saturation temperature [9]. Film dryout and subsequent cladding heatup
(at 300-400 °C/s) followed shortly after sustained voiding (Fig. 4). Cladding
failures, which began typically within 1 sec after FR, occured near the tops of
the active fuel at cladding temperatures of about 1315°C and 1200°C for the
unpressurized and pressurized (R8) pins, respectively. The failures released
plenum gas into the vapor-filled coolant channel, causing an enhanced displace-
ment of the upper sodium slug. For the tests with unpressurized pins, this had
no effect upon the thermally-controlled voiding of the lower slug (Fig. 5).
However, when pressurized pins were used, the ensuing channel pressurization
accelerated the lower slug downward out of the bundle. These test results
differed from SAS which at that time did not account for the introduction of
noncondensible plenum gas into the vapor-filled channel.

Test results have confirmed that sodium vapor streaming, calculated to be
about 90 m/s, causes upward motion (flooding) of the cladding upon initial
melting [10]. This steel was found frozen in the upper insulator pellet region
in the form of a channel blockage (Fig. 5). Although the details of the block-
age formation cannot be assessed, certain characterizations can be made: 1) it
cut off vapor streaming to the extent that subsequent molten cladding moved
downward, 2) it was much thinner (M3.3 cm) than predicted by SAS, 3) it formed a
direct heat path from the pins to the flowtube which accelerated flowtube
failure, 4) the blockage could be breeched by 2 to 3 atm differential pressure,
5) the blockage formed an effective impediment *~o upward fuel/steel dispersal
during a slumping-related power burst, and 6) ^he upper blockage may not form
at all when channel pressurization effects, caused by failures of pressurized
pins, cuts off vapor streaming during the time of initial cladding melting.

Within about 0.25 sec of its inception, cladding melting encompassed the
entire top half of the fuel column. Thereafter, calculations indicate that the
cladding melting progressed downward at about 18 cm/sec. Test data reveals
little about the details of the molten cladding behavior during this stage,
although presumably it drained downward at about the same rate as the melt
front. As the molten cladding relocated, it left behind columns of fused,
unmelted fuel pellets. A residue of molten steel appears to have adheared at
surface cracks and pellet interfaces (Fig. 5). However, there is no consistent
evidence that the liquid steel penetrated into the fuel; only in rare instances
have pellet cross-sections revealed steel intrusions [11].

Inlet blockages were formed when the molten steel entered the lower insula-
tor pellet and reflector regioii where it solidified. From posttest examinations,
Fig. 6, the blockages extended 5 to 8 cm into the reflector region and ranged up
to 20 cm in total thickness. These blockages trapped sodium below the bundle
inlet and eliminated any possibility of reestablishing coolant flow. Only in
the R5 early termination test was this blockage incomplete.

Both the upper and lower blockages were formed prior zo significant fresh
fuel melting. Upon subsequent melting, fuel drained into contact with a liquid
pool of steel atop the lower blockage. While the evidence of fuel/ steel mixing
and dispersal under these conditions is interesting in itself, it is not rele-
vant to the accident sequence since slumping-related reactivity effects would
become dominant. This was treated in test R7 in which a power pulse deposited
about 660 J/g when the hotspot melt fraction was about 50 to 90%. The resulting
vaporization of fuel and steel drove core debris to the axial extremes of the
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fuel region where the previously-formed steel blockages prevented expulsion.
Photos of the debris are shown in Fig. 6. The 10-c.m long clinker at the upper
blockage was unique to this test and confirmed the SAS prediction that fuel
would collect at the upper blockage.

The process of fresh fuel slumping at nominal power is characterized by
pellets shown in Figs. 5 and 7. Pellets showing center malting of less than
about 40% area fraction are typically undrained; at higher melt fractions, the
central cavity is generally voided. Three possible mechanisms for fuel removal
from an intact pellet stack are suggested in Fig. 5: 1) internal pressure may
force the stack apart axially allowing the fuel to emerge through pellet inter-
faces; 2) internal pressure may cause lateral expulsion through a fault in the
unmelted shell (as observed in DEH tests [12]); and 3) the pellet stack may
buckle, permitting molten fuel to simply drain out of the center. There is
evidence of molten fuel draining both through the inside of a pellet, Fig. 7,
and on the outside surface of a stack, Fig. 5. In general, the fresh U02 pellets
showed remarkable strjctural integrity until the center melting progressed
completely to the surface.

COMPARISONS WITH SAS

The general agreement between SAS and the R-series tests in the areas of
coolant and cladding behavior has been good [13]. The following variances have
been identified and assessed.

1. The transition from local coolant boiling to flow reversal is slower in
the tests than predicted by SAS. This is related both to heat losses and the
complexity of the initial void growth. Recent analysis has indicated that the
time and extent of upstream voiding prior to flow reversal would be signifi-
cantly reduced in larger pin bundles. Hence the existing SAS model should
satisfactorily describe such events at subassembly scale [8].

2. The need for current voiding models to handle the release of plenum
fission gas into the coolant channel was identified. Test R8 demonstrated that
channel pressurization upon initial cladding failures substantially accelerated
sodium voiding and altered the subsequent motion of molten cladding compared to
SAS predictions. Work is in progress to incorporate this into SAS4A [14].

3. While the formation of an upper cladding blockage by virtue of sodium
vapor streaming was confirmed, the blockage was round to be much less substana-
tive than predicted by SAS. An improved cladding motion model is presently
under development fot SAS4A [15].

4. Slumping of fresh UCN fuel was found to occur at a lesser melt fraction
than the 1.0 value normally used for fresh fuel calculations in SAS. A more
appropriate value appears to be about 0.5.

LIMITATIONS AND SIGNIFICANCE

In providing a data base for assessment of SAS modeling and code predictions,
the R-series tests were both timely and successful. They do not in themselves
provide a comprehensive validation of code development as it relates to any
particular accident scenario, however. Limitations exist insofar as inter-
preting 7-pin test results with respect to SAS, and additionally in interpreting
both the tests and SAS with respect to subassembly-scale events. While effec-
tive measures were taken to minimize heat loss from the 7-pin bundle, it was un-
avoidably larger per pin than encountered in a subassembly [16]. The principal
effect was to lengthen the time scale of test events relative to subassembly
events, particularly with regard to fuel melting and motion. This was accomo-
dated in SAS by appropriately incrasing the structure heat sink. Of greater
limitation is the single channel nature of both SAS and the 7-pin tests in which
interconnected channel effects brought about by intrasubassembly noncoherence
cannot be assessed. In this regard, the one-dimensional cladding motion which
produced the upper blockages in these 7-pin tests was enhanced relative to
subassembly conditions. In genera], the noncoherence effect is not expected to
be large for sodium voiding at nominal power, but may be more significant in
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terms of cladding and fuel motion. The combiration of fresh V0:> fuel and smatl
bundle size unavoidably limits the prototypii ility of these test results with
respect; to fuel motion. Tn balance, however, fuel motion follows voiding and
cladding relocation for these FTR-type accident conditions and, in itself, has
no bearing on these earlier events which were the focal points of the R-series
tests. Certain aspects of fuel behavior were found to be of interest from a
metalurgical and hodoscope diagnostics point of view.

A measure of the successfullness of the test series lies in the impact it
has had upon modeling efforts. While confirming the overall validity of SAS
predictions, the tests focused attention on areas of discrepancy and prompted
further analytical study of such features as initial void growth, plenum gas
release, cladding motion and freezing, and bundle heat losses. This has led to
significant modeling improvements which are currently being implemented in
updated versions of SAS.
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TABLE I

Summary of TREAT/R-series Tests Performed in

Support of FTR TUC Accident Analysis

Test

R3

R4

R5

R6

R7

R8

No.
Pins

1

7

7

7

7

Plenum
Gas (STP)

He

He

He

He

He

at

at

at

at

at

1

1

1

1

1

atm

a tin

a tin

a tin

atm

3-Xe at 14.2 atm
4-Xe at 1 atm

Test Fuel
Power/Termination

lOkw/ft flattop;
10.5 s after FR

lOkw/ft flattop;
10.1 s after FR

lOkw/ft flattop;
4.4 s after FR

lOkw/ft flattop;
8.2 s after FR

lOkw/ft flattop;
6.2 s after FR,
15x power burst

lOkw/ft flattop;
7.1 s after FR

Purpose

R-series proof test

Reference test: in-
tegrated sequence
at nominal power

Early termination,
cladding relocation
test

Hodoscope assessment
of fresh UO. slumping

Vapor-driven fuel
dispersal in presence
of upper and lower
cladding blockages

Effect of pressurized
plenum-gas release
on coolant voiding
and cladding reloca-
tion

TABLE II

Summary of Calibration and Power Shape Data

Parameter

No. of pins

Calibration factor; average of all

a

pins,
kw/pin

MW,TREAT

Axial power shape, max-to-avg.

Radial power shape, max-to-min.
a) center pin (20% enriched)
b) edge pin (14% enriched)

Pin-to-pin power ratios, max-to-avg.
a) radial (center-to-edge)
b) azimuthal (edge pins)

R3

1

0.678

1.10

R4 ••> R7

0.436

1.25

R8

7

0.474

1.15

1.16
1.12

1.20
1.01

1.16
1.12

1.20
1.01

Based upon 173.5 gm UO- per pin

Axial shapes for tests R4 through R7 were perturbed by presence of SST heat sink
at lower one-third of active fuel; for R8, SST was replaced by graphite (see
Fig. 3).
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El
304.0

M
327.0

El
338.0

R6

324.0

El
316.0

R8

310.0

TABLE III

Summary of Key Events During
R-serles FTR TUC Test Sequences

Parameter

Coolant inlet temperature, °C

Coolant velocity in test

bundle, m/sec ' 7.05 7.15 7.32 7.56 7.59 7.15

Time of reactor power up,
sec 2.8 3.0 3.2 3.5 3.5 3.5

Average power/pin at flattop,
kw 29.0 28.3 28.3 28.3 27.9 31.8

Quasi-steady test section
AT, °C 162.0 133.0 139.0 130.0 133.0

Start of flow coastdown,
sec 9.1 7.90 7.95 8.73 8.38 7.97

Supply tank (inlet
plenum) pressure,

atm
Fuel bundle inlet pressure,
atm
Fuel bundle outlet
pressure, atm

Onset of local boiling, sec

Onset of net voiding, sec
Coolant velocity, m/sec
Rate of flow decay, %/sec 12.0

Time of inlet flow reversal,
sec 22.30 14.87 14.56 17.46 15.40 18.18

Elapsed time from FR to:
i) onset of cladding

failures (plenum gas
release) 1.20

ii) upper cladding blockage 2.2
iii) flowtube failure 3.57
iv) lower cladding blockage 5.85
v) onset of fuel motion
vi) power pulse
vii) power termination 10.55

Complete upper blockage

Complete lower blockage yes

10.2

1.30

20.55

1.8
12.0

8.61

6.88

1.29

13.15

14.15
1.83
12.0

8.40

6.67

1.30

12.5

13.65
1.83
12.0

8

6

1

15

16
1
12

.54

.81

.30

.8

.8

.70

.0

8.47

6.74

1.23

14.6

14.9
1.37
28.0

8.37

6.64

1.30

15.2

17.5
2.1
11.0

1.13
2.5
3.14
5.20

10.15

yes

yes

1.14
2.6
3.29
6.20

4.45

no

no

0.90
2.45
3.00
4.35
5.0

8.20

no

yes

1.24
2.8
3.73
6.6
6.2
6.20
6.76

no

yes

0.71

0.79
2.49
3.82

7.12

none

yes
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Axial Power Distributions of R-series
Test Fuel in TREAT Compared with
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ON THE SIMULATION OF LOF ACCIDENTS WITH DIRECTLY ELECTRICAL HEATED UOg PINS

A. Alexas

Kernforschungszentrum Karlsruhe
Labor at or ium fiir Aerosolphysik und Filtertechnik

ABSTRACT

The behavior of directly electrical heated UOp pins has teen
investigated under loss of coolant conditions. Two types of hypo-
thetical accidents have been simulated, first, a LOF accident with-
out power excursion (LOF accident) and second, a LOF accident with
subsequent power excursion (LOF-TOP accident). A high-speed film
shows the sequence of events for .̂wo characteristic experiments. In
consequence of the high-speed film analysis as well as the metallog-
raphical evaluation statements are given in respect of the cladding
meltdown process, the fuel melt fraction and the energy input from
the beginning of a power transient to the beginning of the molten
fuel ejections.

INTRODUCTION

Let me state at the beginning of this paper that the failure of a single
pin will have no severe consequences on the safety of a LMFBR if there is no
possibility of a failure propagation from pin to pin or from fuel element to
fuel element. Not only the possibility of this pin-to-pin propagation but also
the probability of a simultaneous multiple pin failure make investigations on
single pin behavior an essential instrument of understanding the entire failure
phenomena.

To understand the phenomena of a single pin failure several parameters and
initial conditions have to be known:

- First of all a set of characteristic pin failure criteria has to be
defined

- Secondly the cause and the mechanism(s) of the failure have to be identi-
fied, investigated and theoretically determined

- Thirdly the effects of the failed pin on its neighbouring pins must be
considered.

One of the possible methods to investigate these factors are out-of-pile ex-
periments. In our program directly electrical heated (DEH-) UOp-pins are used
to simulate reactor pins. The theoretical basis and the technical facilities
along with the preliminarily_exgerimental results of fuel and cladding behavior
have already been reported ^~1_/. The fuel response to electrical power
transients is described by the code DYNAM /~2_/.
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EXPERIMENTAL

The results which I will pres«\j. ha.re incite the pin behavior during two
types of simulated accidents:

- the A-type is a LOF-type accivleic without powei excursion,
- the B-type is a LOF-type accident with subsequent power excursion.

Before describing the results in detail let me spend a few words on the ex-
perimental facility and set-up. Fig. 1 shows schematically our electrical p_in
burst facility (EPBF) along with its components. The UOp-pin (Pos. 2) is clamped
between two Tungsten-electrodes (Pos. 3). The cooling medium is Helium which
flows from the bottom to the top. A remotely handled quartz cylinder (Pos. k)
surrounding the UOg-pin assures proper cooling conditions. The electric heating
system (Pos. 5) provides for a "controlled" and always reproducible power
operation. This means that although UOg behaves like a "negative coefficient
teraperature"-resistor it is possible to operate the UOg-pins in a steady-state
mode with the pow*?r fixed in advance.

The initial operating conditions are identical for the two experiments
will be followed and chosen in such a way that they simulate the thermodynamic
behavior of SNR-3OO pins under normal operating conditions (Table I).

TABLE I

Rod power W/cm
Central temperature °C
Fuel outer temperature °C
Cladding temperature °C
Pellet diameter mm
Gap fuel-cladding mm

EPBF-pin

150
22kJ°C
873°C
580OC
5.09
0.55

SNR-300 pin

355
22i*7°C
873°C
585°C
5.09
0.15

The following is a high-speed film showing the sequence of events of two
typical experiments, the first being an A-type and the second being a B-type.
The first part of the film (A-type accidents) shows the pin behavior in
particular the cladding* response of a DEH-UCv-pin to a coolant flow failure.
The film begins during the experiment. The cladding has not yet failed, even
though it is under considerably thermal stress. Start of clad-melting is not
clearly defined, however, it can be observed at the upper third of the pin
20.8 s after accident initiation. Generally the propagation of the melting front
has no regular pattern. Post-experiment analysis shows that the molten material
accumulates at the lower end of the pin above the Tungsten electrode. It is
important to mention that even intact unmolten parts of the cladding are loosened
from the pin.

Fig. 2 8how8 the sequence of event graphically.. Corresponding to the
decrease in the coolant flow rate cladding temperatures increase up to the
melting point.

In the second part (B-type accidents) the pin behavior is shown while
undergoing an electrical power transient. The transient begins Q.8 s after flow-
coast-down. The power increase is initiated by applying a higher voltage to the
pin. The continued excursion with a time constant of about 100 ms following the
voltage increase is caused by the negative temperature coefficient- of t,he U0_-
resistivity.

First ejections of molten material can be observed 1.6 s after transient-
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initiation at the lower part of the pin. Additional ejections occur at the same
point and at the middle of the rod and continue even during pin collapse. Ob-
served clad melting occurs 2.6 s after initiation of the transient. Fig. 3
shows the sequence of events of this B-type accident. Begin of the ejections
and clad-melting are indicated. Fig. h shows the rate of melting as a function
of the rate of energy input during the electrical power excursion derived from
the post-experiment analysis. The molten fuel fraction at the beginning of fuel
ejections is about 25 %. The total transient energy input up to this part of
the transient was U.5 kJ which implies 265 J/gr UOp.JThis value corresponds to
the statistical mean of all our B-type experiments / 3_7.

SUMMARY

Results of our investigations performed up to now can be summarized as follows:
1. For all types of accidents simulated in our EPBF the cladding meltdown pro-

cess indicates that idealized geometry assumptions of theoretical models
currently in development have not been observed experimentally.

2. For LOF-accidents of the A-type the cladding meltdown process is initiated
but post-experiment analysis :»as shown that fuel did not reach melting point
temperatures anywhere.

3v For LOF-accidents of the B-type and power excursions with a time constant in
the order of about 100 ms fuel melting and fuel ejections occur before clad
melting starts.

U. The total input to the fuel in the time interval from the beginning of the
transient up to the time when the first ejections are observed is for this
simulated accident type 265 J/gr U0-.
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ABSTRACT

Fundamental experiments have been performed with a direct-
electrical-heating apparatus, on both unclad and quartz-clad UO2
pellet stacks, to study the effect of a radial constraint on solid
and molten-fuel motion during power transients. Results of simu-
lated transient over-power experiments show that molten UO2 can be
quite mobile when the fuel centerline temperature exceeds the
boiling point, i.e., fuel vapor pressures become a significant
driving force for relocating molten fuel. For radially constrained
pellet stacks, when an escape path was provided around the top
pellet, significant upward axial fuel motion occurred prior to
cladding rupture. Thus, the time sequence of events shows that po-
tential exists for providing a negative reactivity-feedback effect,
which would promote nuclear reactor safety. The data tend to support
the existence of a "pressurized-bottle" effect, which was observed
in high-speed movies.

INTRODUCTION

The occurrence of a core meltdown accident in an oxide-fuel liquid-metal
fast-breeder reactor (LMFBR) is highly improbable. However, the potential con-
sequences of core meltdown could be quite severe. Studies of fuel-pin failure
phenomena that would precede core meltdown are important in evaluating the
safety of an LMFBR. Therefore, a comprehensive out-of-reactor experimental
study of fuel response to thermal transients was initiated in the Materials
Science Division at Argonne National Laboratory (ANL).

Primary objectives of the program are to study (a) the mechanisms of oxide-
fuel failure and (b) fuel motion that precedes cladding failure. The basic phi-
losophy is to separate these phenomena and then study each of them directly
out-of-reactor under controlled experimental conditions. This approach should
result in a basic model for fuel motion and is complementary to the in-reactor
analyst's objective of developing a broad model for fuel motion.

The purpose of the present paper is to expand considerably on previously
summarized results of tests on unclad and clad, unirradiated UO2 pellets [1].
These results serve as a guide for analysis and modeling of fuel-motion phenom-
ena during hypothetical LMFBR accidents.
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EXPERIMENTAL

The direct-electrical-heating (DEH) apparatus used in the present study of
unirradiated UO2 has been previously Ascribed in the literature [2,3]. In
addition, the use of the apparatus has been extended to studies of irradiated
fuel, and preliminary work has been reported [4].

The experimental procedure was as follows. A series of pellet stacks of
equal length (3.3 cm), diameter (0.59 cm), and theoretical density (94%) was
prepared. In the initial heat-up phase of all experiments, the power was in-
creased so that a surface temperature of 1500 K was attained in 5 min. After
an additional 2 min, which was used to achieve a steady-state temperature gra-
dient, the transient phase of the experiment was initiated. Tests were per-
formed on both unclad and quartz-clad UO2 pellet stacks. The objectives of the
experiments using unclad pellet stacks were to: (a) determine how unclad, un-
irradiated UO2 fuel responds to transient temperatures and rapid heating rates
and (b) gain fundamental insight into the principal driving forces responsible
for gross fuel motion. The insight gained in testing unclad fuel was then
applied to help explain the response of clad, unirradiated UO2 to transient
heating. In some of the experiments that utilized quartz cladding, the upper
electrode-cladding diametral gap (which is analogous to the upper Inconel
reflector-cladding diametral gap in-reactor) vas varied from 0 to 0.23 cm. The
objective of varying this gap was to study the effect of escape path size on
upward axial molten-fuel motion. The expected differences between the steel
cladding in a reactor and the quartz used in these experiments will be ad-
dressed in the next section.

A series of interrupted tests were run in which the time interval of the
transient was preset with a timing device. High-speed movies were utilized to
visually record fuel behavior during the transients. Fuel surface temperatures
were measured continuously during the transient with noncontact infrared opti-
cal pyrometers, and data were recorded with a data-acquisition system that con-
sists of a minicomputer with an analog-digital interface. Acoustic emission
detection was used to monitor thermal-shock cracking of the unirradiated UO2
pellets during power transients by clamping two acoustic-emission transducers
to extensions attached to the upper and lower electrode holders of the DEH ap-
paratus [5]. A linear variable differential transformer was used to constantly
measure and record axial expansion of the fuel.

Comparison of Quartz and Stainless Steel Cladding

The quartz simulant cladding is not strictly prototypical of the stainless
steel cladding normally used in-reactor. However, the quartz does permit direct
visual observation of molten-fuel motion. In addition, by suitably varying the
fuel-cladding gap, the extremely important fuel-cladding differential-expansion
loading phenomenon is directly observable because the quartz fractures when the
cladding load exceeds its fracture strength. Thus, at suitable gap sizes,
which are easily varied, this phenomenon has been observed both in pretransient
heat-ups and during transients with concomitant molten-fuel motion. For quartz-
clad UO2, gap closure is accelerated (and therefore made more convenient to
study) by two factors. First, the expansion of UO2 is approximately an order
of magnitude higher than that of quartz, and second, the UO2 is heated to sig-
nificantly higher temperatures.

Few high-temperature property data for quartz exist in the literature.
However, it is known that quartz is unique in that it has a positive tempera-
ture dependence for strength and Young's modulus up to VL473 K, which means
that these values increase from room temperature up to 1473 K. At 1173 K,
Young's modului for Type 316 stainless steel and quartz are vL7 x 10^ and
12 x 106 psi (11.7 x 1010 and 8.3 x 1010 Pa), respectively. The melting points
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for Type 316 stainless steel and quartz are '^16/3 and 1940 K, respectively.
Four-point bend tests of quartz rods show that plastic flow of quartz readily
occurs at elevated temperatures and quartz has a fracture strength of 1064 kg/cm^
at 1273 K, compared wifh ""990 kg/cm2 for annealed Type 316 stainless steel (the
value for cold-worked Type 316 stainless steel is expected to be higher than
that of quartz). Thus, the mechanical and physical properties of the two mate-
rials are similar at elevated temperatures and results similar to those ob-
tained in DEH tests could be expected from in-reactor experiments.

Molten-fuel-motion Studies

During a highly improbable transient over-power (TOP) accident, coolant
temperatures rise slowly; therefore, considerable fuel melting can occur before
the fuel-pin cladding fails. The present study is addressed to the sequence of
events that culminates in cladding failure during a TOP accident.

High-speed movies of experiments emphasize that the availability of escape
paths is crucial when the response of radially constrained, unirradiated fuel
in a mild TOP accident is considered. The escape paths available preceding the
power transient are the fuel-cladding gap (for unrestructured fuel) and thermal-
shock cracks in the fuel that result from the initial heat-up of the pellets.
Figure 1 is a schematic that shows the relative extent of cracks formed during
the pretransient heat-up, transient, and cooldown. The large acoustic signal
during the pretransient heat-up shows that the largest cracks are formed during
that period. Cracks were observed, heard, and detected by acoustic-emission
sensors during the pretransient heat-up. Visual examination and posttest opti-
cal and scanning microscopy have shown that cracks form an important escape
path for molten U02. The present study has verified that, after initial
cracking during the pretransient heat-up, additional cracking and crack growth
can occur during rapid power transients, prior to gross melting.

U PRETKANSIENT-I—-STEAOT—4" TRANSIENT 4 - COOL DOWN—I
:IOOl HEAT-UP ' STATE ' '

Fig. 1. Relative size of cracks
formed before, during, and
after a DEH transient.
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TRANSIENT TIME SCALE, SEC

Three stages of fuel motion will be described in general terms in order of
occurrence, i.e., the radial fuel motion, axial fuel motion, and cladding-
rupture stages, which have been observed routinely with high-speed photography.
Table I lists the important experimental parameters at various stages of the
tests. It should be emphasized that the UO2 pellets tested were unrestructured
(no central void), unirradiated (no retained fission gas), and clad with quartz
tubing with -1 prototyplc gap. Figure 2 is a qualitative plot inferred from ob-
servations of high-speed movies that shows the internal fuel-pressure increases
which result in molten-fuel motion and pressure decreases which occur immedi-
ately following fuel motion. Figure 3 is a photographic sequence of quartz-
clad UO2 taken from high-speed movies (1000 frames/s) obtained during the tran-
sient phases of a test. Energy-input rate is an extremely important parameter
when determining the time sequence of events [6]. In the present study, for an
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TABLE I

Experimental Parameters at Various Stages for a Test Series

Test Stage

Pretransient

Radial Fuel
Motion

Axial Fuel
Motion

Cladding
Rupture

Time on
Transient
Time Scale

(s)

0

0.2

0 .3

1.2

Areal
Melt

Fraction
(%)

0

^8

%15

^40

Centerline
Temperature

(°K)

^2370

^3130

^3680

^3680

Surface
Temperature

(°K)

VL500

-V1550

VL600

VL800

Axial
Expansion

(mm)

0

0.2

0 . 3

0 .4

h
Average energy-deposition rate = 675 J/g-s.

Initial pellet stack length =3.3 cm.
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Fig. 2. Qualitative plot of press-
ure buildup in molten-fuel region
of a radially constrained, un-
irradiated U02 pellet stack
tested in the DEH apparatus.

energy-deposition rate of ̂ 675 J/g-s, which is approximately equivalent to a
50c/s TREAT ramp radial fuel motion (the first stage, shown in Fig. 3a) was
observed at ̂ 0.2 s, with an ̂ 8% areal melt fraction. The change in slope of
the pressure curve reflects the increase in pressure due. to melting. In Fig.
3a, the bright regions are areas in which molten fuel is flowing into the gap
between the fuel and cladding. This is clearly observed in the movies. The
molten fuel flows from the pellet centerline through cracks and pellet inter-
faces. The radial fuel motion was observed intermittently at various axial and
radial locations until either upward axial fuel motion or cladding rupture
occurred. The driving force for radial fuel motion is the ̂ 10% volume increase
when UO2 melts [7]. The relocation of molten fuel to the fuel-cladding gap
results in a slight decrease in internal pressure, which causes radial fuel
motion to cease, and molten UO2 solidifies in the fuel-cladding gap and cracks
to seal this escape path.

1666



(b) (c)

Fig. 3. Series of photographs taken from high-speed movies
showing the response of radially constrained UO2 to a power
excursion.

Concomitant with the termination of radial fuel motion, the melt fraction
increases rapidly, at an averagt rate of V33 areal percent per second. The
volume increase due to melting raises the internal pressure rapidly such that
mildly explosive axial fuel motion occurs (Fig. 3b), with an M5/. nreal melt
fraction, in the upward direction at •><(). 3 s. Since the gap and cracks around
the bottom pellet were sealed in the radial fuel-motion stage of the experiment,
axial fuel motion is directed upward through cracks in the top pellet, which is
the last available escape path. Some of the fuel has solidified (bright regions
at top), but some particle? have escaped.

Photographs taken from high-speed movies of experiments performed on
"unclad" fuel, tested at slower energy-deposition rates [8], show that shortly
after radial fuel motion occurs (Fig. 4a), UO2 vapors are formed (Tig. 4b). In
addition, the temperature of liquid UO2 at the fuel center!ine was measured to
be near the boiling point (""3700 K) at a pressure of 1 atm in the specimen
chamber. The centerline temperature was measured using an optical pyrometer
sighted into a drilled radial hole. in unclad fuel, the vapors are expelled
with little or no internal pressure buildup because the pellets are not radially
constrained by cladding, and free surfaces are available. For unconstrained
UO2, an i-lÔ  increase in volume occurs when liquid UO2 vaporizes. For energetic
gross fuel motion to occur in unclad, unirradiated Uf>2, the center] ine tempera-
ture must exceed the fuel boiling point. The resultant fuel vapors internally
pressurize the molten central region of the UO2 pellets, which causes some
squirting of molten-fuel droplets followed by gross molten-fuel release through
cracks. If the UO2 fuel—centerline temperature does not exceed the boiling
point, the fuel will be contained by the solid outer region of UO2, which acts
as a crucible for the inner molten region, even with melt fractions as high as
70 areal percent. The boiling point of UO2 is only 550 K above the melting
point. Thus, for the radially constrained fuel pellets described here, the
upward-acting buoyant force of vaporized UC>2 is an important additional driving
force to the already significant 10% increase in volume upon melting. This
buoyant force drives the molten fuel upward, which is observed, and a rapid
release of the vapors causes the mildly explosive effect observed.

To achieve better mechanistic understanding of the observed phenomena, a
series of interrupted experiments was performed at various times up to and
including cladding rupture.
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Fig. 4. Series of photographs taken
from high-speed movies showing the
response of unclad U02 to a power
excursion.

Figure 5 is a photograph of a UO2 pellet with the cladding removed, taken
on a scanning-electron microscope, and corresponds to fuel appearance shortly
after the axial fuel-motion stage. This figure shows a central void from which
molten fuel has been ejected. The central void is surrounded by a crust that
seals cracks from the central void. The crust is broken at two points where
shutdown cracks were formed on cooling. Once-molten fuel is shown solidified
in the wide crack and also in Fig. 6, which is an axial view of the same pellet.

Fig. 5. Cross section of UO2 pellet
showing solidified UO2 in crack
and crust formed around central
fusion zone following axial fuel
motion. Mag. 14X.

Fig. 6. Axial view of U0 2 pellet
showing solidified UO2 in cracks.
Mag. 17X.

It is postulated that the molten fuel escaped from the molten zone through the
widest cracks and solidified in cracks and the fuel-cladding gap to form an
effective seal. In addition, this relocation of molten fuel serves to effec-
tively seal adjacent cracks by forcing the wedge-shape fuel segment against the
adjacent wedge. This suggests the existence of a critical crack width, i.e.,
molten UO2 fuel will not flow through a crack with an extremely narrow width.
Once the cracks are sealed, the liquid-solid interface region is especially
significant because it forms the walls of a so-called "pressurized bottle"
that contains molten UO2, vaporized UO2, and heated pore gases, all of which
transmit pressure to the cladding via the solid outer region of fuel to ul-
timately rupture the cladding.
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To gain insight into the amount of UO2 vapor required to cause molten-fuel
relocation, a test in which the fuel was carefully weighed prior to and fol-
lowing the experiment was performed on an unclad UO2 pellet stack. To eliminate
molten-fuel ejection from the pellet stack, the power transient was prepro-
grammed to be mild. During the test, considerable UO2 vapor ejection occurred,
and approximately one-half of the vapors were collected on the nearly 2.5-cm-
diam quartz chimney that enclosed the pellet stack. A few tiny molten parti-
cles were ejected during the test, but they were collected in a "catcher"
immediately below the fuel stack. At '̂ 0.2 s on the transient time scale, UO2
vapor was expelled continuously, and r^0.05 g of vapor was lost during the 5.5-s
mild transient. Although the collected vapors weighed only '\-0.03 g, it was
expected that some of the vapors had been swept out of the system by the flowing
helium coolant gas.

After the mildly explosive axial fuel motion occurs in the DEH tests, a
momentary void is created in the central fuel region, and the internal pressure
again decreases. Concomitantly. molten fuel solidifies around the top pellet
and in cracks in the top pellet to seal this second escape path. The continuing
high rate of melting and associated fuel volume increase acts rapidly to fill
the momentary void left by axial fuel relocation. With no escape paths avail-
able, the third stage, i.e., fuel motion that results in cladding rupture
(Fig. 3c), occurs at '^1.2 s with an '^40% areal melt fraction. Figure 2 shows
chat the pressure buildup is slower in stage 3. This s a result of extensive
cladding deformation that occurs locally to accommodate the large increase in
internal pressure. The driving forces for this deljrmation are (a) significant
increases in the temperature of the cladding, whi' 1 enhances its ductility,
(b) an increase in internal pressure due to fuel • olume increase, vaporization
of UO2, and heating of pore gases trapped in molten UO2, (c) a decrease in
localized cladding thickness due to extensive deformation cladding strain varies
from 'v.20-100% for various tests, (d) differential fuel-cladding thermal expan-
sion, and (e) gravity force.

The above features act in concert to cause energetic cladding rupture.
Immediately following rupture, the pressure decreases rapidly. These results
tend to support the existence of the "pressurized bottle" effect observed in the
high-speed movies. A similar effect has been postulated to explain TREAT
results [9] and modeled in the BEHAVE-3 code [10].

Several recent tests have shown that energetic gross cladding rupture can
occur even when the quartz cladding fractures during internal pressure
pulsing before gross cladding failure. This is significant because one would
expect fractures in the cladding to act as escape paths to vent UO2 fuel vapors.
However, the UO2 vapors do not vent, probably because the solid outer region
of fuel seals any potential path between the cladding and fuel vapors. It
should be noted that the quartz cladding fractures are similar in appearance
to tho brittle fractures of radiation-embrittled stainless steel cladding.

The upward axial fuel-motion stage is quite interesting because it has
potential importance in inherently safe fuel considerations. Results of experi-
ments in which the upper electrode-cladding diametral gap was varied from 0 to
0.23 cm show that, for a large escape path (0.15 cm), more than 50% of the UO2
fuel can be ejected upward. For a 0.005-cm electrode-cladding diametral gap,
the upward axial fuel motion is eliminated, but a more energetic cladding
rupture occurs after the radial fuel-motion stage.

Comparison with Mixed-oxide Fuel

The boiling point-melting point temperature differential (Tv - Tm) for
(U0.8Pu0.2)°2 i s only 383 K, compared with 550 K for UO2 (Table II); there-
fore, similar fuel behavior could be expected under the same heating conditions.
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Table II

Melting and Boiling Points of Oxide Fuels'2

Property U0 2
 (Uo.8Pu0.2)02

Melting

Boiling

Tv ~ Tm

Point

Point

(Tm)

(Tv)

3123

3673

550

3040

3423

383

aFrom Ref. [11]. All value in °K.

However, fuel vapors would become significant for the mixed oxide at a lower
temperature (̂ 167 K lower than for UO2)•

Comparison with In-reactor Irradiated Fuel

Unirradiated UO2 pellets were used in these DEH tests, i.e., no fission
products or fission gas was present, but it is reasonable to speculate on
phenomena that might be observed for a high-burnup fuel which undergoes a
similar energy-deposition rate. In this case, the fuel would have a large cen-
tral void in the region of the core midplane and some retained fission gas.
Axial escape paths would not be available in-reactor because of the greatly in-
creased length of the solid pellet fuel column. Therefore, the assumption is
made that only the cladding-rupture stage occurs when the fission gas is re-
leased from the fuel during the transient, which may magnify the pressurized-
bottle effect. Low- and moderate-burnup fuels might be expected to respond in
a manner similar to the unirradiated fuel tested in the present experiment,
depending on the extent of fuel restructuring, gap closure, and axial freedom
of motion in the fuel column.

Figure 7 shows the structure of some 0.51-cm-diam UO2 pellets that were
TOP tested in the TREAT reactor. The structure is similar in appearance to
that of pellets tested in the DEH apparatus (e.g., Fig. 5). Evidence of axial
fuel motion has been found in posttest examination of pellets from several TOP
experiments performed in the TREAT reactor [9,12,13].

The in-reactor study performed by Hikido and Field [13] of the General
Electric Co. (GE) is particularly appropriate for comparison because axial fuel
motion was reported. The melt fraction at failure in the DEH study was ̂ 40%,
whereas the areal melt fractions were ^35% in the GE tests. The cladding rup-
tured in the GE fuel element composed entirely of solid pellets, whereas upward
fuel relocation occurred without cladding failure in the fuel element with an
annular fuel blanket. At the conclusion of the tests, the annular void was
considerably larger in the DEH test (̂ 80 areal percent). This is explained by
the fact that the DEH test was not terminated at cladding rupture. It is pos-
tulated that the cladding would not have breached in the DEH tests with such
large quantities of molten fuel being relocated if nuclear fission heating was
possible. However, in the DEH tests, cooling of the cladding surface with
helium is not nearly as efficient as that of liquid sodium in-reactor. The
calculated centerline and surface temperatures of the in-reactor tests, which
cannot be measured directly, were V332O and 1770 K, respectively, whereaf anal-
ogous DEH temperatures, which can be measured directly, were ^3675 and 1800 K.
The GE centerline temperature was well below the boiling point of UO2, but it
is postulated in this report that fuel vapors present a large driving force for
relocating molten fuel. However, the GE fuel was preirradiated so that retained
fission gas could act as a driving force concomitant with the ^9.6% volume ex-
pansion on melting.and it would not be necessary to exceed the fuel boiling
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Fig. 7. Cross section of pellets TOP tested in the
TREAT reactor with similar appearance to DEH
transient-tested pellets.

point to relocate mo.iten fuel. Thus, the DEH tests produce results similar to
in-reactor experimental results and have proven to be quite useful to modelers
of in-reactor fuel-motion phenomena.

Application of Results to Fuel-pin Design

A reliable reactivity-feedback system to facilitate reactor shutdown during
unsafe conditions is an essential part of any nuclear plant. On the basis of
results reported in the present paper, it is proposed that the potential exists
for providing a negative reactivity-feedback effect during TOP events which is
internal to the fuel pin. Using several ('̂ 15) centimeters of annular pellets
instead of solid pellets at the top of the fuel pins along with redesigned
annular blanket or reflector pellets to provide escape paths, molten-fuel dis-
persal inside the pin would be enhanced. The upward fuel motion could act as
a reactor shut-down mechanism prior to cladding rupture, by relocating molten
fuel from high-reactivity-worth regions in the core to a low-reactivity-worth
region (i.e., the plenum). An additional advantage of this design is that it
is physically compatible with present fuel-pin design in that only minor modi-
fications are required to achieve a completely independent, instantaneous
negative reactivity-feedback effect.

An in-reactor test [13] has been performed with a single pin using annular
blanket pellets, and axial fuel motion was observed similar to that of the
present DEH results. In addition, an annular blanket or reflector was one of
several proposals assessed for inherently safe fuel-element design in previous
work [14]. Thus, the purpose of the present paper is to amplify or accent out-
standing past work that has gone unheeded by fuel-element designers.

To verify the capabilities of the special fuel-pin design, the authors
propose that tests be performed in-reactor using facilities with full-length,
multipin capabilities. For example, future R-series experiments performed in
the TREAT reactor on unirradiated fuel could use annular pellets in the upper
region of the pins, with annular blanket or reflector pellets.
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HEDL EMPIRICAL CORRELATION OF FUEL PIN
TOP FAILURE THRESHOLDS - STATUS .1976
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Richland, Washington 99352, U.S.A.

ABSTRACT

The Damage Parameter (DP) empirical correlation of fuel pin
cladding failure thresholds for Transient Overpower (TOP) events
has been revised and recorrelated to the results of twelve TREAT
tests. The revised correlation (called the "Failure Potential"
[FP] correlation) predicts failure times for the tests in the data
base with an average uncertainty of 35 ms for 3$/s tests and of
150 ms for 50c/s tests.

INTRODUCTION

Tests of EBR-II irradiated fuel pins have been conducted in the TREAT
facility under the Transient Overpower (TOP) experimental program [1, 2].
These pins consist of 13.5-inch (343 mm) long fuel columns, and possess fuel
microstructures with relatively little axial variation. The TREAT tests have
been viewed as tests of different portions of an FTR pir. I-./ling development
of a mechanistic fuel pin transient code qualified against the TREAT tests, and
its subsequent, use to define fuel pin cladding failure thresholds for an FTR
fuel pin, attempts have been made to develop empirical correlations of the fuel
pin cladding failure thresholds as revealed in the TREAT tests.

The DP correlation, [3] currently programmed into the MELT-III code, [4]
was such an empirical correlation. The DP correlation, which did not cor-
relate failure thresholds of low power microstructure fuel pins, has been
substantially revised and now satisfactorily correlates the original five
tests plus an additional seven tests, including two tests of low power micro-
structure fuel pins.

REVISED CORRELATION

The revised correlation, hereafter called the "Failure Potential" (FP)
correlation to distinguish it from the DP, is defined as follows:

FP = a(% . tb eCS Dd

Y time avg
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where:

FP = Failure Potential
H = Enthalpy (energy content per unit mass) upset of fuel in the

noncolumnar grain region over that at steady-state operation, J/g
Y = Cladding burst strength as defined by FCTT tests [5] on unirradiated

20% CW 316 SS heated at a rate of 111 K/s KPa
t = Time into transient, seconds
s = Variable representing fuel structural features

= 0.91nVf - g/25.4
g = Fuel-cladding radial gap at steady-state operation, mm
V£ = Volume fraction of noncolumnar grain region of fuel
D = Available void volume, expressed as fraction of volume inside clad-

ding not occupied by 100% dense fuel, relative to that for a nominal
FFTF fuel pin

= (1. - Pd)/0.15
Pd = Planar smear density = Td (Rf/Rci)2

Td = Pellet density, fraction of theoretical
Rf = As-fabricated outer fuel pellet radius
Rci = As-fabricated inner cladding radius

a,b,c,d = Adjustable parameters
= 63.8, 0.09, 0.65, - 1.27, respectively.

All quantities except available void volume are determined on an axially
local basis.

The values of the adjustable parameters were determined using linear
regression techniques. The defining equation was solved for the variable
( y)time average which was then used as the dependent variable. The equation
was linearized by taking the logarithm of both sides.

As with the DP, the FP is applied by calculating its value for several
axial locations along the pin as the transient proceeds. Failure is presumed
at the time and location of the first axial location to achieve an FP value
of 1.0.

The value of the FP is correlated to a standard deviation of ±18% for the
twelve-point data base. As an alternative statement of precision, the
uncertainty in predicting time of failure averaged ^34 ms for 3$/s tests, and

ms for 50c/s tests.

The data base for the correlation is identified in Table I, which also
presents test steady-state characterizations. The FP values for the data base
and other tests are shown in Figure 1 as a function of steady-state power.

DISCUSSION OF CORRELATION

The FP correlation is formulated with four fuel performance and charac-
terization variables. The role and justification for including each is
discussed following.

The composite variable, AH/Y, provides a measure of the relative severity
of conditions. The increase of fuel enthalpy (energy concentration), AH,
represents the fuel loading processes, all of which stem (in the TOP event)
from fuel thermal upset. The transient cladding burst strength, Y, represents
the ability of the cladding to withstand the loading processes<

The condition-severity variable was time averaged because of evidence of
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time- (or rate-) dependent processes in the TOP event. The lime-into-
transient, t, was incorporated to allow fine tuning of the correlation for
effects of time-dependent processes.

The variable, s, is also a composite, representing the fuel structural
features of fuel-cladding radial gap and the volume fraction of the non-
columnar grain region. The fuel-cladding gap at steady-state reflects the
magnitude of thermal upset required for the fuel to begin loading the cladding.
The volume fraction of the non-columnar grain region is directly related to the
magnitude of the central void, and it may well be that is the reason for the
influence of this variable. The central void provides space within which hot
plastic fuel expansion can be accommodated. Both of these structural features
would mitigate the severity of loading on the cladding, hence the variable, s,
is never greater than one.

The available void volume, D, expressed relative to that of a nominal FFTF
pin, reflects all of the void volume inside the cladding (as-fabricated
porosity as well as the volume in the as-fabricated fuel-cladding gap). This
variable represents the ultimate capability of the fuel pin to absorb fuel
expansion of any sort. The variable provides a relative measure of differences
between fuel pins due to design or fabrication processes. It was introduced
to account for significant differences in that regard among the test fuel pins.
Any combination of fuel-cladding gap or pellet density leading to a smear
density greater than 85% results in an increase of failure potential;
conversely, the failure potential is reduced for fuel pins with smear density
less than 85%.

CORRELATION DATA BASE

All of the tests in the FP correlation data base were conducted in TREAT
using shaped and filtered transients. That is, thermal neutron filters were
employed to minimize the severe radial flux depression that would otherwise
occur in the highly enricbed EBR-II fuel pins in a thermal reactor, and to
shape the axial flux profile to an approximation of that in EBR-II. A shaped
transient is one in which preprogrammed rod movement provides a few seconds of
constant power (called a flat top or preheat phase), then a power spike
designed to simulate thermal aspects of an FFTF TOP event.

All HEDL tests (those prefixed by HUT- or HOP-) were conducted in static
capsules. The flowing sodium coolant was simulated by a NaK annulus
surrounded by a stainless steel heat sink. All ANL tests (those prefixed by H
or E) were conducted in seven-pin bundles in flowing sodium in the MARK-II Loop.
Tests E6, H4, [6] and H5 [7] consisted of a central preirradiated fuel pin
surrounded by six fresh fuel pins. Tests E7 [6] and E8 [8] consisted of seven
preirradiated fuel pins.

Test HUT 3-3A, in which no failure was observed, was included as part of
the data base since the test pin is considered to be an incipient failure.
The AD/D observed for this test was 0.6%, the most strain observed on a pre-
irradiated TOP tested fuel pin without failure.

APPLICATION OF CORRELATION TO TREAT TESTS

Thermal transients were calculated for the HEDL tests using an adaptation
of the ARGUS code [9] with the HEDL transient gap conductance model as applied
in COBRA-3M [3] and MELT-III. Fuel-cladding gap closure was computed with
volume-average-temperature-based differential-thermal expansion applied to the
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cold gap as predicted by the SIEX code [10]. The power coupling (relation
between TREAT facility power and fuel pin power) was adjusted as required to
obtain a good match between predicted and observed axial-midplane inner heat-
sink thermocouple traces for the spike transient. The predicted areal melt
fractions (fraction of transverse fuel area above the solidus temperature) were
then compared with the observed areal melt fractions where available. Agree-
ment within a few percent was obtained in all cases.

Thermal transients were calculated for the ANL tests using the HEDL
version [3] of the COBRA-3M code [11]. Close agreement between observed and
predicted areal melt fractions was obtained for test H5, the only ANL test in
the correlation data base for which a comparison was possible. Reasonable
agreement between observed and measured coolant and duct temperatures were
obtained for test£-H4, H5 and E8.

Application of the FP correlation to the TREAT tests encountered a
problem in that the steady-state fuel enthalpy frequently was reached much
earlier than the start of the spike transient, vthich resulted in two quite
different portions of the transient. The first portion of the transient was
rather slow with conditions approaching steady-state; the second portion was
characterized by an accelerating increase in severity of conditions. It was
clear that the first portion of the transient would tend to dilute the second
portion, artificially depressing the time-averaged condition-severity variable.
For this reason, the FP values were calculated separately for the two parts of
the transient in such cases, adding the two values to obtain the FP value for
the test. This procedure may over-estimate the FP for tests in which a size-
able portion of the increment in conditions over steady-state was attained
prior to start of the spike transient.

In application of the FP correlation to tests in which failure did not
occur, the calculation was stopped when the peak value of the condition-
severity variable was reached. Although failure on the downslope with fuel and
cladding temperatures decreasing would not be impossible, and in fact occurred
ia at least one test in the data base (HUT 3-5B), it is felt that the FP
correlation may over-estimate the importance of that type of operation.

CORRELATION LIMITATIONS

The correlation is subject to the following limitations:

i The ranges of data for tests against which the correlation was
calibrated were 30 to 50 MWd/kg fuel burnup, 2.4 to 6.0 x 1022

nvt(E>0.1 MEV) fluence; and 17 to 38 kW/tn for linear power
rating. As with any empirical correlation, extrapolation beyond
the range of the data base is not recommended. The correlation
is not applicable to unirradiated fuel pins.

• Application of the correlation to complex transients is not
advisable (i.e., transients with erratically varying power
multiplication periods, or cyclic behavior).

• The correlation appears to be veiid for determining whether or
not failure will occur. However, in such applications, the
user should bear in mind that the standard deviation for FP
values for the data base was +18%.

• Applications of the correlation to transients other than TOP
events has not been established and should be avoided.

1676



• The correlation lias not been validated for other than nominal
FFTF fuel pin geometry, cladding, or fuel composition.

TABLE 1

Data Base Characterization
For Failure Potential Correlation

Test

HUT 5-5B
5-3A
5-IB
H4c
H5C

HUT 3-5B
3-3Ad

HOP 3-3C
HUT 3-1A

E6c
E7c
E8C

Steady-State Axial
Midplane Characterization
Power
kW/m

16.9
27.5
38.3
33.2
28.8
18.1
28.1
27.7
38.3
35.9
31.9
27.9

Exposure
MWd/kg

44.8
49.9
47.0
40.8
31.1
48.1
51.2
29.8
47.0
44.0
39.5
30.5

Fluence
nvtxlO"22

5.4
4.0
4.1
2.9
2.5
6.0
4.2
2.4
4.1
3.2
2.9
4.1

Ramp
Rate

50c/s
50c /s
50c/s
50c/s
50C/S
3$/s
3$/s
3$/s
3$/s
3$/s
3$/s
3$/s

Transient
Characterization

Failure Time
secondsa

4.80
3.20
3.68
0.94
1.90
0.80
0.58
0.80
0.70
0.59
0.40
0.50

Areal
Melt %

49
47
65
30
25
61
53

. 34
73
78
32
69

Cladding
Temp"Kb

1208
1097
1190
1029
1021
1163
1088
1027
1103
1202
988

1092

a Time after start of spike transient
b Quoted for location of failure if known; otherwise at %80% of fuel column
height

c ANL tests; all other, HEDL static capsule tests
" Cladding failure not observed; test pin considered to be on verge of failure

REFERENCES

1. R. E. BAARS (compiler), "Base Technology Support Document—Prefailure
Transient Behavior and Failure Threshold Status Report: January, 1975,"
Rep. HEDL-TME 75-47, (November, 1975).

2. T. HIKIDO, G. E. CULLEY and J. E. HANSON, "HEDL Experimental Transient
Overpower Program," ANS International Meeting on Fast Reactor Safety and
Belated Physios, (October 5-8, 1976).

3. J. H. SCOTT et al, "Microstructural Dependence of Failure Threshold in
Mixed Oxide LMFBR Fuel Pins," Rep. HEDL-TME 75-9, (October, 1975).

4. ALAN WALTAR et al, "MELT-III A Neutronics, Thermal-Hydraulics Computer
Program for Fast Reactor Safety Analysis," Rep. HEDL-TME 74-47,
December, 1974).

5. C. W. HUNTER et al,, "Mechanical Properties During Simulated Overpower
Transients of Fast Reactor Cladding Irradiated from 700-1000°F," Rep. HEDL-
TME 75-28, (June, 1975).

6. L. W. DEITRICH et al, "Summary and Evaluation—Fuel Dynamics Transient
Overpower Experiments," Rep. ANL/RAS 74-8, (June, 1974).

7. A. E. WRIGHT et al, "Transient Overpower Test H5 on FFTF-Type 'Intermediate

1677



Power1 Fuel," Rep. ANL/RAS 75-27, (June, 1975).

8. R. SIMS et al, "Post-Test Evaluation of Transient Overpower Test E8 on
Preirradiated FFTF-Type Fuel," Trans. American Nuclear Society, 22,
p. 425-427.

9. D. F. SHOEBERLE et al, "A Method of Calculating Transient Temperatures in
a Milliregion, Assymetric, Cylindrical, Configuration, the ARGUS Program,
1089/RE24, Written in FORTRAN-II," Rep. ANL-6654, (November, 1963).

10. D. S. DUTT and R. B. BAKER, "SIEX A Correlated Code for the Prediction of
Liquid Metal Fast Breeder Reactor (LMFBR) Fuel Thermal Performance," Rep.
HEDL-TME 74-55, (June, 1975).

11. W. W. MARR, "COBRA-3M: A Digital Computer Code for Analyzing Thermal-
Hydraulic Behavior in Pin Bundles," Rep. ANL-8131, (March, 1975).

1.5

£

a °-5

0.0

1

•5-5B

^—m ^ - ^ B <^_~» <»M^ «

O #3-5B
5-5A

O3-5A

#

D
V
O

i

1

FAILURE OBS,

1

3-3A
_D

5-3A

IN DATA
INCIPIENT FAILURE, IN

FAILURE

FAILURE

|

OBS,
NOT

NOT IN

1 1

#3-3C
E-7,2nd £6

• E8 V • m-ltL
0 H 4 E7,lst •5- 'B

3-1A

BASE
DATA BASE

DATA BASE

OBS, NOT IN DATA BASE

J 1 i

15 20 25 30
STEADY STATE POWER, kW/m

35

HEDL 7604-232

Fig. 1. Failure Potential (FP) Values Arc Guown as a Function
of Local Steady-state Pin Power for the FP Data Base
and Selected Other Tests.

1678



CLADDING FAILURE IN TREAT OVERPOWER
EXPERIMENTS: A MECHANISTIC INTERPRETATION

AND ITS IMPLICATIONS FOR LMFBR SAFETY ANALYSIS

D.B. Atcheson, R.R. Sherry, K. J. Shimane
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Energy Systems and Technology Division

Fast Breeder Reactor Department
Sunnyvale, California

ABSTRACT

Eleven TREAT overpower experiments have been analyzed using the
BEHAVE-SST fuel rod mechanics program. The results suggest that mech-
anistic prediction of cladding failure under hypothetical overpower
conditions is feasible. Differential fuel-cladding thermal expansion
and fuel expansion upon melting appear to be the dominant loading mech-
anisms in the experiments analyzed. It was necessary to postulate a
fission gas loading mechanism in only one experiment to account for the
observed behavior. These results suggest that failure noncoherence
under overpower conditions will depend primarily on rod-to-rod varia-
tions in fuel strength, cladding strength and the distribution of avail-
able volume within the fuel.

INTRODUCTION

Detailed mechanistic understanding of cladding loading and failure during
hypothetical overpower transients is required to assess the response of an LMFBR
core to accident conditions. Because cladding failure time and location affect
many of the phenomena that dominate the early portion of the accident sequence,
a major portion of the safety analysis effort at General Electric is designed to
study the mechanisms that lead to cladding failure. The objective of this work
is to identify and model the dominant cladding loading and failure mechanisms
that act during overpower transients. Near-term analysis, to be described here,
is intended to determine if current analytical models of differential fuel-clad-
ding thermal expansion loading {including molten fuel expansion) are sufficient
to explain the observed behavior of TREAT overpower experiments, or if fission-
gas-induced loading mechanisms must be postulated.

DESCRIPTION OF ANALYSIS

The analysis of each TREAT experiment involved four major elements: 1)
prediction of detailed temperature distributions in fuel and cladding, 2)
mechanical analysis using the BEHAVE-SST fuel rod mechanics program [1 }, 3) clad-
ding failure prediction using a Life Fraction damage function, and 4) compari-
son of calculated fuel rod behavior with observed behavior. A description of
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each of these elements follows.

Detailed fuel and cladding temperature distributions for each experiment
art obtained using the THTD (Transient Heat Transfer—Version D) program {2},
which is a general-purpose heat transfer program that contains no internal fuel
performance models and allows one to model experiment geometry in detail. A
significant feature of the thermal analysis procedure is that fuel thermal pro-
perties, experiment heat deposition, and fuel-cladding gap conductance are ad-
justed as necessary to obtain agreement with thermocouple data and measured
fuel melt radii. Because the program contains no physical models and requires
extensive assumptions by the analyst to replace these models, it is not suit-
able for predicting temperatures when thermocouple data are not available. How-
ever, the flexibility afforded by THTD to model exact capsule geometry and
thermocouple locations is believed to be essential in calculating valid experi-
ment temperatures.

Accurate knowledge of the radial position of the thermocouples neare *. the
fuel rod has proven to be essential for correct prediction of cladding tempera-
tures. An uncertainty of 10 mils (.25 mm) in thermocouple location has been
shown to produce a cladding temperature uncertainty of approximately 50°F
(28°C). Therefore, the THTD radial node structure is selected so that one node
is centered on the thermocouple junction.

Recently the versatility of the THTD program has been used to allow molten
fuel to relocate axially with time during the transient. This allows the analy-
sis to reflect differences between the initial axial power profile (as measured
during calibration transients) and the final axial power profile (measured by
thermocouples during the test transient). Differences of approximately 30°C in
calculated cladding temperatures were observed when molten fuel was allowed to
relocate axially in experiment HUT 5-5B.

The second major element of each experiment analysis is a mechanical analy-
sis using the BEHAVE-SST program. Fuel and cladding temperatures from THTD are
provided to this program via tape. The BEHAVE-SST program predicts detailed
fuel rod behavior prior to the transient. Cladding swelling, cladding creep,
fuel restructuring, fission gas release, fuel cracking, and solid fission pro-
duct fuel swelling are the major pretransient phenomena modeled.

For transient calculations, BEHAVE-SST models five axial sections, 20 radi-
al fuel sections, and four radial cladding sections. The mechanical model is
based upon a generalized plane strain treatment. The major cladding loading
models included in the program are differential fuel-cladding thermal expansion,
expansion of fuel upon melting, pressurization of the central void by fission
gas (the "Gas Bottle" effect), and thermal stresses in the cladding. Fuel
swelling caused by fission gas and grain boundary pressurization by fission gas
are not modeled. Key elements of the molten fuel pressurization model are axial
redistribution of molten fuel within the central void and axial movement of
molten fuel into the axial blanket region when the top of the fuel column is
molten.

The BEHAVE program models plastic fuel deformation and fission-enhanced
thermal creep. Cladding deformation during a transient occurs by thermal creep
and plasticity. At present, cladding plastic strain hardening is modeled using
linear interpolation between yield strength and ultimate strength. The propor-
tional limit, yield strength, ultimate strength, and uniform elongation were
estimated by linear regression from high-strain-rate data for unirradiated 20%
CW, Type-316 cladding. The strength correlations are functions of strain rate
and temperature. This model is believed to overestimate cladding strength in
the experiments analyzed, and a model describing plasticity in irradiated clad-
ding is presently nearing completion.
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Since differential fuel-cladding thermal expansion loading is a dominant
factor in most experiments, some elaboration of the BEHAVE-SST models that rep-
resent accommodation of thermal expansion within the fuel rod is appropriate.
When the fuel rod is fabricated, the volume available to accommodate thermal
expansion is represented in BEHAVE-SST by the fuel-cladding gap, fuel porosity,
a fuel central void (in annular fuel), and the dish volume of dished-end pellets.
BEHAVE-SST redistributes this volume during pretransient irradiation and during
the transient. As the fuel rod is brought up to power, fuel is assumed to crack
and move outward to contact the cladding. Light fuel-cladding contact is main-
tained until differential thermal expansion or fuel swelling is large enough to
close the cracks produced by the outward movement of fuel segments. The net
effect of this early fuel relocation is to convert fuel-cladding gap volume into
radial crack volume and central void volume. Continued irradiation reduces
crack volume by fuel swelling and by fuel thermal expansion (if fuel temperature
increases), and fuel porosity volume is created as cracks close. Fuel porosity
migrates to the central void as pretransient irradiation proceeds.

During a transient, fuel thermal expansion is cccommodated by crack volume
and, to a lesser extent, by the central void. Fuel porosity is reduced by hot
pressing when fuel temperature is greater than ^1500 C, and porosity becomes
part of the central void as fuel containing this volume becomes molten. The
interaction of all these volume redistribution phenomena has proven to be a
significant source of differences between the experiments analyzed to date.

As part of the mechanical analysis of each experiment, pretransient power
and fuel-cladding gap conductance are adjusted in BEHAVE-SST to obtain agree-
ment with measured fuel microstructural regions and pretransient fission gas
retention in sibling fuel rods. The purpose of this procedure is to minimize
the influence on transient calculations of errors in pretransient models. When
these errors are minimized, the adequacy of transient fuel mechanics models is
more readily apparent.

The third major component of the analysis procedure is the application of a
Life Fraction Damage rule to predict cladding failure for each experiment. The
purpose of this part of the analysis is to determine the feasibility of predic-
ting failure using the Life Fraction Damage technique. In addition, the pre-
dicted time and axial location of failure, along with cladding deformation and
failure appearance, are important quantities that can be compared with observed
behavior to determine the validity of the mechanical analysis.

Cladding material property data for use in the damage calculation were ob-
tained from Fuel Cladding Transient Tester (FCTT) experiments performed at
Hanford Engineering Development Laboratory (HEDL) {3}. Data for irradiated 20%
CW, Type-316 cladding were put into an analytical form using the Larson-Miller
Parameter (LMP), which is defined as

LMP - T Log tf +20.0 (1)

where T = Absolute cladding temperature (°R)
tf = Time to failure at constant stress and temperature (hr).

After deriving a value of LMP for each FCTT data point, the data were correlated
as a function of the logarithm of cladding stress of the form

LMP = a Log a + b (2)

a = Cladding hoop stress

a, b = Regression coefficients.
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The correlation used for the present analysis is based upon data in the fluence
?? 2 ?? 2

range from 1.8 x 10 n/cm to 4.0 x 10 n/cm . All data were obtained at a
thermal ramp rate of lll°C/sec in the FCTT apparatus. The data include a range
of irradiation temperatures and failure temperatures. As additional data be-
come available, the correlation describing LMP will be refined to include ex-
plicit fluence, ramp rate and temperature dependencies.

Cladding failure for each experiment is evaluated using a Life-Fraction
Damage function:

Damage = J _j.oJ) (3)
where

At. = a time interval within which stress and temperature can be
1 considered constant.

tf = time-to-failure in time interval At. obtained by inserting
BEHAVE-SST stresses and THTD temperatures into Equations 1
and 2.

Damage = 1.0 is defined as failure and the summation extends over the
transient history.

The final element of each experiment analysis is to compare predicted be-
havior with measured data. Whenever possible, BEHAVE-SST predictions have been
compared with observed failure time, axial failure location, cladding diameter
change, and failure appearance. The results of these comparisons are presented
below, along with brief descriptions of the experiments analyzed to date.

RESULTS

Eleven TREAT static-capsule overpower experiments have been analyzed (or
partially analyzed) to date. Two of these are General Electric unirradiated
experiments C4A and C4B {4}, while the remaining nine were irradiated in EBR-II
prior to transient testing in TREAT. The irradiated experiments were General
Electric experiments C4G and C4H and HEDL experiments PNL 2-1, PNL 2-11, HOP
3-2A, HOP 3-2B, HOP 3-3C, HUT 5-5A, and HUT 5-5B. This set of fuel rods, con-
tains solid and annular fuel pellets, a range of transient heating rates, pre-
transient linear powers from 5.5 kW/ft (180 W/cm) to 15.0 KW/ft (492 w/cm) and
rods with maximum fuel melt fractions ranging from 0% to 90% of the cross-sec-
tional area. Table I contains summary descriptions of these experiments.

As shown in Table I, all the experiments that were irradiated in EBR-II,
except for HOP 3-2A and HOP 3-3C, were exposed to approximately the same burnup
(40 to 45 MWD/Kg). The experiments listed in Table I are also similar with re-
spect to transient heating rate; all the experiments, except HUT 5-5A and HUT 5-
5B, had thermal ramp rates at least as high as those expected from a $3/sec re-
activity insertion rate in FTR. With these parameters excepted, the experiments
considered in this study represent relatively diverse sets of fabrication para-
meters and operating conditions.

Table I also shows that a mixture of failed and unfailed experiments have
been included in the analysis. Each of the unfailed experiments provides valu-
able information. Unfailed experiment C4G is very similar to failed experiment
C4H, so the pair defines a threshold for failure. Unfailed experiment HUT 5-5A
forms a similar pair with failed experiment HUT 5-5B. Unfailed experiments HOP
3-2A and HOP 3-2B^are of value for a different reason. These fuel rods are
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TABLE I

Summary Description of TREAT
Overpower Experiments Analyzed

Experiment
Designation

PNL 2-1
PNL 2-11
HOP 3-3C
HUT 5-5B
C4H
C4G
HOP 3-2A
HOP 3-2B
HUT 5-5A
C4A
C4B

Axial Peak
Burnup
(MWD/Kg)

41.2
41.2
35.0
48.0
48.6
47.9
21.4
42.1
46.5
0.0
0.0

aFailed Experiment; melt

Axial Peak
Pretransient Cladding
Temperature (°C)

504
494
493
530
599
599
723
696
537
_
—

values are calculated

Axial Peak
Pretransient
Power (w/cm)

307
312
344
187
492
482
384
351
182
_
—

at failure time

Transient Fuel
Melt Fraction

0.40a

0.90a

0.40a

0.33a

0.0 a

0.10
0.03
0.0
0.32^
0.63a

0.79a

among the few with significant cladding strain that did not fail. Therefore,
they provide information that can be used to evaluate fuel rod mechanics models
independently of the way failure is predicted.

Transient fuel melt fractions (i.e., the fraction of fuel cross sectional
area above the solidus temperature) are shown in Table I for each experiment to
provide an indication of the severity of each transient. For unfailed experi-
ments, fuel melt values were measured near axial midplane during destructive
examination of each fuel rod. Fuel melt values shown in Table I for failed ex-
periments were calculated at the time and axial location of failure using the
THTD program.

Several different cladding materials were used in fabricating these experi-
ments. Solution annealed, Type-316 stainless steel cladding was used in fabri-
cating the four General Electric tests (C4A, C4B, C4G, C4H), while 20% CW, Type-
316 stainless steel was used in five of the irradiated experiments (HOP 3-3C,
HUT 5-5A, HUT 5-5B, HOP 3-2A, and HOP 3-2B). The remaining two experiments (PNL
2-1 and PNL 2-11) were fabricated using solution annealed, Type-304 stainless
steel. Despite these differences between cladding materials, only one set of
properties was used to describe cladding plasticity in the analysis, and the
properties that were used were derived from tensile data for unirradiated 20%
CW, Type-316 stainless steel. As a result of this modeling assumption, strength
values predicted by BEHAVE-SST for both irradiated cold-worked and irradiated
annealed cladding are probably slightly too high. Strength values for unirra-
diated annealed material are significantly higher than they should be. However,
it is believed to be reasonable to assume that the strength of cold worked ma-
terial approaches the strength of annealed material after irradiation at the
temperatures shown in Table I. Therefore, the use of a single model to describe
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TABLE II

Comparison of Predicted and Observed Failure
Times and Axial Locations for Experiments Analyzed

Experiment Failure Time (sec) Axial Failure Location (cm)
Designation Observed Predicted Observed Predicted

PNL
PNL
HOP
HUT
C4H
C4G
HOP
HOP
HUT
C4A
C4B

2-1
2-11
3-3C
5-5B

3-2A
3-2B
5-5A

5.25- 5.30
11.50-11.55
8.50- 8.55
10.80-10.86
3.75- 3.80

No Failure
No Failure
No Failure
No Failure
3.15- 3.20
2.80- 2.85

5.24
10.62
8.47
b
3.80

No Failure
No Failure
No Failure
No Failure
No Failure
No Failure

13-18
28-32
14-18
25-31
23-32

-
-
-
-

15-18
14-18

12.7
28.9
16.8
b
27.9
-
-

_

_

Uncertainties are estimated from thermocouple data.
bNot available in time for inclusion in this paper.

the strengths of several irradiated materials is believed to have been a valid
approximation. This is discussed further later in this paper.

Table II summarizes BEHAVE-SST predictions for the time and axial location
of cladding failure for each experiment. Observed failure times, which were
inferred from thermocouple data, are also shown in Table II for comparison. Ob-
served failure times are represented by a range of values for each experiment.
This range corresponds to uncertainty in the time delay between cladding failure
and the first indication of failure in thermocouple readings. Therefore, the
latest time shown in the table for each experiment is the time at which a devia-
tion in thermocouple data first became noticeable, and failure is known to have
occurred earlier. Although the actual delay time between failure and the first
thermocouple indication is unknown, the Table II estimate of 50 msec is believed
to be a reasonable upper limit.

Predicted failure times for three of the four experiments that failed are
within 0.08 seconds of the mean estimates of actual failure time. The predicted
time of failure for the fourth irradiated experiment that failed (PNL 2-11) is
clearly too early. In all irradiated experiments that did not experience fail-
ure, the analysis correctly predicts no failure. The predicted axial locations
of failure are consistent with estimated failure locations for all failed exper-
iments. However, this is partly due to the fact that actual failure locations
are often difficult to determine and uncertainty is large. No failure was pre-
dicted for the two unin-adiated fuel rods that were tested, even though these
experiments actually failed. This was to be expected, since unirradiated solu-
tion annealed cladding is extremely ductile, and the mechanical properties used
in the analysis are least applicable to this material.

The predicted failure times shown in Table II were determined using a corre-
lation for the Larson-Miller Parameter of the form of Equation 2. However, the
first coefficient (a) in Equation 2 was adjusted slightly from the value
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Figure 1

Comparison of BEHAVE-SST Correlation for Larson
Miller Parameter with Data for Irradiated Cladding

Tested at lll°C/sec in the HEDL FCTT Apparatus

Fluence = 1.8 to 4.0 x 10 2 2 n/cm2 (E>.1 Mev)

1.1 1.2 1.3 1.4 1.5 1.6

Larson-Miller Parameter (arbitrary units)

determined by regression analysis of the FCTT data. The correspondence between
the adjusted correlation and the data is shown in Figure 1. As Figure 1 indi-
cates, the adjusted correlation falls within the spread of the FCTT data and is
slightly higher than the median of these data. This is consistent with the fact
that BEHAVE-SST predicts stresses that are slightly too high, and the failure
correlation must predict failure at stress values that are correspondingly high.

The correspondence (shown in Figure 1) between the Larson-Miller Parameter
(LMP) correlation used in BEHAVE-SST and the FCTT data provides a measure of the
validity of the analysis. However, proper interpretation of these results re-
quires some understanding of the strategy used to adjust the correlation. The
LMP correlation was adjusted so that failed experiments were predicted to fail
and unfailed experiments were predicted not to fail. This procedure yields lar-
ger deviations between observed and predicted failure times than would be ob-
tained if agreement with observed failure times was the primary calibration
criterion. If the LMP correlation were adjusted using this alternate criterion,
the maximum difference between observed and predicted failure times would be re-
duced to 0.05 seconds (excluding PNL 2-11), experiment C4H would be predicted
not to fail, and the correlation shown in Figure 1 would be slightly higher re-
lative to the data. This illustrates the value of pairs of experiments that de-
fine a failure threshold; the LMP correlation could be adjusted over a relatively
wide range and still remain within the scatter band in the FCTT data, but little
adjustment is possible without losing the proper relationship between failure
and nonfailure. Experiment HOP 3-2A provides a similar limitation against ad-
justing the LMP correlation downward; after a slight downward adjustment, this
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Figure 2

Comparison of Experiment HOP 3-2A Post-Transient
Profiiometry with BEHAVE-SST

Prediction of Cladding Deformation
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unfailed experiment is predicted to fail.

The failure time and location results provide an indication of the ade-
quacy of the combined thermal, mechanical, and damage function analyses. The
BEHAVE-SST program has also been used to predict cladding inelastic strain in
unfailed experiments HOP 3-2A and HOP 3-2B. This allows evaluation of BEHAVE-
SST mechanics models independent of the LMP correlation or any other failure
prediction method. Since the HOP 3-2A and HOP 3-2B fuel rods were irradiated in
EBR-II at relatively high powers prior to transient testing, fission gas loading
could be neglected in the analysis. Furthermore, since there was little fuel
melting during the transient in either experiment, the adequacy of models in-
volved in predicting differential fuel-cladding thermal expansion loading can be
evaluated without interference due to other loading mechanisms.

Figure 2 compares BEHAVE-SST predictions of cladding diameter increase with
post-transient profilometry measurements for experiment HOP 3-2A. Profilometry
measurements are shown as a continuous function of axial position in Figure 2,
while BEHAVE-SST is limited to five axial sections. Therefore, BEHAVE-SST re-
sults are shown at five discrete locations in Figure 2, which correspond to the
midpoints of each section. Figure 2 shows very clearly that five axial sections
are not sufficient to describe the local variations in cladding deformation.
Despite this limitation, the agreement between observed and predicted cladding
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deformation in the three middle axial sections is sufficient to validate BEHAVE-
SST predictions. Agreement between predicted and measured deformation at the
ends of the fuel column is not good. The data indicate deformation is signifi-
cantly smaller at the ends of the fuel column than in adjacent sections, while
BEHAVE-SST predicts little difference. The reason for this discrepancy is un-
known, although it may be related to the way the radial fuel temperature profile
is modified at the ends of the fuel column by double-thickness neutron flux fil-
ters. The experiment thermal analysis included this effect, but two-dimensional
physics and thermal analyses are necessary and uncertainties are correspondingly
larger. A similar analysis of experiment HOP 3-2B was also performed, and the
correspondence between predicted and measured cladding deformation was very
similar to that shown in Figure 2.

Although the cladding failure site is usually destroyed by molten fuel in
TREAT experiments, the appearance of the failure is ometimes preserved well
enough to provide information that can be compared with predictions. BEHAVE-
SST predictions have been compared with failure characteristics for experiments
C4H and PNL 2-1. The C4H failure was an axial crack approximately 2.5 cm in
length, indicating that circumferential stress dominated cladding loading at the
time of failure. The BEHAVE-SST analysis of C4H is in agreement with this evi-
dence; circumferential stress was much larger than axial stress during the last
half of the transient. Experiment PNL 2-1 appears to have failed under the in-
fluence of axial stresses, since the fuel rod broke completely into two pieces
in a sudden manner. BEHAVE-SST predictions confirm this; axial stresses were
much larger than circumferential stresses at most times (including the time of
failure) during the transient test.

CONCLUSIONS

The results of this study r ggest that mechanistic prediction of cladding
failure during hypothetical overpower transient events is feasible using the
BEHAVE-SST fuel rod mechanics program and a Life Fraction damage function. Fea-
sibility has been demonstrated only for the conditions of experiments analyzed
to date; analysis of additional experiments is required to extend the range of
parameters for which feasibility has been demonstrated.

Radial and axial differential fuel-cladding thermal expansion had a very
significant effect on fuel rod mechanical behavior in each of the irradiated ex-
periments analyzed. Pressurization of the central void volume by expansion of
fuel during melting was also a significant cladding loading mechanism in several
experiments. Only in experiment HOP 3-3C was it necessary to postulate a load-
ing mechanism in addition to thermal expansion and fuel phase change expansion.
In this experiment, the central void region was assumed to be pressurized by
fission gas released during the transient. While the HOP 3-3C analysis indica-
ted that this loading mechansim is very likely to have been instrumental in
causing the observed failure, there are a number of other effects that could
have produced the same effect. Until additional experiments are found to re-
quire a loading mechanism related to fission aas, the need for modeling such
mechanisms to predict failure during overpower events should be regarded as
unproven.

Results obtained for unirradiated experiments C4A and C4B suggest that these
experiments did not fail under the influence of mechanical loading alone. Use
of correct cladding strength models (i.e., for unirradiated solution annealed
stainless steel) in the analysis of these experiments would produce even lower
values for Life Fraction damage than were obtained in the present analysis. It
ij concluded that failure in these experiments was caused by mechanical loading
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of the cladding in conjunction with cladding overheating. Cladding overheating
is believed to have been caused by contact between molten fuel and cladding.

Although encouraging results were obtained in this study using cladding
strength properties for unirradiated 20% CW, Type-316 stainless steel for all
experiments, this is not a generally valid practice. Apparently, good results
were obtained only because irradiation-induced defect hardening occurred in the
annealed material and some thermal recovery of cold work occurred in the cold
worked material. As a result of these processes, differences between the var-
ious cladding materials apparently became small enough during pretransient
irradiation to be obscured by other uncertainties in the analysis. Models de-
scribing the strength of irradiated 20% CW, Type-316 stainless steel are pre-
sently neas-ing completion, and these will be applied in future analyses.

This study suggests that differential fuel-cladding thermal expansion dom-
inates cladding loading and failure during overpower transients. Furthermore,
the analysis suggests that fuel rods with large fuel-cladding gap volume, crack
volume, and central void volume prior to the transient will be most resistant
to failure. Based on these results, fuel rods with low power (<260 w/cm) and
high burnup (80-100 MWD/Kg) may be most susceptible to cladding failure during
an overpower event. This type of fuel rod has been observed to contain very
little gap volume, crack volume, or central void volume after pretransient irra-
diation; the fuel appears to be of uniformly low density. In this situation,
there is no volume readily available to accommodate fuel thermal expansion, and
a relatively small increase in power above the pretransient level may produce
significant cladding loading.
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INTRODUCTION

When analyzing the consequences of a hypothetical core meltdown accident
in an LMFBR, the movement of molten clad material must be well understood for
two reasons; (1) it has the potential for plugging the system as it leaves the
core region, and (2) it is directly coupled to th« neutronics of the system.
To provide a detailed insight into this motion, snail-scale single and ten pin
t^sts have been conducted using Wood's metal to srmulate the cladding material.
In addition, a full length (FTF) 28-pin triangular bundle experiment has been
fabricated and is currently being calibrated.

The objective of these experiments is to study the behavior of molten
cladding within a voided subassembly where sodium vapor streaming tends to
counteract the drainage due to gravity. Under such conditions, the pressure
difference across the fuel bundle could be considered constant ai. 50KPa, which
would result in an upward sodium vapor velocity of approximately 80 M/sec.
Available analyses on flooding of thin liquid films would predict that such
films should experience this behavior. However, the data base, for testing
these available models did not include experiments with high density, high
surface tension melts like stainless steel. The initial Wood's metal simula-
tion experiments were constructed to specifically study the incipient flooding
behavior in such systems and thereby, determine the applicability of available
models to the reactor accident situation. The 28-pin experiments are con-
structed to provide ?• simulation of the overall cladding behavior including
radial incoherence and upper and lower blanket heat sinks where freezing may
occur.

SINGLE PIN EXPERIMENTS

The basic npparatus is illustrated in Fig. 1. Argon flows /ertirally
upward through an annular channel and over the 20.3 cm-long section of 0.038
cm. Wood's metal cladding which is cast into an undercut region in the copper

*Wrrk performed under the auspices of the U. S. Energy Research and

Development Administration
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tube and machined down to the outer diameter of the copper tubing. Vertically
downward steam flow through the center of the test pin is the energy source to
melt the Wood's metal. A large bypass and an inlet accumulator provide a
good simulation of constant pressure drop across the test section. The basic
instrumentation is test section inlet flow, pressure, and temperature and
test-section pressure drop. High-speed movies (400 pps) provide a detailed
look at the controlling two-phase phenomena.

Five incipient clad motion experiments were conducted in this single pin
configuration and the results are given below.

TABLE I

Single Pin Clad Motion Experiments

Gas Velocity
Run M/sec Cladding Motion

1 0 Drains

2 18.6 Definite flooding initially, but
limited upward nation

3 10.4 Attempts to flood but no net

transport downstream

4 41.8 Definite entrainment of molten clad

5 37.2 Flooding with entrainment of large
drops of cladding

At a gas velocity of 10.4 M/sec, the clad attempts to flood, but the onset of
flooding results in geometric distortion of the molten surface which increases
the test section flow resistance. Under constant pressure drop conditions
this causes the gas velocity to drop below the critical flooding value and the
system drains. When the velocity is increased to 18.6 M/sec, definite flooding
occurs. At even greater velocities, entrainment begins.

The incipient flooding criterion given in ref. 1 can be expressed as

__ (1)
0.006 + 200

in terr>s of the critical gas velocity required. (The dimensional constant 200 j
has the units cm 2.) This expression predicts a critical gas velocity of 10.2 \
M/sec for this Wood's metal-argon system, which is in excellent agreement with
the experimental observations. Critical gas velocities for sustained flooding j
and entrainment2 are given below in eqns. (2) and (3) respectively.

- P )
*- (2)

3.7Vga(p - p )

* £_ (3)
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These velocities for the Wood's metal-argon system are 31.A M/sec for sustained
upward motion and 38.7 M/sec for entrainment. Both of these are in agreement
with the photographic observations. Consequently, available correlations
appear to give reliable indications of the behavior of these high density,
high surface tension melts.

TEN PIN EXPERIMENTS

The single pin tests were extended to multipin geometries with trans-
parent ten pin triangular test sections. The Wood's metal cladding on each
0.64 cm dia. pin was again 20.3 cm in length and 0.038 cm thick. Figure 2 is
a schematic illustration of the basic apparatus which was very simi1ar to the
single pin system. The triangular configuration was chosen so that all sides
of the bundle could be viewed with mirrors. Argon gas was again used to
simulate the sodium vapor and the system instrumentation again consisted of
gas flow rates, temperatures, and pressures. High speed movies (400 pps) were
the principal data record for the experiments and the results are given for
the four runs conducted in Table II.

TABLE II

Ten Pin Clad Motion Experiments

Run

1

2

Gas Velocity
M/sec

9.2

18.3

Dra ins

Incioient

Cladding

f lood im

Mot ion

• but a
drains

30.5 Sustained flooding with large
waves moving upward

48.8 Sustained flooding with high
frequency waves and some direct
ent ra inment

These multipin experiments also are in excellent agreement with the predicted
velocities for incipient flooding, sustained flooding, and entrainment for
these high density, high surface tension melts.

28-PIN EXPERIMENTS

Once the applicability of available models for describing the behavior of
molten metal films had been established, the principal questions regarding
molten clad behavior became the two-dimensional effects resulting fro I radial
incoherence and the effect of clad refree?.ing as it moves vertically upward
out of the core. An additional Wood's metal simulation experiment has been
fabricated, in a transparent lucite test section, to specifically address
these questions. The experimental apparatus is schematically illustrated in
Fig. 3, along with the triangular test which is full length typical of KTR
geometries. As with the single and ten pin test sections, the Wood's metal
cladding is 0.038 cm thick, with a pin diaireter of 0. S4 cm, but in this test,
the length of the Wood's metal region is increased to 91.4 cm. The simulated
fuel pins are wrapped with 0.14 cm wires to maintain spacing. These wires
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are made of Wood's metal in the core region and stainless steel outside of
this location. Stainless steel tubing (0.64 cm dia.) was cold soldered to the
Wood's metal coated copper tubing to form the inlet blanket region and fission
gas plenum length.

The triangular configuration is specifically designed to maka this test
section behave as a one-sixth segment of a large LMFBR fuel bundle. Three
specific additions were made to the standard triangular geometry.

(1) The two lucite walls facing the mirrors have 0.16 cm diameter
lucite rods attached to the walls between the simulated fuel
pins over the entire length of the test section. This reduces
the local hydraulic diameter and provides these wall subchannels
with frictional pressure drop characteristics similar to sub-
channels within the central region of a fuel bundle. Conse-
quently, these two faces, which can be viewed with the mirrors,
should perform similar to these interior regions.

(2) The apex at the junction of Chese two sides was filled with a
0.48 cm dia. "0" ring to eliminate high velocity gas streaming
in this subchannel.

(3) In order to provide a simulation of the radial incoherence in
the time to dad melting, the seven (7) pins along the wall
facing the camera have teflon plugs with smaJ1 diameter holes
(0.12 cm) inserted into the ends of the tubing which penetrate
into the steam plenum. Since all the tubes are connected in
parallel to the steam dome, these outer pins will have a
reduced steam flow (approximately one-half of that of the other
pins) and will experience an extended time to clad melting.

An additional very important design change was incorporated to provide a
strong potential for freezing of the molten clad as it attempts to move either
upward or downward from the simulated core. This was accomplished by inserting
0.3 cm ID by 0.4 cm O.D. glass tubing downward through the stainless steel
tubing simulating the fission gas plenum region and upward through the stain-
less tubing which simulated the lower reflector. Both of these glass tubes
terminate at Wood's metal. Consequent"y, the steam flows in through the upper
glass tubing, then through the Wood's metal coated copper tubing, and finally
out through the lower glass tubing. The stainless steel is thermally insulated
from the steam and remains ossentially at room temperature while the Wood's
metal is heated to its 70°C melting point. Therefore, as the cladding attempts
to move oi!t of the core, it will encounter a very cold region, and thus, a
strong potential for freezing.

In order to insure a constant pressure drop across the test section, a
constant pressure relief valve was designed and incorporated into the system.
This relief valve is a pneumatic cylinder with a weight which exactly balances
the desired inlet pressure. An electric motor rotates the piston to eliminate
any static friction problems associated with the initial movement of the pis-
ton. When the inlet pressure atcempts to increase as the flow resistance
increases during clad melting, the piston will move upward and uncover small
vent holes. There are sufficient vents, if required, to exhaust twice the
steady state gas flow.

The system instrumentation includes total system and test section inlet
argon gas flow rates, inlet plenum pressure and other gas system pressurer
along with the steam supply pressure, and, as in the previous experiment, high
speed movies of the melting process. Because of the extensive length of this
test section, four or five cameras must be used in order to observe any detail
of the flow structure.
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Since argon gas is used to simulate the sodium vapor and Wood's metal is
simulating the stainless steel cladding, it is important that the system is
operated with parametric conditions which provide the same two-phase flow
conditions. The incipient clad flooding velocity for sodium vapor over a
stainless steel melt is about 16.A M/sec using the criterion proposed in ref.
1. Vapor velocities required for sustained flooding and entrainment for such
a system are 82 and 101 M/sec respectively. As mentioned in the introduction,
a 50 KPa driving pressure across the core would provide a vapor velocity of 80
M/sec. Consequently, the melt should experience incipient flooding and perhaps
sustained upward motion but no entrainment. The same driving pressure across
the simulation test bundle provides an argon gas velocity of approximately 30
M/sec. With the critical velocities listed above for a Wood's metal-argon
system this should produce incipient flooding and perhaps sustained upward
motion motion but no entrainment. Consequently, the simulation experiment
should provide an excellent insight into the flow structure and overall clad-
ding behavior during this period in which significant two-dimensional and
solidification effects are present.

NOMENCLATURE

g - acceleration of gravity

U - superficial gas velocity

6 -film thickness

P - density of gas or vapor

p - density of liquid

a - liquid surface tension
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Fig. 1 Single Pin Apparatus

Fig. 2 Ten Pin Apparatus

2« m cm unacww tWHT

Fig. 3 Twenty-eight Pin Apparatus
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ABSTRACT

Even under transient flow conditions the value J* - 1 represents
the threshold for upward film relocation. However, the two-phase
frictional pressure drop multiplier is found to be substantially
smaller than that predicted by the classical steady-state, correlations
for annular flow. Based on the values determined here new flow
regime maps for clad relocation in LMFBR bundles under axial and
radial melting incoherencies are presented. For large values of .1*
upward relocation is usually accompanied by seperation from the
advancing film front and entrainment. The entrained mass pro-
ceeds at much higher velocities. Based on these findings and the
calculated (by SAS) core pressure drop substantial clad relocation
would be expected under LOFA conditions.

1. INTRODUCTION

The influence of clad relocation dynamics upon the mechanistic descrip-
tion of the postulated unprotected Loss-of-Flow Accident (LOFA) oi a Liquid
Metal Fast Breeder Reactor (LMFBR) was first evaluated for the Fast Flux
Test Facility (FFTF) [1]. This evaluation was made within the framework of
SAS—3A accident analysis code [2] by means of the clad relocation model con-
tained in the module CLAZAS [3],

Although no significant departures in the reactivity and power transients
were noted, these calculations led to the conclusion that thick steel plugs
would be expected to form in the Inconel reflector region as the cladding,
levitated by the upward streaming sodium vapor, froze in this cold region.
These plugs would prevent fuel dispersal and thus the "transition phase" of the
accident was formulated. Subsequent applications of SAS-CLAZAS to the LOFA
analysis of the Clinch River Breeder Reactor Plant (CRBRP) indicated substan-
tial aggrevation of the overpower conditions (LOF-d-TOP) imposed by sodium
voiding [4]. Almost concurrently with these assessments the first in-pile ex-
perimental evidence of upward clad relocation became available [5]. However,

*U.S. Nuclear Regulatory Commission, Washington, D.C.,20555
tExtended version may 1-e found in .! PXE Report u o !n> issued) available upon
request to the principal author.



Che predicted (by CLAZAS) upward relocation was substantially greater than that
observed from the post-mortem examination. In view of the apparent accident
sensitivity to clad relocation, this discrepancy has prompted a number of
studies to better define the relevant mechanisms.

The problem was examined with the classical film-gas interaction models
of annular two-phase flow, but with due consideration to the two-dimensional
aspects of the flow produced by the "expected" radial (and axial) clad-melting
incoherencies [6,7,8]. rt was determined that this effect alone could reduce
the clad velocities predicted by CLAZAS to: (a) "little net upward motion"
[6], or (b) values reduced by more than a factor of four [9].

Subsequent accident analyses parametrics {10] indicated that for CRBRP the
"sensitive" period for clad relocation reactivity feedbacks may have a duration
of less than one second. However, the analytical models utilized in the above
analyses are derived from steady-state experiments, and the experimental evi-
dence under the general phenomenology of clad melting and relocation provides
additional information along these lines.

2. ACCIDENT ANALYSIS ASPECTS

2.1 Computational Background

The influence of clad relocation upon the accident sequence has been ex-
amined by means of a series of parametric runs with SAS-3A. Here we will be
primarily concerned with the role of cladding relocation rates in setting up
the stage for the development of "LOF-d-TOP" conditions leading to pin fail-
ures in unvoided subassemblies. It is expected that within a range of parame-
tric variations the likelihood of occurrence of these conditions can be reason-
ably assessed by the SAS system. At present, however, the mode and location of
failure and subsequent interactions can not be reliably modeled. An "indica-
tion" of relative severity can, therefore, only be obtained by the amount of
sodium (unvoided subassemblies) reactivity inventory and the power and
reactivity increase rates at the time of pin failures.

Other important SAS-input variables that influence the outcome as defined
above, are axial fuel expansion, and amount of fission gases available in
SLUMPY [12] to disperse fuel. A fuel melt fraction (usually 50%) was taken as
a criteria for pin failures, however, the results are not very sensitive to the
precise value of this parameter. Axial expansion effects are controlled by
specifying the fraction of the physical expansion utilized for reactivity feed-
back. The effect of fission gas dispersal is controlled by specifying two
fractions of the fission gases that have been generated (depending on burnup).
Tho; one represents total amount eventually available for dispersal (after some
delay), and the other represents the amount immediately available for dispersal.
Cladding relocation can be controlled to values: (a) zero velocity, (b) CLAZAS
prediction, (c) and outside specified constant upward velocity.

Other details of the SAS input utilized in these computations may be found
elsewhere [13,14],

2.2 Results and Discussion

The combination of 100% axial expansion, 50% fission gases with 20% imme-
diately available and zero clad velocity leads to complete core voiding with-
out the occurrence of "LOF-d-TOP" conditions. This sequence has clearly avoid-
ed the potential for the so-called "direct" hydrodynamic disassembly. When in
this combination the modest clad velocity of 80 cm/sec [9] (CLAZAS would pre-
dict "^240 cm/sec) is utilized in place of the immobile cladding assumption a
radically different result emerges. Now "LOF-d-TOP" conditions are developed
at 12.8914 seconds into the accident. At this time the power is 65.3 X SS, the
reactivity is $0.9390 and increasing at a ra'.e of $O.377/sec, and the core
still contains $0.90 of sodium reactivity. This comparison indicates that
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even the most "favorable" choice of axial expansion and fission gases, when
combined with an 80 cm/set' clad velocity, produces an "LOF-d-TOP" scenario. Tt
is of interest, therefore, to more rigidly define ttie range of possible clad
relocation velocities.

When a more "unfavorable" choice for axial expansion and fuel dispersal by
fission gases is uti1ized, "LOF-d-TOP" conditions wi11 occur with larger sodium
inventory and higher ramp rates at the inception of pin failures. For example
for 50% axial expansion feedback, 50°' fission gases, (107. immediately avail-
able) and 80 cm/sec clad velocity, "LOF-d-TOP" is attained somewhat earlier,
at 12.4056 seconds, at 160 X SS power, $0,982 reactivity, $0.93 sodium reac-
tivity inventory, and ?0.812/sec reactivity rate. Reducing axial expansions to
07. further aggravates the situation. Now pin failures occur at 11.7664 seconds,
at 158 X SS power, SO.993 reactivity, $1.41 sodium reactivity inventory and a
reactivity insertion rate of $2.2/sec.

If no imnicl iate fuel dispersal is postulated (50% fission gases but 0%
immediately available) in conjunction with 100% axial expansion and 80 cm/sec,
the accident Ls prolonged somewhat, reaching "LOF-d-TOP" at 12.9334 seconds,
with 105 X SS power, $0.9834 reactivity, $0.93 sodium inventory, but the reac-
tivity rate now increases to $12.1/sec.

'lhe most "unfavorable" case would be 0% axial expansion (maximizes sodium
core inventory,! and 07. fission gases (maximizes reactivity rate). With 80 cm/
sec this produces "LOK-d-TOP" at 11.7674 seconds, with power 163 X SS, $0.9895.
reactivity, $1.47. sodium inventory, and a ramp rate of $3/sec.

The cases that develop into "LOF-d-TOP" are in general "fast" and do not
allow sufficient time even with the 80 cm/so.: clad velocity to produce substan-
tial plugging at the subassembly exit.

3. EXPERIMENTAL

•L''_ Experimental Approach

Traditionally, flooding phenomena have been studied in counter-current
two-phase flow systems [7,13], In such systems co-current, upward flow may be
induced for sufficiently high gas flow rates. However, this transition crosses
the flooding region defined as the regime in which the liquid film has a nearly
zero net velocity. At this point, large waves develop [7,15] and since the
film is continuously fed it will grow in thickness. These phenomena are par-
ticularly important for small hydraulic diameter channels such as provided by
the LMFEX rod bundles. Splashing, channel bridging, inlet and exit effects
and other such phenomena induce a chaotic flow field with much increased pres-
sure drop requirements. It is important to determine, starting with a zero
velocity, non-fed liquid film, which suddenly experiences the gas drag,
whether a similar flciv regime would evolve.

Crucial to the evaluation of the clad film velocity is the gas velocity
and the momentum coupling between the gas and the liquid at their interface,.
For incoherent radial melting, they also determine the amount of flow diversion
into the dry subchannels. Since these processes depend, in turn, upon the two-
phase flow pattern, due consideration must be given to the highly transient
(developing) nature of the particular problem at hand. Information on this
subject is presently lacking.

The two areas outlined above indicate the need for fundamental level ex-
periments to measure and observe the detailed behavior of film/gas interaction
under transient conditions. Clearly, a flat plate (tv.'o dimensional) film ge-
ometry is ideal for such purposes and was selected for this work. "Simulant"
rod bundle experiments are carried out elsewhere [16,17] and it is expected
that these two sets of experimental programs will be complimentary to each
other. Since in-pile experiments are presently limited to small bundles and
they primarily produce final clad disposition data from post-mortem
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examination, and since sufficiently prototypic out-of-pile tests are not pos-
sible, it is important to study the phenomena from various angles of "simula-
tion" ranging from the most fundamental to the most simulation-oriented ones.

Applications of such out-of-pile information to accident analysis must
keep in perspective all possible complications and random variations present
in the real system. An example of such complications is presented by the
plenum fission gas release. Although it is difficult to precisely quantify the
impedance to gas flow present in the pin upper blanket region, it is estimated
that it would be substantial and it might promote a prolonged release, of the
order of perhaps one second, and thus interfere to some extent with the clad
melting and relocation process. It does not appear likely, however, that it will
enhance the upward relocation velocities.

The problem of clad relocation has always been examined both experimental
[7,15] and computationally [3,6] as one of liquid film flow. It has always
been assumed that molten clad will wet solid fuel, until recently, when the
possibility of non-wetting behavior was brought up [18]. Special consideration
to this problem is given in sections 3.3.1 and 3.3.2.

The wire-wrap effects have been evaluated earlier as insignificant [11].
However, pin spacers would be quite influential in disrupting the continuity of
the flow and providing the basis for local freezing and plug formation.

3.2 Experimental Facilities and Procedures

As. already mentioned, a flat plate geometry was selected for the test sec-
tion. It is shown schematically in Figure 1. The Woods alloy is used as the
cladding simulant. It is cast as a 0.015 in. film on the \ase plate. Special
flux treatment is necessary to establish a good bond, which is essential for a
fast and uniform melting. The base plate can vary in material and thickness.
A thin, 0.0015 in. steel plate was used for investigating quantitatively local
film thickness transients based on the method of electrical resistivity. In
this case voltage taps were placed on the back side seperating the test sec-
tion in eight regions. A thicker, 0.020 in.brass plate was utilized for han-
dling convenience for all runs that did not involve detailed film thickness
measurements. In all cases a 8-12 Kw infrared lamp bank provided fast and re-
producible melting by irradiating the back side of the base plate. By shield-
ing the irradiation from a portion of the base plate the melting pattern and
extent of downstream freezing could be controlled.

With the side spacers the hydraulic diameter can be adjusted to any value.
It was set at 0.4 cm for the experiments reported here. The channel is com-
pleted by the front plate made out of 1/4 in. acrylic sheet for easy obser-
vation and replacement. This window has four pressure taps positioned as in-
dicated so that the pressure drop over the whole test section, as well as over
the predominantly liquid,portion may be obtained simultaneously.

The overall experimental set up shown in Figure 2 indicates the
test section location. The air stream originates from two high pressure, high
capacity tanks, and enters the apparatus at room temperature, after filtration,
through a control valve. A very large amount of bypass is provided to achieve
a constant pressure at the inlet to the test section throughout the experimen-
tal run. The exit section consisted of a straight,1 in. copper tubing which
also served as a flow meter. Smuoth transitions were provided for the inlet
and outlet section of the test section.

All pressure measurements were obtained with Validyne Model aDP-15 and
Pace Engineering Model P90D strain gage transducers, and Ualidyne Model
CD-101-3CT carrier demodulators, and were recorded on a Honeywell Model 1508C
Oscillograph simultaneously with eight voltage signals corresponding to
eight equal sections of the test section. These latter signals responded to a
constant current power supply, Sorensen Q-Nobatron Model QRB20-1.5, and varia-
tions of local resistivity due to film thickness changes and temperature
changes. Two simultaneous high speed (175-250 Ips) motion pictures were
obtained using HYCAMs Model 41-0004 covering the overall film behavior
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and the local structure (telephota lenses).
A run was initiated by establishing the required flow cats and switching

on the lamp bank for a specified period of time (usually 3.5 sees). The visi-
corder and the movie cameras were switched on-off automatically.

3.3 Experimental Results

3.3.1 Scope of Experimental Conditions
It has been shox%m earliei that a convenient formi. lation of the clad relo-

cation problem may be obtained in terms of the dimensionless gas velocity, J|[
[7], The experimental range of this quantity covered in this work was from
1.38 to 3.83 corresponding to velocities of 100 ft/sec and 270 ft/sec respec-
tively. The bulk of the data was obtained with 0.015 in "clad" film, heated
downstream region (to avoid plug formation), and coherent melting of the whole
film (no radial melting incoherencies present). Parametric variations covered
the effects of film thickness (0.010, 0.015, 0.030 in), unheated downstream
region, non-wetting downstream region, and radial melting incoherencies.

3.3.2 Qualitative Trends
Both crucial aspects of the experimental technique, namely, rapid and

uniform film melting and constant inlet pressure, performed satisfactorily.
In most cases the film was completely molten prior to motion initiation and the
pressure at the inlet normally would not build by more than 15%.

A value of J* close to one, in agreement with previous data [8], appeared
to mark the threshold for upward motion. For J* values greater than 1.4 up-
ward motion was clearly observed. This tendency for upward motion increased
with J*. The whole event was over in 0.5 to 1 sec, either due to film deple-
tion by advancement and/or entrainment for high J* values, or by local splash-
ing and freezing on the window for J& values near one.

The lamps were usually left on for ^3.5 sees, allowing the'portion of the
film remaining on the original location to freeze. In certain cases with
J§ = 1, that happened not to splash, nearly all the original film mass was
l^covered in this form.

3.3.3 Gas/Liquid Momentum Transfer
A typical pressure drop trace .is shown in Figure 3. It may be seen that

upon melting the pressure drop concentrates due to two-phase friction, upon the
film region, while simultaneously the flow through the system decreases to ac-
commodate the increased pressure drop requirem* nts. Based upon these measure-
ments the two-phase pressure drop multipliers, <}>„, were reduced. They were con-
sistently found in the range of 3 to 5. No systematic trend with Jg was ob-
served, and for the majority of cases they ranged between 3 and 4. These meas-
urements are complicated by transient events and transducer output oscillation
due to waves, entrainment, etc. and should be interpreted, at this time, as
order of magnitude estimates. A clear departure, close to one order of magni-
tude, from steady-state correlation is indicated by these data. It may be at-
tributed to transient wave development properties. Indeed the motion pictures
indicate that instead of the usual roll-waves typical of fully developed annu-
lar two-phase flow, we observe "microscopic" waves that avpr^r like minute
rapidly moving pebbles on the liquid surface. When J* is near one,local thick-
ening of the film may occur leading to w;ive growth and splashing. When J* is
significantly larger than one, these small waves are not given the opportunity
to grow. The film moves uniformly, and becomes thinner further decreasing the
tendency to produce large waves and splash.

3.3.4 Film Thickness Transients
The visicorder voltage tap traces (a typical one shown in Figure 4) were

manually digitized at intervals of 0.25 seconds and analyzed with the help of
the computer. This analysis had to account for resistivity changes with tem-
perature. This was accomplished by determining the heatup rate from the pre-
melt voltage history (film thickness known), and for a check, at latter times
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the voltage drop changes in the upper regions not yet covered with film (for
small J*'s). Additional checks were provided by runs for which no net film
movement was observed in the motion picture records, as well as by checking,
for all runs analyzed, the final film disposition (post-test examination)
against that deduced from the voltage signal analysis. Typical results, show-
ing the film thickness variation along the test section for various time in-
stances, are shown in Figure 5 for run NTS-23 with J* = 2.76. In these plots
the thicknesses are normalized to the initial solid film thickness. From these
plots also an indication of experimental and data-reduction errors can be
obtained. The time-wise variation of the film thickness in any region can also
be visualized. Two such typical plots for the same run (NTS-23), one for a
region under the original film location and one for a downstream initially
film-free region are depicted in Figure 6. More detailed deductions from these
results is presented in the full report [19]. At this time the observation is
made that for the range of J*'s examined film velocities do not exceed a few
inches per second.

The film thickness analysis discussed above can also produce local en-
trainment rates. A qualitative picture can be obtained from Figure 5. Quan-
titative results are presented elsewhere [19],

As may be seen from Figure 4 a manual data reduction technique as utilized
here is cumbersome and can not capture the fine structure of transient film
profile. An automated system is now in preparation.

3.3.5 Entrainment
Two types of film entrainment were observed. The first preferably called

splashing is a result of large wave development and channel gap bridging. It
is observed at low values of JjJ and produces splashing both just above or
slightly downstream of the original film location. The latter mode is prefer-
red as J* values increase above one. The second mode of entrainment, is pro-
duced by peeling off the top of waves in the neighborhood of the advancing film
front, and it is typical of high Jg (>2.0) values. These waves disintegrate
into droplets which move at very high velocities and little deposition on the
test section window. Droplet velocities in the range of 100-300 cm/sec were
observed, and they increase with Ji.

A good deal of the entrainment process seems to depend on the wetting
properties of the downstream region. By flux-treating this region it was pos-
sible to reduce entrainment and promote uniform film advancement (at velocity
of a few inches per second). Untreated test sections,on the other hand, lead to
entrainment of the entire mass advancing upwards. It appears that non-wetting
results to a local film accumulation and break-off at high gas velocities.

For a value of J* = 2.8 a typical post-test film-mass disposition was as
follows: 30% reaminet in original location, 30% moved out of the test section
as droplets, and 25% was deposited on the window and 15% was advanced en the
downstream (to the film) region.

Thinner films are more difficult to move and entrain. For example, Figure
7 (a and b), shows the final disposition for two runs with J* - 1.8. Part (a)
had an original thickness of 0.010 in and part (b) had one §f 0.015 in. The
difference in upward motion is clearly seen.

3.36 Incoherency Effects
The radial incoherencys or air flow diversion aspects were studied by

covering only one third of the channel width with the film. If the steady-state
two-phase multiplier was applicable these effects would be quite significant
[6,7], However, no apparent difference, fcom the full-width films was observed.
Both for Jt of 1.7 and 2.8,the film front moved upwards with velocity of VL0
cm/sec. At J* = 1.7, ̂ 222 of the film remained in the original location, while
at J* = 2.8 only M.0% did. Nearly 14% was lost on droplets, and about 50% was
solidified upon the downstream region. Figure 7(c) depicts the "post-mortem"
of ran NTS-31 (J* - 2.8, V ̂ 200 ft/sec).

In view of fhe results of the previous sections the behavior observed here
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may be anticipated. The very small two-phase multiplier yielde a small amount
of flow diversion. The high velocity air is now capable to shear and entrain
the liquid film inducing a substantial upward relocation.

4. ANALYTICAL

4.1 Flow Regime Maps

The two-phase pressure drop multipliers desired here can now be utilized to
update the flow regime maps for U.S. LMFBR subassembly presented earlier [7],
Applying the same techniques, for two values of the multiplier (2 and 8) encom-
passing the range determined here, the maps of Figure 8 (a) and (b) were ob-
tained. For comparison the earlier map for the same void fraction of X » 0.76
is also presented in Figure 8(c). In these figures A^ and L^ are the values of
radial and axial melting incoherence. The dimensionless gas velocity Jg is
based on the local superficial gas velocity within the two-phase flow region of
the subassembly and is made dimensionless by (gDH pjj)^. The value of J* may be
read off for any multiple, m, of the minimum pressure gradient corresponding
to the liquid sodium head.

As expected, as the multiplier decreases the sensitivity of J§ upon the
degree of melting incoherence decreases, and the corresponding values of J*
increase. This is quite fortunate since the analysis of clad velocity will not
have to depend upon the very complicated details of early transient heatup and
two-dimensional voiding [20] and clad dryout phenomena. It is also noted that
even for m = 1 the whole range of possible incoherence would imply upward
relocation (J|>1).

4.2 Assessment of Cladding Velocities

A most important quantity in assessing clad relocation potential in an
LMFBR during LOF conditions is the core pressure drop. Due to continued void-
ing it is not unlikely that a lower plenum pressure build up will occur. This
pressurization can be calculated by a SAS module called PRIMAR and can yield
values of m, at the time of clad melting for example in CRBRP analyses, 2 to 8.
From the flow regime maps of Figure 8 (a) and (b), we deduce J* values in the
range of 2 to 6.

Under such conditions substantial upward clad relocation and substantial
entrainment would be expected. In view of the quantitative observations re-
ported in sections 3.3.2 to 3.3.6, however, it appears that still a reactivity
feedback corresponding to all molten clad moving at 80 cm/sec would represent
a reasonable upper bound of the expected values.

5. CONCLUSIONS

Even under transient flow conditions the value J* = 1 represents the
threshold for upward film relocation. However, the two-phase frictional pres-
sure drop multiplier was found to be substantially smaller than that predictedby
the classical steady-state correlation;- for annular flow. Baseu on the values
determined here new flow regime maps fo.» -:lad relocation in I.MFBR bundles under
axial and radial melting incoherencles were presented. For large values of Jg,
upward relocation is usually accompanied by separation from the advancing film
front and entrainment. The entrairment mass proceeds at much higher velocities.
Based on these findings and the calculated (by SAS) core pressure drop substan-
tial clad relocation would be expected under LOFA conditions. It: does not
appear likely, however, that the reactivity feedback would exceed that calcu-
lated by clad motion of the whole molten film at 80 cm/sec.
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FUEL DISPERSAL EXPERIMENTS WITH
SIMULANT FLUIBS

fey

M. Farahat, R. E. Henry, and J. Santori

Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

Boiling poo] stability •experiments have been conducted
for open and "bottled up11 systems to ascertain the dispersive
characteristics of such systems. These studies were performed
in a microwave oven with water as the boiling liquid. High
speed movies demonstrate that open pools are dispersive at
very low vapor production rates and that "bottled up11 poo3s,
as a result of upward heat sinks created by the .pre.ssuri.2ation,
are also dispersive at vapor production rates equivalent to
2% of nominal reactor power.

POOL BOIL-UP EXPERIMENTS

INTRODUCTION

The sequence of event?; following the hypothetical core meltdown accident
In a liquid-metal fast breeder reactor would begin with the single phase
temperature Increase of the sodium coolant, and include sodium voiding, clad
melting and relocation, and finally fuel melting and boiling of a molten fuel
pool. The dispersive characteristics of this boiling mixture of fuel and
steel is a basic concern In the assessment of the accident progression and
consequences since this determines whether or not fuel slumping and compaction
can occur, and hence, whether or not strong reactivity events can be Induced
by the motion of the fuel pool.

Little work has been done in the area of pool ^oiJ-up for violent boiling
systems with internal heat generation which has a system of real Interest. A
great deal of work has been done In both boiling systems from a flat heated
surface and pool stability for .gas-liquid systems in which the gas is injected

*Wor> performed under the auspices of the €, S. Energy Research and
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through a fixed horizontal surface For these types of systems, the stability
of the two-phased flow regime has been quantified experimentally and analyti-
cally in terms of a ratio of the dynamic and nrf-iee tension forces. This
ratio is generally given as

where the parameter K is commonly referred to as the Rutatelad-ze number. This
parameter can be used to characterize the stability of a given flow process.
The following table, which is taken from reference 1, shows the value of the
parameter for various flow regimes as well as which phase represents a con-
tinuous media for the given flow regime.

The experiments described in this paper, were carried out to; '{!) inves-
tigate the relevance of this stability parameter for systems with internal
heat generation, and (2) to study the behavior of swh boiling systems when
the entire system becomes a sealed, constant volume container. This latter
configuration is the type of behavior one would expect from a molten fuel pool
attempting to move outward from the core region through eoTd steel structure.
The principal question to be addressed wder these types of circumstances is
whether or not the fue! would remain as a monotonically disjorsive system.

TABLE I

Stability Parameter K

Nature of Process

Breakdown of Bubbly Plow •vO» 3; p * pu

Breakdown of Churn Turbulent
Flow-Drop Fluid Lzatio11-! of a
Heavier Fluid -By A Lighter Fluid 'i/0, 14; p - p,

Flooding Of Liquid Films ^3; p = p,

Entrainment Of Liquid Films "3,7; p = p

EXPERtMENTAL APPARATUS PROCEDURE

The basic apparatus, which is shotm in Fig, 1, tor these unique experiments
was a 3arge microwave oven capable of operating at both one '(1) and two ^2)
kilowatt power levels, 'This oven was modified by replacing the darkened glass
in the oven door and the stainless steel screen, and by mounting high intensity
quartz lamps inside of the oven so that high 'quality, nigh speed motion pictures

be taken of the boiliag pool. Additional modifications included a
cylinder and plug s© that the test sections could be sealed dwring

the test and gas jets around the oven window to ainiimize any condensation and
obstructioa of the viewing

The tests wepe taken under two (2) different conditions. The first
series of experiments were conducted with the system at one atmosphere and the
top of the boiling vessel open tor the environment. These tests were conducted



as steady stale experiments to determine the relevance of the Kutatolad^e
stability criteria on the systems with internal heat genera!imi. The second
series of tests were conducted by heating the coolant (water) up to the
saturation point, applying power at the one (1) and two (2) levels to cause
the pool to boil up to the top of the test section at which time, the container
was sealed with a plug and the pool behavior was monitored by high speed
movies and pressure inst.rumontation. These experiments were conducted specifi-
cally to examine the pool stability under bottled up conditions.

The system power level for a given test section configuration was deter-
mined by measuring the time required to heat the system fron, room temperature
to saturation at one atmosphere. This power level was assumed to ronw! constant
during boiling of the pool. The rate of pressurization was monitored ny a
pressure transducer connected to a port, in the top plug. All h?gh speed
movies were taken at f framing rate of one hundred frames per second.

F.XPER1MENTAL RESULTS

The first set of experiments to demonstrate boiling pool stability in a
constant pressure system were carried out in a smaller microwave oven which
had •» maximum power output of 600 watts. Small, neutrally bouyant plastic
spheres were "seeded11 in the water coolant to insiire ample bulk nur ]e;at ion
sites. Experimental results were taken at varying power 'l-evels with different
vessel diameters to obtain a wide range of superficial vapor velocities as
listed in Table 11. These results are illustrated in Kin. 2 i" terms of
steady state average void fraction developed by the boiled-up pool as a
function of the superficial vapor velocity at ibo top of live pool. Since the
system was saturated at one atmosphere, the superficial vapor velocity at the
top of the pool can be evaluated from energy and mass balances and is given by

uv - Q V v / ( A hrs>
 ( 2 )

Figure 2 shows ;s tremendous increase in steady state void fraction for a vapor
velocity of approximately 0,05 M/s-ee. At this velocity, the system undergoes
3 marked transition from normal bubbly flow to the churn turbulent regime, and
the void fractions dramatically increase from standard b-ibbly flow void frac-
tions of 10 - 20% to values approaching 90%, Flow regime stability calcula-
tions predict that the onset of the churn turbulent regime should occur at a
velocity of 0,047 M/see, which is in excellent agreement with the experimental
measurements.

Similar calculations for oxide fuel predict the onset of churn curbulent
flow at a superficial velocity of 0.05 M/seo. For a completely vented, un-
pressurized system, the superficial fuel vapor velocity at the top of the pool
is approximately 250 M/sec. Consequently, one would expect a boiling fuel
pool to be monotonieally dispersive under such conditions, even at very lov
power levels.

In an actual reactor system, one would not expect that a dispersing pool
would remain at constant pressure since the movement of molten steel and fuel
into regions containing cold steel structure and perhaps sodium should result
in solidification of the fuel and steel. IVponding upon the amount of steel
and fuel available, this solidification may provide a rather strong coherent
plug as evidenced by the fuel solidification experiments reported in ref, 2.
Consequently, from a reactor safety point of view, one must assume that com-
plete plugging of these relief passages vonId occur, which then leaves the

1709



TABLE I I

Test Section
Power
W

60S

516

470

481

487

548

571

491

582

419

293

267

115

182

Vessel
Diameter

M

0.120

0.100

0.086

0.075

0.065

0.053

0.046

0.038

0.025

0.020

0.015

0.013

0.010

0.008

Belling
Ambient

Volurae of
Liquid

L

0.500

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.050

0.020

0.008

0.005

0.009

Pool Data
Pressure

Vdpor Superficial
Velocity
M/sec

0.040

0.048

0.058

0.080

0.109

0.181

0.244

0.318

0.845

1.006

1.227

1.537

1.079

2.917

Average
Steady State
Void Fraction

a

0-29

0.54

0.75

0.8P

0.80

0.86

0.84

0.91

0.91

0.91

0.87

0,88

0.93

0.95



molten boiling poo] in a constant volume, bottled up condition. On a? such a
configuration is established, pressnrization of the system will be initiated,
and during this pressurization, axial and radial heat sinks play an extremely
important role in determining the pool stability. This can bo illustrated by
first considering the adiabatic pressurization rate of a boiling poo]. An
energy balance between the increase of sensi le heat with the vapor and liquid
pnases, the amount of additional vapor formed to provide the pressnrization,
and the energy generated within the pool can be expressed as

If systems with void fractions of approximately 50% are considered, which is
the range of interest for core dispersal behavior, then the sensible heat of
the vapor is negligible compared to that of the liquid. If the vapor is as-
sumed to be a perfect gas, then

.1 dP 1 dT. ...
ffiv = \ (p dT " T dF} ( A )

Substitution of the Clasius-Clppeyron relation into eqn. U yields,

Equation 5 can then be substituted into eqn. 3 to give an expression for the
instantaneous rate

I , h, m /h, \ i ,„
= <tn c, + fg v f fg AldT

I v t I — ™ 1 I if"

(6)

of temperature rise. Assuming therraodynamic equilibrium enables one to eval-
uate the pressure rise rate. For a reactor system at full power, this initial
rate is approximately 0.43 MPa/j-ec as compared to 0.012 MPa/sec for microwave
oven test sections. The superficial velocities of the vapor required to pro-
duce these pressurizations are 0.53 and 0.01 H/sec respectively. Consequently,
the equivalent reactor power level studied in the microwave oven was approxi-
mately 2% of nominal. It is also noteworth that adiabatic superficial velocity
in the simulation is a factor of five less than that required to establish
churn-turbulent flow.

Self-prassurization experiments were conducted by plugging the vessel when
the boiled up pool rt .ched the top. In the movies which accompany the presen-
tation of this paper, it is obvious that the pool continues in a boiled up
state even though pressurization is occurring. How can a pool be "boiled up"
if the adiabatic superficial vapor velocity is less than the critical value for
churn-turbulent flow? The answer is axial and radial heat sinks. For the
adiabatic case, of the 1500 j./sec deposited within the pool, only 22.6 j/sec
are required for vapor production. Therefore, a small axial heat loss can
increase the vapor production rate many times. To illustrate this, assume a
bottled up configuration as shown in Fig. 3 with an initial average void
fraction of 0.50. Consider the only heat sinks to be the sensible heat of the
surrounding structure and assume thermal equilibrium exists between the struc-
ture and the pool. Equation 6 is then modified to include the structure.
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The addition of the structure decreases the rate of thermal escalation and thus
the rate of pressurization. However, the energy required for the sensible heat
in the upper half of the corw-.ainer must be supplied by condensing vapor.
Therefore, the true vapor superficial velocity within the pool is due to that
required for the upward heat sink and that required for pressurj.zation.

(8)

If this axial heat sink is included for the glass sensible heat in the micro-
wave oven apparatus, a superficial vapor velocity of 0.0? M/sec is calculated.
This *.n>uld mean that churn-ttirbuleint flow should begin at approximately 70% of
all liquid height. This is also in excellent agreement with high speed movie
observations. Figure 4 shows a comparison between the predicted (eqn. 7) and
measured pressurization rates, and it is seen that there is good agreement with
this simple prediction.

The role of the upward heat sink is to increase the superficial vapor
velocity within the pool. This was demonstrated by mounting a teflon cylinder,
which had been cooled to liquid nitrogen temperatures, at the upper end of the
cylinder. With this accentuated upward heat sink, the onset to churn-turbulent
flow occurred at about 20% of the all liquid height. This would correspond to
superficial vapor velocity of approximately 0.25 M/sec. In a reactor system,
the high pressurization rates will force all surrounding structure, both solid
and liquid, to appear highly subcooled, which will promote large axial heat
sinks, principally in the upward direction. These large heat sinks will limit
the pressurization rate and eventually equilibrium will be established between
the internal energy generation and the heat losses. However, at equilibrium,
essentially all the energy generated is in the form of vapor production, and
the pool is even more dispersive. The relative importance of these initial
heat sinks can be estimated through eqn. 8. If it is assumed that the sensible
heat of the subassembly can walls and a thin plug O'G.OOSM) of steel at the top
of the core are the only axial heat sinks, the maximum superficial vapor
velocity for full power conditions would be approximately 17 M/sec as compared
to the 0.53 M/sec adiabatic value. Consequently, the large initial pressuri-
zation rates under core disassembly conditions force the surrounding structure
to appear highly subcooled, which in turn, requires large vapor flow rates to
maintain the temperature escalation rate. This fact, along with the large
adiabatic superficial vapor velocities of such pods leaves little doubt that
boiling fuel pools will be monototiically dispersive for full and decay pow^r
levels, even under "bottled up" conditions.
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ABSTRACT

P r o g r e s s in m o d e l i n g tlio r e s p o n s e of fast r e a l t o r f u e l t o
a c c i d e n t t r a n s i e n t s is r e p o r t e d in f o u r a r e a s : f i s s i o n g a s r e l e a s e
f r o m g r a i n s a n d int r a g r a n u lar f u e l s w e l l in;;, f i s s i o n g a s red i si r ij.ut ion
a n d i n t e r n a l p r e s s n r i z a t i o n in so'.id f u e l , luel e r a . k in;; modi I s , a m i
fuel p l a s t i e i t v m o d e l i n g . A p p l i c a t i o n s of m-idel in [In- firsi t w o
a r e a s to c o m p a r i s o n ot' t h e d i s p e r s i v e p o t e n t i a l of iijel in .1 iKl-lK
h v p o t h e i i ca 1 u n p r o t e e t e d 1 o s s - o f - f lov aeridriit v i t h tin d i s p e r s i v i
p o t e n t i a l o f fuel in r e o e n t e x p e r i m e n t s a r e p n s e n t e d . I; i^ . .Mi.-liided
t h a t t h e r e a e t o r r a s e p r e s e n t s a ^ri-.n^T d i s p e r s i v e p o t e n t i a l .

R e c e n t a n a l v s e s o f h v p o t h e t i e . i l u n p r o l e e t e i ) t r a n s i e n t 1 o.^s-oi-f low (l.OF)
a n d t r a n s i e n t o v e r p o w e r (TO) 1) a c c i d e n t s porioniied in s u p p o r t el fast r e a e t o r
l i c e n s i n g e f f o r t s h a v e i n d i c a t e d t h a t fuel r e s p o n s e d u r i n g t h e i-arlv p h a s e s ot
a n a c c i d e n t s e q u e n c e c a n h a v e a s i g n i f i c a n t i m p a c t o n aeoidi'.n i-m-ri;et i c s .
U'h i 1 e a n u m b e r of s p e c i f i c q u e s t i o n s a r i s e in a n a l v s i s 01 iiu 1 ri-sponsi , t w o
m a j o r i s s u e s a p p e a r r e l a t i v e to t h e e n e r g e t i c s of 1.lie initi.it ing pliasi-. T h e s e
issiies, s i m p l y s l a t e d , a r e e a r l y f u e l d i s p e r s a l d u r i n g a t.OF ai-cideiit, a n d t h e
r e s p o n s e -u i-Jad fuel p i n s t o p o v o r t r a n s i e n t s . T h e L i t t e r i t e m i n c l u d e s t i m e
a n d l o c a t i o n o f c l a d d i n g f a i l u r e a n d s u b s e q u e n t f u e l m o t i o n .

F.arly fu e l d i s p e r s a l - a d i s p e r s i v e m o t i o n o f t h e fuel in t h e first s u b -
a s s e m b l i e s in v b i o b c o n d i t i o n - p e r m i t t i n g f u e l m o t i o n a r e real",>ed - a p p e a r s t o
b e o f p a r t i c u l a r i m p o r t a n c e in s i t u a t i o n s in w h i c h m o d i - r a t e r a t e s of s o d i u m
v o i d r e a o l i v i i v a d d i t i o n a r e r e a l i z e d . In s u c h c a s e s , e a r l y f u e l d i s p e r s a l c a n
r e s u l t in a:i e m r g o l i «a 1 1 v b e n i g n i n i t i a t i n g p h a s e , l e a d i n g t o m e l t d c v n i n t o a
t r a n s i t i o n p h a s e . H o w e v e r , if r e a c t iv i I v fee d h a o l . f r o m v.-ivlv luel d i s p e r s a l is
i n s u f f i c i e n t , r e a c t o r p o w e r w i l l c o n t i n u e to r i s e .is v o i d i n g p r o i - e e d s , l e a d i n g
to th(.v p o t e n t i a l f o r f u e l p i n f a i l u r e s in m i v o i d e d s u h a s s e m b l i i-s. Sii""h f a i l u r e s
a r e p o t e n t i a l ly ant orat a 1 vt i c. U n d e r s t a n d i n g o1 trie dvna.mics of f u e l d i s p e r s a l
is n e c e s s a r v to i d e n t i t v a l l o w a b l e r a t e s of r e a c t i v i t y a d d i t ion s o that a p p r o -
p r i a t e d e s i g n m e a s u r e s c a n b e t a k e n . It s h o u l d b e n o t e d t h a t , if t h e v o i d
r c r t i v i t v a d d i t i o n r a t e is s m a l l o r n e g a t i v e - , s u c h a s is t h e c a s e in t h e F T R ,
e a r l y f u e l d i s p e r s a l is n o t n e c e s s a r y io a c h i e v e a n o n - e m - r g e t : o i n i t i a l i n g
p h a s e .
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Kesponsc of clad lurl pins to power lr;insiriils ,11 isi'S .is .-i m.-ijui issue in
(wo coniosts, On.1' ot those, the so-calfed '"l.Ol-'-'.ir'l vi-n TOP," may ••<imf- about 'if
early fuel dispers.l does not terminate llie reactor power transient resulting
from void reactivity addition* Fuel pin failure in unvoidej sub.issemhl ies mav
have the potential to produce an toe.it a I yti e roactivitv add i t ions il sodium is
removed from 'the core without compcisal ing reac 't ivi t v removal due- to fuel
motion. The other context 'in which respouse of cladding is a major issue is
that of i lu- classical TOP accident, in which the time and location of failure
largely detormi .e the initiating phase energetics-. RogardV'Ss of l he context,
one needs to understand the meehani sms producing loading on (lie cladding before
and after initial failure, the response of cladding te the imposed loads, and
the tuol motion before and after cladding failure-.

Rational study of (.be pheno!;ienolog> ot fuel response to accident transients,
and early fuel dispersal in part icu'l.-jr, requires definition ot a set of rele-
vant technical issues-. One such set includes!

1) the quantity and distribution of fission-gases and volatile fission
products at transient 'initiation-.

21* Redistribution of gases and vapors during a transient pi ior to fuel
pin disruption-.

3) The mechanical response of fuel and cladding to pressure- gradients and
external forces, including the mode and timing of fuel pin disruption-.

4) Energy ;-;nd momentum interchange between gases, vapors, and fuel
following disrupt ion,

In the present paper, the status of our concepts and model ing, particularly
relevant to items 2) and 3) above, will be discussed, and several results oi
interest" will be presented.

Fi ss ion-gas Re 1 ease and_ 1 ntrag_ranu_l ar Swejling

Understand'! ng oi" the behavior of fission gases and effects of these g.ises
on ["ucl behavior is fundamental to understanding the response of fuel in ,-m
accident ti ansient-. tn'tragrantil.-ir fission g.ises can cause swelling of tin- tuel
grains due to bubble coalescence prior to melting, as veil as provide a ionsid-
erable pressure source for dispersal o{ molten fuel-. 1 n't crgranul.-.-r fission
gases can cause breakup of solid fuel due to collection of bubbles on gr;-:'in
boundaries and can provide the pressure gradients neocssarv to disperse fuel
particles after breakup-. lnte\-granu lar gases .̂ av also contribute- to gross
swelling of fuel under certain conditions-. Gases released into connected
porosity can directly load the cladding, as well as cause indirect loading
through swelling and molten fuel pressuriza t ion mechanisms-.

Modeling of transient intragranular fission-gas behavior is based on the
hypothesis that, during an accident transient, gas that is normally present in
unirestruetured fuel as a supersaturated solution oi individual gas ,-uoms will
-precipitate rapidly into bubbles, which migrate, coalesce, and move to grain
boundaries, Grain boundary gas can also escape to grain-e^dge porosity, where
it provides a source of internal pressurination of 'fuel. The FRAS code (1| is
us<?d to carry out a probabilistic analysis of Infbble coileseense during the
transi-ert, the 'principal -result of which is the variation of bubble size and
density distribution vjf'th time-. Bulvble size is important because the reduced
surf ace-energy restraint for larger WKM-os- leads to swelling, and the larger
bubbles have lower mobi'iity leading to slower release of gas to grain boundaries-.
Surface aif'fusion is assumed to be the dominant bubble migration mechanism, -ind
biased migration up the tempefa'ture gradient is found to dominate over random
migration in most cas-e-s, Tn tlno 'present FRAS 'code, all bubbles are assumed to
be in 'equilibrium with surface 'tension and hydrostatic pressure forces-.
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I' i -•••; i en-gas l;. d i st r i but ion and Internal T'ressur i z,-i t i on

K> lease ol I ission gas from fuel grains ma'-cs the g.'is available to produce

fuel di-p.rsivi ! orecs i>r loading o( cladding.. An estimate ot' I Inv-u- g r a d i m t s

and leadings is loquirod, along with an estimate of the <]uai-;ities ,-t gas in

•,;r.iins, in porosity, and lost from tin: ss.s, -n prior to disrupt ion. As a first

approximation to the nroblom of gas red i st r i but. ion, a modei based on the theory

of I" low in a por.uis medium has he-en constructed 'ind implemented in a code

iailed I'oRlVS. In this model, fission gas is assumed to be released directly

iron grains into a network of connected pnrositv .iccording (o the FRAS model-.

Holdup on grain boundaries is not considered, M f.%n be shown lh.it Parcv''s law

di'scribi's the gas flow for conditions of int-erost in tin ^ response analysis,

llie pi-r l i'c t-gas equa t ion-oi'-sti-it i1 is used-. Boundary conditions at tlv.1 outer

radius of the fuel may he a prescribed Pressure, simulating an open gap or

absence of cladding, or no flow, simul-ating a d o s e d gap. At the inner hound-

arv, the central void pressure is used if a central \ oid exists; otherwise, a

?iTo gradient at the eenterline is •.• suraed-. A mul t i -axial -si'gment version of

the mode] is available, with the axial sepmerits coupled through a cent r-il void

or molten fuel and through, the external boundary condition-. At present, the

code does not provide for change in porosity volume during a transient, it is

assumed that all porosity is connected, and the temperature history is obtained

from the results of other rod-es or I rom experimental data-.

Appro; into values of permeabi1 itv .-r fuel to gas flow present a diffi-

culty in quantitative analysis. In naiv cases of interest, the nominal fin 1

densities are close to "zero-permeabi 1 i t v" values-. However, if zero perrnca-

bilitv is assumed, pressure buildup in the pores is vorv rapid as soon as gas

release becomes appreciable. This pressure, plus externalIv applied stresses,

should rapidly oper up paths for gas redistribution-. For tae present calcu-

lations, permeability values extrapolated from data of Graham |4| are emploved;



I ho extrapolated values have at least order-of-magni Cude uncertainties'.
The centiv.l void, if present, is assumed to have a uniform temperature and

pressure at all times- All fuel at or above the fuel melting temperature is
considered fully and instantly melted due to the curve-fit nature of the temper-
ature history- Upon melting, tire volume occupied Ivy the melted fuel is i,i-
i-ViMswi hv an amount determi ed from both the mass of fuel melted (accounting
lor poro.vity) and the change in density of the fuel upon melting. The volume
occupied by the gas in 1 he central vo-.d is just the total volume of the void
minus that of the liquid fuel- It is assumed that the gas within the void is
at the same torwieraturo as the molten fuel and its pressure (ia-», the void
•pressure) is obtained from i,re perfect-gas law-

Fue 1_ Oraokj rig_

Modeling of the response of fuel to accident transients requires consider-
ation of cracking of the fuel, since in many cases of interest the fuel will
behave in a brittle "manner* Predictions of pellet deflections and resu'itant
cladding loads depend significantly on whether or not cracking is considered-
Cracks also provide a means by which moiten fuel can escape from the central
region of a pin, as well a-: providing a path for gas to escape- Removal of
fuel and gas fr irn the central region of the fuel alters the pressure history in
the central zone. Thus, predictions are needed of the number and depth of
cracks, and the effects of cracks on fuel-peli-et defleotirons- Radial cracks
are iif most immediiaro interest-

Several approaches to mod'oling of cracks have he-en report'od, incTiding
modification of elastic properties and setting the principal stress perpendic-
ular to cracks to zero. To provide a means of assessing the suitability of
these approaches and to examine crack propagation 3M a pellet, a model of
cracked fuel which examines the behavior of wedge-shaped elastic segments,
hounded on the inside by a due-tilt zone and on the outside by cladding., has
been developed- This model is depicted im Fig- 2- Cracks partially traverse
the elastic zone along radii bounding the wedge, and no normal or shear stress
is permitted at cracks- Exfir.inati-on of the stre'ss-cs around the tip of the
crack allows prediction of crack propagation-. Analysis of stresses withlii the
wedge allows prediction of new cracks- The solution technique employs boundary
collocation, and is suitable for repetitive caIcnlataon-

One result obtained from this model is shown in Fig- 3, where the maximum
and minimum deflections at the outer radius and total crack-opening displacement
are indicated as a function of the included angle of it-toe wedge- Owe sees that>
•even for as few as 8 cracks (45C inclluded angle), the 'deflections differ only
siightlly from the values for an infin'it-e wimfeer «f cracks- This result suggests
that th« simple one-^imewsiona1 crack wiodel that sets the stress perpendicular
to cracks equal to zero may provide a reasonable approximation of the pellet
deflections for many cases of interest-.

Calculations of stress intensity f-actors f-or cr-a'ck proipagati«n are shown
in Fig- -4- At any time during a transient, intersecti«n of these cwrve-s with
the cr»!tica3 stress intensity factor cxirve provMes >a criterion for crack
propagation- Reswlts 'otet̂ ine<3 ttows far s\iggest that stable crack propagation
•may be a sua'tafele model for tnany 'cases of •init'eriest to acei>dent analysis where
jpreiransient wiacrocracks exist- If-feat is, fuel having a tensile principal
stress in excess of the fracture strength can W ccssidered to be cracked, but
cracks woi;!<l not proipagate wnst-afely Im'to lower stress regions-

yuel Plasticity

In most of the transients of interest, fuel will undergo a temperature
change from tine normal operating range to melting- At tine feigh temperatures
involved, time^'de^'endent fuel <defoimati©w -and dilatation «iechanis:ms iprobably
occur at very Mgih rates-, eve® in tlie context of rapid heating- In addition,



the creep and hot-pressing equations thought to apply are highly non-linear in
stî ess. Special numerical techniques are therefore needed to determine the
mechanical response of the fuel.

The usual method for combining time-dependent strains vith elastic strains
in the mechanical analysis of fuel is to assume that during a given time incre-
ment., the time dependent strains accumulate at constant stress. At the end of
the time incremeT.;-, elastic strains are superposed with the total plastic
strain such that the equilibrium equations and the houM -try conditions are
satisfied.

Although this algorithm may be suitable for steady-state calculations,
difficulties arise in applications to safety-related analysis. During -an
accident transient, stresses in the hc:ter regions of the fuel relax on -a time1-
scale considerably shorter than the time-seal* of the transient. As the fuel
approaches melting t«mperatlures, this creep-relaxation time approaches zero.
Unless time steps are chosen smaller th«.i the relaxation time of the hottest
fuel, numerical instabilities result from the calculation of unrealistically
large creep strain increments. This difficulty has been overcome in some foel—
pin models by simply assuming that the fuel above a certain temperature is
always in a relaxed state of hydrostatic stress, However, although it is
generally true that such ,1 hydrostatic zone does exist in the fuel at any given
time during a transient, elasto-plastie calculations using a general purpose
finite element code have shown that the zone boundary depends both on temper-
ature and heating rate. Fuel that has compUvteSy relaxed during steady state
may respond elastically during a rapid accident transient,

An •alternative to calculating plastic strains by assuming that the stress
remains constant over a given time increment is to make use of the fact that,
even during rapid stress relaxation, total strain changes in the fuel are
small. The LIFE fuel performance code '[5] makes use of this algorithm. An
initial gues.5 for the total strain increments is made assuming that the strain
rate is constant over the time interval. The plastic components of the strain
are then determined from a finite difference approximation of the constitutive
equations along with a 'ftewtom-Raphson solution of the resulting nonlinear
equations. These plastic strains are used as initial strain contributions in
an equivalent elastic problem that satisfies the equilibrium equations and the
boundary conditions, The resulting total strains fottn the next approximation
in an iteration scheme,

A second alternative has recently been developed which appears promising
for application to transient modeling. The change in the total strain is again
assumed to be small over the time interval of interest, However, instead of
choosing the strain path as one of constant strain^rate, the path is assumed to
consist of two segments. Over one segment the strain is held constant and time
varied, while over the other s&gjt̂ nt, time is held constant and the strain is
varied. The fuel response over the first part of the path is determined by avi
exact integration of the constitutive e'q-.a'tions, while the response to the
second part of the path is necessarily elastic and can be determined from
existing solutions such that at the end of the time interval, the equilibrium
equations and the boundary conditions are satisfied. Although this staircase
approximation to the strain path is probably less accurate than the linear
approximation, it does have the advantage of -dirt-t integration of the consti-
tutive equations without the need for solving nonlii.̂ ar equations or for iter-
ation.

Figure 5 shows a comparison of finite—element calculations (curves) with
predictions using the simple algorithm outlined above (symbols), ?"he particular
application is for a carbide fuel pin subjected to a steady-state temperature
distribution for 10 hours followed by an overpower transient with a period T of
60 seconds. Even though large time steps were us.?d in the simplified approach,
agreement of results for both stresses and displacements is excellent.



APPLICATIONS TO ASSKSSMKNT 01- POTKN'TIAI. FOR 1ARI.Y FlT.l. D1SPKRSA.

H is use) ul to postulate a sol of requirements for early fuel dispersal.
These appear to bo;

1) Pressure gradients relative to the region into which fuel must mo\ <••
must he avail.-aTile to disrupt fuel as suitable conditions obtain. These
pressure gradients 'must arise from sources internal to live fuel pin,
such as fission and fill gases in the central void and porosity due
to steady-state irradiation, fission gas retained in grains or released
to grain boundaries or porosity during the transient, and fission
product vapors from volatile species*

2) The pressure sources must not he dissipated in non-dispersive fuel
motion. Large scale swelling may dissipate the dispersive potential
of the intergranular gas. Equilibration of inlragranular gas bubbles
would minimize the immediaLe dispersive potential from this source.

5) In order to continue the dispersal process after pin disruption,
dispersive forces must he maintained. Thus, excessive net gas sepa-
ration from the fuel during the early stages of dispersal must not
occur, unless oilier dispersive forces such as sodium vapor streaming
can become effective.

There appear to he three modes of disruption of irradiated fuel pins which can
he postulated based on test" results. These modes are; 1) large-scale swelling
of fuel at elevated temperature, 2) "chunk" breakup of the solid shell surround-
ing s molten core, and 3) breakup of solid fuel into small particles due to
grain boundary separations.

Large-scale swelling of irradiated fuel would be favored by high fuel
temperatures, long times at temperature, and lack of mechanical constraint.
Swelling can come about through the action of both inlragranular and inter-
granular gas bubbles. The rate of swelling depends on the rate at which gas
bubbles coalesce, diie to random or biased migration, the rate at which bubbles
grow towards equilibrium size after eoaloscense, and the rate at which the fuel
can deform to aceomodate pressures in porosity. These rates tend to increase
markedly as temperatures approach the melting point. The requirement for lark
of mechanical constraint implies a uniform high temperatwro in the fuel or
extensive cracking of cold fuel. If sufficient bubble Coaloscense and/or
unbalanced pressure due to TIOTT-equilibrium bubbles is attained, a breakup into
particles by transgr-mnlar fracture or .grain disrupt ion may .occur.

Breakup into chunks of a solid f»el shell surrounding a molten core would
be expected in cases in which steep radial gradients exist. As fuel 'melting
starts, an internal pressure will be generated which will tend to move solid
fuel radially. If radial cracks exist linking the molten core with the ambient,
molten fwel can be ejected through the cracks to partially relieve the press\jre.
•However, if no cracks exist or cracks are plugged by once-molten fuel, pressiire
can build up and eventually rupture the solid shell, with radial motion of
solid and molten fuel.

Breakup of solid fuel into small particles due to grain boundary separation
voiald be. favored by rapid gas release from grains to grain boundaries producing
high pressure gradients in connected porosity, and by high pressures in grain
boundary bubbles, "Relatively high fuel density and low permeability to gas
flow are favorable conditions. The time-temperature relationship must be such
that massive swelling is not produced,

•Application of the fuel response models in the FRAS and POROUS codes
allows a comparative evaluation of the potential for dispersive fuel motion
from intragranwlar and intergranwlar gas, respectively. For illustration, five
•cases h.we been examined; tve calculated voiding-driven power transients in
the CRBR, corresponding to two different representations of the reactor in SAS
inipiat, and three thermal histories -calculated for TREAT experiments, tests L5
!['6|, 1*1 ([?!, and F2 l[8j. Test L5 was a loop simulation of a loss-of-flow



accident with irradiated iiu-1 and a power excursion after sodium boil-ing. Tost
fl was a dry capsule tost using irradiated ftiol run at constant power, while ¥2
used fresh fuel .mil incorporated a power hurst. In all cases, the eal i ul at ions
are one-dimensional, examine; the axial location ot' maximum t emperaturo. The
temperature histories in unrestmctured f vu 1 are shown in Fig. h, and radial
temperature distributions ,n the time of initial melting are shown in Fig, 7.
(Note that the power transient in F2 occurred after the time under consideration
and is not reflected here,)

Results of FRAS calculations are given in Table 1. The prod it-tod gas
release fraction is relatively low in each i-~so, suggest ins that intragranular
gas should play an important role in fuel disruption and dispersal. CXoto that
the quantity of gas available in F2 is an order of magnitude less than in the
other cases.) F.qui 1 ibrium fuel swelling is predicted to be largo in all cases,
although there is a factor of three spread between extreme values. The calcu-
lated value is an upper limit based on instantaneous equi1ibration, and is an
index to the amount of bubble coalescence to be expected. That is, the higher
the swelling values, the more coalescences taking place and the larger the
quantity of gas per bubble. The mean bubble radius in the final distribution
is indicated, from which the final equilibrium pressure can be estimated.

Case

CR/N

OR/A

Fl

F2

1.3

Grain
T)ia., ;

10

10

8

8

10

TABLE 1, FRAS

Release
m Fraction

.201

.237

.228

.651

.193

Analysis of

Svel1 ing,

187

2 4b

122

•(•>

9 5

Dispersal

R,
rim

27 5

380

211

109

1 59

Potent

t*,
sec

. 11

.49

.88

.05

.09

ial

T(t*),
°C

2 380

2280

2M0

2750

2-iM)

Relax
Frac,

.09

.29

.88

.13

.07

Taken at face value, these results suggest that large-scale swelling would
tend to occur (except in F2) and dissipate the dispersive potential. However,
consideration of the data in Fig. 1 and the relevant thermal histories reveals
that large-'scale swelling should not be expected in all cases. The value t* in
Table 1 is the elapsed time available between achievement of a mean bubble
radius of 100 nm and fuel melting, and is the time available for equilibration
of bubbles. The value T(t*) indicates the temperature at which 100 nm mean
bubble size is attained. Finally, live fractional relaxation of bubble radius
is indicated as an index to the extent of eaui1ibralSon of the product bubble
resulting from coalescence of two 100 nm bubbles at the lime I*.

Quantitative interpretation of these results ill terms of dispersive forces
is not yet possible. However, a reasonable postulate is that a combination of
large equilibrium swelling and small relaxation of bubbles vould produce a
dispersive system. The large swelling reflects many bubble coalescences vhile
the small relaxation fraction indicates that most of the coalesced bubbles are
out of equilibrium, and thus represent a potential dispersive force. On this
basis, it appears that both of the reactor cases, labeled CR/X and O.R/A, and
the 3.5 experiment have greater dispersal potential than the Fl and F2 experi-
ments. In general, experimental results are consistent with this postulate.

The proceeding discussion focused on behavior of intragrarauar gas bubbles,
and effects of these bubbles in causing largo-^cale swelling or \»iilvj lanced
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forces within grains due to unequilibrated bubbles. However intragranular
bubbles probably will not cause grain boundary separation, nor will they promote
breakup into chunks. Such phenomena are more likely to be the result of int-er-
gramilar gases and the forces resulting from their presence.

Application of the POROUS code analysis allows comparison of different
transients and fuel samples with respect to pressure gradients available from
intergranular gas. Figure 8 shows the radial distributions of pressure within
the -assumed porosity network and the central cavity for the various reactor and
experiment cases considered above. Table II gives certain input variables of
importance. A consistent set of assumptions •regarding porosity and permeability
were used in the cases presented. Values used were-: porosity of A, 4% in
columnar fue] .and 11.8% in equiaxed and unrestructured fuel, with permeability
of 1 x ID"1'1 mm7- in columnar fuel and 5 x Iff"11 mm2 in e'cniaxed -and unrestrueture
fuel. Permeability values are. subject to very large uncertainties. Further-
more, the effects of cracks have not been considered. Thus, the present results
should be regarded as comparative in nature.

TABLE II. Parameters of POROUS Calculation

CR/N CR/A Fl

I n i t i a l Pressure '(MPa) 3.49

1.38/C (JO : >0 a toms /cc )

Normalized Radius of
Kquiaxed Fuel '0,655

Time to First Fuel
Welting (sec) 11.5

1,83

l.M

0.725

15.0

0.301 (5.111 0,099

1.00 0.19 3 l.'QO

0,8'62 O,7'95 0.-655

31.0 11.0 13.0

Melting not accounted for.

Data for each ©f the curves in Fig. 8 were calculated by assuming the pin
c-oss section to be at a uniform pressure and have the steady-state temperature
distriV.ition at time zero. During the early part of the transient, a constant
pressure equal to the initial pressure was maintained at the pin outer radius.
When cladding melting was indicated, the boundary pressure p was changed to
the ambient value. Figure 8 was plotted from data taken as the centerline
reached melting. Both reactor cases show high pressures in the central void
and the columnar fuel, which largely reflects constant-volume heating of the
gas originally in these regions. The lov permeability assumed for columnar
fuel essentially permits no gas redistribution in these regions, fressufes in
the equiaxed and unrestructnred fuel are lower and reflect competition between
gas release to the porosity from grains and loss from the porosity to the
ambient. Higher pressure in the CR/N case occurs because gas release is more
rapid, although smaller in total amount. S?nce no gas is assumed to be present
in eqwiaxed fuel grains, a local pressure minimum is sometimes found because of
slow diffusion from unrestrnctured fuel, Data for both L5 and Fl show the
effect of fission-gas release from grains alone. In these cases, the initial
pressure was low enough that appreciable central void pressures are not realized
until melting begins. However, gas release is rapid enough to produce larger
pressures in the unrestruetured &a4 adjacent eqwiaxed fuel. Test F2 was analyzed
assuming no fission-gas release from 'grains, so the pressures reflect only
heating of the original fill gas.

Interpretation of these results in terms of pin disruption modes leads to
the conclusion Onat, because of the Mgfoer initial pressure, both CRBR cases



show potential for disrupt ion hv chunk breakup well in excess <>; i bat in t be
experiments. As melting starts, tin1 fOiur.il void pressure in tin1 other cases
will build up, but not so rapidly. Because of t lie uniform hitli t emperat uri\s in
the Kl and F2 i\i?>s (see Fig. 7 ) , one would not expoft pressures .is high as
those computed since the constant volume assumption is a 1mosi rert.iinlv violated.
(Of course, high pressure could result from rapid healing ir FJ! after the time
ot interest here.) Since disruption by particle breakup due to grain-bomidary
separation should he favored by pressure gradients near the outer radius, the
CR/N case would have the most potential for sueb disruption.

The results presented here illustrate an important modeling a p p l i c a t i o n —
assessment of the extent to which certain experiments simulate reactor conditions.
Overall, one must conclude that tho tests considered here are not good simu-
lations of the reactor cases in question, and that the reactor should produce a
more dispersive set of conditions. Thus, w o have a potential for earlv fuel
dispersal leading to limited initiating phase .nergetics for the CRBR unprotected
loss-of-flow accident.
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Fig, 1, Bubble relaxation times. Fig. 2, Fxiol-pin crack geometry.
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Fig, 3. Craoked fuel displacements.

Fig. 4. Stress intensity factors
for N cracks.

0 9 4 ran*

Fig, i. Transient fuel stresses.

T)m», sac

Fig, '6, Thermal histories.

Fig. ?. iRadial teraperatwre
distrifewtions.

\,

ffl.s

Fig. 8. Radial pressure
distribwtions.



TRANSIENT rNDKRCOOUNr, ANALYSIS 01 THI".

DISPERSAL MECHANISM TEST

L, Mync, 0. H. Bowers and J. B. Heinoraan

Argonne National Laboratory
Argonne, Illinois <S0.:, 39, V.S.A.

ABSTRACT

The initiating phase response of the proposed Dispersal Mecha-
nism Tost to an unprotected loss-of-flov initiator is suidiod vith
the SAS3A accident analysis code. This is done in ovJrr to sludv
the question of whether or nol the initiating phase would have a
high probability of evolving into the gradual core meltdovn/hoi1 up
transition phase scenario which this proposed test is intended to
examine. It is found thai tho initiating phase could veil termi-
nate with a power burst driven bv the slumping of fresh fuel. This
lias led to a search for core design changes which would lend lo miti-
gate any such burst.

INTRODUCTION

The purpose of this work is to examine the initialing phase response of a
small fast reactor lo a postulated loss-of-f1 .iv accident. The essential tool
used in this analysis is the SAS3A Jl] accident analysis code. The transient
calculations are used tu provide guidelines for an appropriate design of the
experimental facility that could help in the understanding of .icridont phenomena
that cannot be treated by present accident analysis codes or observed in present
experimental facililies. The phenomena of concern are those which govern the
behavior of a growing molten/boiling fuel/steel region in a voided and disrupted
LMFBR core.

Recent analysis [2], based on lieat transfer and two-phase flow stability
criteria in ho.it generating pools, suggests that tho internalIv heated oxide
fuel-steel mixture found in an already-disrupted core is not likely to recom-
pact. Confirmation of this phenomenon requires a minimum portion of a repre-
sentative i'eactor core which contains molten fuel and steel. For this reason
an experiment consisting of a small self-driven reactor in which a loss of flow
occurs has been proposed 1.3],

The following sections describe some of the design parameters of the
reactor design, parametric SAS3A cases that are believod to provide a conserva-
tive bound to the true transient behavior, and concluding remarks concerning the
usefulness and applicability of this study.
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OF THK DMT

To establish feasibility of tbv test it is necessary that the core will
operate under prototypic L-MFBR conditions. To accomplish this, the current
concept requires seven subassemblies, chosen to be structurally identical to
the CRBR subassenblies. The seven highly enriched U0~ subassemblies are sur-
rounded by a blanket and <ontrolled by a suitable reflector. Since it is
expected [3] that fuel dispersal will occur even at low power levels, a few
days of full power operation are required to assure sufficient decay beat.

Voiding a sodium-cooled core hardens the spectrum and increases the neutron
leakage. Because the leakage is dominant in a small core <i negative void co-
efficient of reactivity will result. To introduce a prototypic positive void
coefficient a small amount of Lithium is introduced into the coolant. This
does not significantly change the thermo-physical properties of the coolant.
To provide negative Doppler feedback, some power is produced in the blanket
re.gion of the reactor. Table 1 lists some of the design parameters at full
power operation that resulted from reactor physics and thermal-hydraulic
calculations.

THE SAS3A MODEL

A four-channel SAS3A model is employed for the transient an lysis. The
discrete channel structure, illustrated in Fig. 1, coincides with Fuji enrich-
ment discontinuities, different pin size regions, and radial subasŝ inbly wall
boundaries. An iterative sequence of calculations between r-z neutron diffusion
and the thermal-hydraulic (SAS3A) steady-state calculations are carried out
using the mapping techniques discussed in Ref. A. This iteration yields a
consistent neutronic and thermal-hydraulic description of the core at steady
state operating conditions. Once the converged steady state agreement is
achieved, a first-order perturbation approximation is used to determine
spatially distributed reactivity feedback coefficients,

LOSS-OF-FLOW INITIATING PHASE ANALYSIS

'''se of the SAS accident analysis code provides a deterministic descrip-
tion of the transient behavior. Despite the uncertainties present in the
phenomenological models, it is believed that examination of several limiting
cases bounds the actual response of the proposed DMT to the loss-©f-flow
initiator.

The SAS3A cases whose descriptions follow were generated by making
different assumptions within available SAS3A models regarding the nature
of the interactions between fuel, steel and sodium vapor in a voided,
disrupted LMFBR subassembly. All cases examined here start from the
same steady state conditions and use the same flow coastdown. For conve-
nience, these cases are summarized in two parts: (a) a complete descrip-
tion of the base case, followed by (b) a description of several parametric
cases starting from an already-voided core.

(a) Upon initiation of pump coastdown the first changes in reactivity
and power are due to fuel and coolant thermal expansion, and negative Doppler
feedback. The blanket region (Channel 4) provides approximately 90X of the
over—all Doppler coefficient. Until the time of boiling inception, the nega-
tive Doppler dominates and keeps the power level below nominal value. Vapor
bubble formation first occurs in the inner core (Channel 1) at the boundary
between the active core and wpiner axial blanket. Later stages of coolant
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hoil^ng in the remainder of the core are characterized by mild oscillations
in -.over and reactivity as voiding spreads through the core and ayial blanker.
Positive void reactivity (never exceeding +50c) and reduced heat tYa-.i!=w"<_r from
fuel .esult in rapid clad dryout and subsequent melting of claJ. The r.elring
of clad begins just below the npper-Manket-core boundary. The ne^l s * v e of
the initiating phase is governed by clad relocation and the associated roac-
tiviry. The forces acting on the molten clad are the foll'.^ing: frict.o.i
between clad and streaming sodium vapor, friction with soi'^ fuel or solid
clad, gravity, and the coolant vapor pressure drop. Upw.rrJ *_lad ntion it.
initiated in the central suhassembly upon satisiactic^. of i < loodi.ig t/itoria.
Approximately one second after the initiation of clad .:. vion, 1/3 of the core
cladding in the central subas^mbly is found «fro_en in th' upper axial
blanket, indicating the formation of steel blockage;- AfLer this event, due
to the absence of upward streaming vjpor, the remainder of the core cladding
drains down under gravity and creates steel blockages at the bottom of the
core region. The entire core experiences such clad relocation pattern, and
the net reactivity associated with this motion is never belov -55c, thus
having approximately equal hut opposite sign to the coolant void reactivity.
Fuel melting begins before the final formation of the steel blockages are
comnlete. Once the melt fraction of the fuel reaches the assumed value of
0.8, the one-dimensional compressible hydrodynamics model, SLUHPY [5], is
nst-d to determine fuel motion. The compressible region is assumed to be a
homogeneous mixture cf fuel and steel containing 7/' of clad steel. Coupling
between coolant vapor pressures and the slumped (compressible) region is
assumed. Fuel collapse i.i the outer core region produces a prompt critical
excursion and initiates fuel slumping in the inner core. Finally, -as the
fuel tempera lures in the outer core reach fuel boiling temperat, -o, fuel
vapor dispersal results in large negative reactivity insertion, indicating
neutron5c shutdown. Due to the time constants for heat transfer to steel,

the duration of the prompt critical burst ('•(•> x 10 sec) did not allow for
earlier dispersal of fuel by steel vapor. The energy release during this
excursion is calculated by SAS3A to be 320 >1J.

(b) Since voiding of the cove does not result in prompt critical
conditions and the associated reactivity oscillations are observed to be
somewhat similar to a larger core with positive void coefficient, further
investigations of potential DMT response in an already-voided core are made
by varying assumptions regarding interactions and modes of fuel, clad, and
sodium vapor dynamics. The assumptions involve the following phenomena:
(i) restrictions on clad relocation, (ii) variation of the fuel melt frac-
tion to initiate the formation of a compressible (slumped) region, 'iii)
coupling between slumped fuel and coolant vapor, (iv) the amount of steel
in the steel-fuel mixture of the slumped fuel. Tables II and III list the
assumptions and the character of the prompt-critical bursts that resulted
in the five cases considered. The detailed scenarios predicted by SAS3A
for these parametric cases do vary somewhat. Restraining clad motion, and
thus eliminating its negative reactivity contribution, enhances early fuel
melting and motion. Variations in the melt fraction required to initiate
fuel notio7i and in the assumed mode of fuel-sodium vapor interaction result
in fuel motion ranging from a slow plastic fuel eOiUipse to more dispersive
motion. However, all five cases eventually result in a prompt critical
burst initiated by a small amount of fuel compaction whieh terminates due
to fuel-vapor-induecd fuel dispersal. The heat transfer time constants do
not allow enough time to vaporize the mixed-in steel during prompt critical
reactivity levels, and no significant steel vapor pressures exist during
slumping. The energy releases during the fuel motion range from 320 MJ to
650 MJ, and time scales associated with these energy releases range froro 2.U
to 7.5 ms. Fig. 2 illustrates a typical power and reactivity history during
the entire transient.
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On the basis o1 t ho SAS S.\ ea) i-u ).)l ions ih Sirihid above, it can bo seen
that the eonbin.it inn of tin- s,7ia 1 1 Dopplor em-i 1 i oient , the small hi&hl v-enrlched
core, and the ooluTont beh,.vit.r inherent in a soven-subassomhly core result in
the DMT i-oiv design just analyzed being quite sensitive to initial fuel motion.
Because sueh initial motion may well be n >n-d i spors i ve in 1 resh fuel, it is
difficult to preclude the occurrence of tbr burst which SAS3A predicts. Such
a mode of initiating phase termination would not he prototypic of the transi-
tion phase entry modes predicted bv SAS iA lor reactors like FTR and CRHR.

Two possible core do.-.ign modifications suggest themselves from study of
the SAS3A c.j 1 nil at ions. More voiding, cladding relocation and fuel motion
incoherence could ho added by utilizing a larger number of .smaller subassem-
blies orificed and enriched to add both power and power-to-flow incoherence.
Also, modifications could he made to increase the magnitude of the Donpler
reactivity. Because of a desire to use prototypic subassombly sizes in the
DMT, the first possible design change is n; t considered further in this paper.
The next section describes the SAS 3A-pred ieted transients that resn.lt in a
modified design which has lower tore fuel enrichments and a larger Doppler
coefficient.

PRELIMINARY "I RAN SI KNT ANALYSIS OF THK MODIFIED DKf.KN

reactor physics eoropnta!ions predict that by (i) adding BeO to the
radial blanket, (ii) increasing the size of the radial blanket, and (iii)

•> •} 5

rtducinp, the " I' content of the core, 1 he Doppler coefficient is increased

by ,i factor ot three1 and the core fuel worths decreased by 10/', A series of
SAS3A loss-of-t'lov eases have been rim for a DMT design based on the above
design changes, using the same range of assumptions as were applied to the
reference design analysis. l'rior to fuel motion initiation, only slight
differences are observed between the predicted behavior of ihe reference and
modified designs. In the modified design, fuel motion, once initiated, again
dominates the reactivity history. However, because of the lower fuel worths,
higher degree of nonooherenee and the somewhat more sluggish behavior brought
abiiiit by the larger Doppler coefficient, there is time for steel vapor to be
produced in the slumping channels in sufficient quantities to prevent prompt
critical ity if it is assumed that sent small fraction (','%) of the cladding
remains on the fuel column and can raix intimately with the fuel upon fuel
motion initiation. On the other hand, a more conservative assumption of no
fuel/steel mixing in SAS3A results in the same type of power burst terminated
by fuel-vapor-induced dispersal as is predicted for the reference design.
Thus, although some of the sensitivity has been removed in the modified design,
the non-prototypic fuel motion sensitivity is still sufficiently significant in
the modified design to potentially jeopardize the success of the proposed
experiment.

CONCLUSIONS

(a) Limitations of this SAS3A Studv

The SAS3J\ code has evolved into a very large and complex code comprised
of a number of detailed models. A substantial effort lirs been devoted toward
providing experimental verification of these models. A general agreement has
been established in certain areas between SAS models and isolated small-scale
experiments. For example: (1) sodium boiling inception and liquid sJug
oscillations after core voiding are found to agree with previous experimental
results 16]; (ii) melting and relocation of molten cladding has been verified
by the TREAT R4 experiment [7], where formation of clad blockages above and
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below tho core wore observed; ( H i ) col lapse and dispersal ci frrsh oxide fuel
has been observed consistent lv in the TREAT-1. series exper irien) s \S], llovi-vrr,
in applving SAS3A to the analysis of a reactor like the PM'T', significant uncer-
tainties remain which limit tho usefulness of it.s predictions. For the DMT,
the most significant uncertainties lie in the areas of d a d blockage formation,
the degree to which these would limit sodium vapor flow rslos, the interaction
ot sodium vapor with the unclad and possibly snnraping fuel column, and the
possibility of fuel/steel mixing loading to a stoel-vapor-inducod fuel
dispersal.

(b) Implications of this Study on__tho DMT Jxpcr ime_nt

In view of the modeling limitations and unoertai at ies. SAS 5A certainly
cannot provide a single definitive loss-of—f"low scenario for the DMT. However,
it is quite useful in pointing out areas of sennitivitv in the scenario, as
has been discussed, .ind can •irovide a reasonable bound on potential energetics.
The SAS3A anal^es have identified initial fuel motion as being the most
important phenomena in the DMT loss-of-flov scenario. If initial fuel r.otlon
is non—dispersive (as it could well be with fresh fuel) and if a sidium-vap-or-
induced or steel-vapor—induced fuel dispersal is not quickly initiatc-d, it is
ditfioult to absolutely preclude the occurrence of ••>. relatively energetic burst
as the mode of initiating phase termination.

Such extreme sensitivity ro the details of early fuel motion is, of course,
unique to a small highly-enriched reactor like the DMT. Certain1v, t^e loss-
of-flov scenarios predicted by SAS'tt for the FTR and CRRR do not exhibit this
sensitivity. Because the occurrence of such a hurst would mak-o it less likely
that the desired transition phase would ensue, the reference design is probably
unsatisfactory. The preliminary SAS3A analyses discussed above indie.-no that
design modifications can be made which lessen the fuel notion sensitivity.
Should interest in the proposed DMT continue to exist, work i.n further
enhancing the Doppler and reducing this sensitivity could result in a satis-
factory design.
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TABLE 1

Design Parameters (reference design)

Total Reactor Power

Coolant Flow Rate

Peak Linear Power

Peak Fuel Temperature

Coolant Inlet Temperature

Coolant Temperature Rise

Li Concentration in Coolant

Enrichments (U2 35/O

Inner Core
Outer Core
Radial Blanket

Effective Neutron Lltetime

Doppler •Coefficient

Void Reactivitv

50 WW

2
630 grn/cm sec

360 watts/em

2040°'C

31'6°C

r6'6°C

1 4°'

2

-0

4-0

78.6
92,5

8,0

x 10 se>

,0017 5

.50$

TABLE II

Transient Fuel Motion AssutnptioTis

Case

Assumption

clad motion

% of clad steel in
fuel/steel mixture

fuel melt fraction to
''initiate fuel motion

interaction of slumped
fu-fl with coolant vapor

1

yes yes no yes

70

0.8 0,1 0.8 0.1

ves ves

0.7
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TABU: m

Summary of Trans-ient Results

Case Number

1-vcnt 1 2 3 4 5 3'1*

Initiation of fuol motion (sec) 22,7 18,4 19.1 17,7 22,0 19,1

Normalized power at fuel
slumping (P/Po) 0,530 0.695 1 ,'657 1,550 0,669 0.J

Heartivity at slumping (S) -0.343 -0.269 +0,244 +0,25? -0,205 -0,308

Prompt-rriti.al times t (sec.) 22,93 TS.55 19,43 17,80 22,12
o

Ramp rate at t 0 (S/sec) 18 16 30 13 24

Peak povt-r level (P/Po x io""?) 4,97 7,7'6 15,3 '6,02 11,2 0,003

Total energy release

( j o u l e s x IS"*9) 1,374 1,485 1,705 1,470 1,%65 l,0©6

Burst energy

(joules x 10"9) 0,320 0,5'65 0,'638 O.5-20 0.579

Burst duration

(see, x 10~3) 5,3 2,4~ 4.0 7,5 '6.'0

*Ca»e V' corresponds to the itnprovied design with Montical ^assiawiptions AS in
Case 1,
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EXPERIMENTS ON PRESSVRE-DRIVEN EUEL
COMPACTION WITH REACTOR MATERIALS
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J. J , Heibe^oer, D, .5, Quiwi, R, U Roth,

E, A, Spleha, and I, 0, Winsch

Argonne National 'La
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ABSTRACT

driven, f uel-recotnpact ion experiments have been
conducted with reactor materials in 17-piin wire wrapped bundles. The
experiments have been performed with the bundle full, half fill], and
empty of sodium coolant. Measurements and post-test examination of
the bundles shows that the- sodium coolant had no significant effect
on the final disposition of the fuel. Consequently, no fuel recom-
paction forces were observed*

INTRODUCTION

Following a postulated unprotected, pump coastdown in a liquid metal fast
breeder reactor, a scenario of events would describe !(a) coolant voiding of
the reactor siabassemblies, (b) clad melting and relocation within the sub-
asseTnbly, and (c) fuel melting and subsequent fuel ejections. During sucJh an
ejection or dispersal, one must consider the possibility that tnolten uranium
dioxide cotild travel into the tipper gas plenum regi-on of the pin bundle where
it could contact, and perhaps entrain, limited amoimts of liquid sodium. Under
such conditions, it is theoretically possible that the sodium could vaporize
and provide significant local pressurization to reverse the direction of the
fuel and drive it back into the core region. If such motions are physically
reasonable, they would play an important role in analyzing the reactivity ramp
rates within the boiling liquid pool and the resultant system energetics.

In order to provide guidance in the understanding of such complex pheno-
mena, small scale experiments vere carried out with reactor materials. Molten
uranium dioxide was generated by a thermite type reaction between metallic,
uranium and molybdenum trioxide and was then injected into a 37-pin vire
wrapped pin bundles. In the first experiment, the test bundle had just been
partially drained of its sodium coolant leaving a thin film of sodium still

*Work performed under the auspices of the V., S, Energy Research and
Development Administration
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welling Tin1 pin surfaces and t lu1 wiri1 wraps, "Die second lest w a s conducted
with a lonpli'lri v drv bundle.

KXVEKIMKNTAI. APPARATUS

An isometric «'irw 01 the ex per imenia1 apparatus is shown in Kj£> 1. The
thermite injector was located direct 1 y c<wr the '37-pin bund]*4 which was coupled
to a .sodium reservoir .-1114 gas plenum region in a "IT" tube configuration. Pri-
mary instrumental ion for this experiment consisted of temperature measurements
throughout the facility, piezoelectric pressure transducers at four Jo-cations
on the test bundle, strain Range pressure transducers on both the thermite
injector and the gas p'i'-nwm region of Ihe ''I'" tube (Fig, 2), and voltage taps
along the length of the hexagonal test bundle (Pig, 2), Such measurements
give a good profile of the initial renditions prior to the injection and
sodium movement resulting from these .urcssures. External trace heaters were
provided to increase the bulk sodium temperature to the desired level for a
given test.

As shown in Fig, 1, the pins were 0, ̂84 em '01) x 0,038 cm •will tubing and
each pin was wrapped with an 0. H 2 cm diameter wire wrap over its entire
length. The ends of the Ixibes which were exposed to the injector were -open,
and the opposite ends were sealed with 0. ")84 cm diameter steel plugs 2,5 cm
long, Each pin was lhen welded into a grid at the bottom of the bundle. The
thickness ot l !-,;•• hexagonal can was 0, 103 cm.

SEPARATE EPFE'OTS INJECTOR TESTS

The therTnite process, which was used to generate the molten ceramic fuel,
is an exothermic reaction between metallic uranium and molybdenum tri'cy.ide
which produces V'O;. and metallic molybdenum pHus a sufficient amovK-c of energy
to increase the teTaperat\)re of the reaction products to approximately 3A7O°K,
The thermite mixture was ignited by a small nichrome heating wire. The pro-
portions oi" the various components used in this study are given in Table I
along with the free volume, mixture volume, and resulting void fraction within
the injector housing. The uranium powder used in these tests contained approx-
imately 10% by weight of UN which released N;- during the reaction. This was
verified by injecting the reaction products into a closed containment and
sampling the gaseous products. One atmosphere of argon cover .gas was also in
the injector prior to injection. Consequent3y, this would also provide ad-
ditional pressurteat ion as the combustion progressed.

Several, separate effects tests, including the gas s^mpliitg tests, were
•conducted to determine the completeness of the thermite reaction and the Flow
configuration of the exhaxisting products. In one of these tests, three tung-
sten element filament bulbs were calibrated with -am optical pyrometer f«jr
filament temperatures of 3l0'7O, 3.2<7'G), .iwd 34.7'0'OK, These bulbs were then lo-
cated in close proximity to the exhanst of the injector and the ejection was
recorded on high speed (iWB P'is), daylight, photographic film. This enabled
a comparison between the calibrated tempera. ,;res of the tungsten element bulfes
and the ejected reaction produces, tliesi' tests show that the mixture tempera-
ture was approximately M<7'0'6R and that the exhaustiwg iprodwets rapidly expand
as they exit from the injector throat which indicates a compressible feehavior.
This compressible behavior is a result of a high pressure, two-ipnase, liquid-
gas, state of the reaction products in the injector. The calculation, for the
two-phase, two-component critical flow rate, which should be experienced fey
such a system, shows that systems with initial pressures of ajsproxismately 50
bars, as measured in this experiment, will certainly experience a compressible
flow limit-atio». This is in agreement with the observations of these separate



el 1 or I s t osls.

The metallic molybdenum., which is a by-product of the t hermit <. rr.ulion,
provides a simulation of t he high temperature, molten st .-unless si i\> 1 that
would be present in a reactor environment under these postulated accident
eonditions.

In ]ector

Component

UN
11
Mo03r

TOO 3

TAR1.K I

C h a r a e t e r i s t i r s

Mass. gm

48
4 32
200

2
'687

Ciram Mole

0.19
1.82
1.39
0.02
0.02

Fuse

0.19 UN + 1.84 U + 1.39 .I0O3 + 0.02 CrO, •

2.C" UO2 + 1..59 No + 0.02 Cr + 0.09 0; + 0,1 No

Free Volume - 68 oc

Mixture Volume - b8 ce

Void Fraction - 0.7 5

TtST COND1TI-ONS

The sodiuoi within the "U" tube and the hex can -were Jieated to approxi-
mately 920"JK with th<? system trace heaters. During tliis heat up period, whieh
required about five hours, the entire system vas under .-in argon gas blanket at
approximately 0.3 NPa. At various times during the heat up period, .-.odium was
partially drained 1 rorn the test bundTe into the supply tank and then pump-ed
back into the bundle in order to check the sequencing and integrity of the
system voltage taps. At a sodium temperature of 920°K, the power input from
the trace heaters equaled the h-eat losses of the -entire system. Sodium was
then added from the dump tank until the leak detector on the overflow system
iw-dii ated that tine test bundle was full. Th-e valve in the fill line was
closed, th-e dump tank was •evaluated, and the fiB3 line vas reopened to allow
partial drainage of the sodium v'thin the bundle.

EXPERIMENTAL RESULTS—UP1 NO, 1

Figure 3 shows the measured injector pressure just prior to the injection,
vhich was approxitnat'ely 5 MPa, and the rapid blowdown after rupture of the
diaphragm. The • itne sc-al-e -was established as zero time being coincident with
the beginning of injection and it is common for all figures. This pressure
level was in good agreement with the measured behavior in the separate effects
discussed above, and consequently, one should expect similar fuel temperatures
and flow patterns during the injection.
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Tho rt'Siihs of the p ivzoelcctr ic transducers are illustrated in Fig. 4.
All three transducers record the rapid pressur i ?.at ion to approximately '6.'9 MPa
at .'about 7.5 msec into the event. This pressurization is sustained for about
r)00 usoe and then quickly relieved. The rates of pressure rise and decay are
indicative of impact pressures resulting from the impingement of the two-pKase
molten stream upon the sodium interface. This is confirmed by the results of
tho voltage taps shown in Fig, 5, It will be recalled that the end of the
pins which faced the in.je.cioi- were open and allowed fuel to pass down through
the inside of the pins. Since U0? is electrically conductive iw its molten
state, this transport path would result in a decrease in the local electrical
resistance and a resulting decrease in the voltage tap output. As fuel flowed
through the coolant channels, it destroyed the sodium film which coated the
pins and wire wraps and resulted in a net increase in the voltage tape output.
These two behaviors allowed a -resolution of fuel motion both inside and
outside of the pins, and this behavior is .graphically illustrated in Fig. 5,
As shown in this figure, the initial -sodium interface, is approximately 1? cm
from the injeeJor. The voltage tap measurements indicate that the aioitem
reaction products contact the sodium interface at approximately 7,5 msec after
injection which is in excellent agreement with the pressure transducer measure-
ments and interpretation of impact piessurization.

Impact prcssurization can also be calculated if the density and velocity
•of the reaction products are known just prior to contact with the sodium
interface. The injector itself is schematically represented in Fig. 6 along
with the mixture properties just prior to injection. As illustrated, the
measuied pressure was 5,2 WPa, the temperature 34 7O°K, and the average void
fraction 0.75. Because of the argon fill gas and the nitrogen released during
the combust ion the reaction products present a high temperature, -high pressure,
two-component, two-phase, 15quid-gas system. The f]ow rate, and consequently
the expansion, from the injector is thus limited by the compressible behavior
of the mixture. A simple analysis, similar to that presented in ref, 1, shows
that the critical pressure ratio for this two-component system is expressed by
the following transcendental equation

(I)
1+1

Y = 2

I - a

a
o

f 1 — a
1 ^
1 a
L o

n) - In -n

Since N2 and Op are the most prevalent .gases, it will be assumed that the
isentropic exponent, y, is equal to 1.4 for the resulting mixture of gases.
The trial and error solution oC this equation shows the critical pressure
ratio to be approximately 'O.<», which correspo-rds to a throat pressure of 2.1
MPa, a void fraction of '0-.85, and a mixture vete'clty of 43 m/sec. After the
injector throat, the expansion Is unbounded and the owe-<dlaensIo»a1 velocity
change, as the system depressurizes to ambient pressure, c-aai fee calculated by

P P
e - attn ,,„.

After this expansion the local conditions are a pressure of ©.1 MPa, a void
fraction of 0.96, and a mixture velocity of 75 Tn//sec. In. t M s void traction
regime, the system is undoubtedly In a mist flow regime awd the sonic velocity
for such a two-phase regime can fee expressed as 2
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This corresponds to a local sonic velocity of approximately 656 m/sec. The
impact pressure upon contact can be calculated by

AP = (1 - a)P

This calculation, with the parameters described above, results in a pressure
of 9.8 MPa which is in good agreement with the measured values given the
uncertainties of calculating the two-phase behavior of this jet. To illustrate
these uncertainties, a void fraction of O.̂ Sfe as opposed to ©.WO, results in
a predicted impact pressure of 6.9 MPa which is the measured value. If the
measured fuel velocity from Fig. 5 is used in E«|« 4, with a void fraction of
0.98, the calculated impact pressure is 5.2 MPa. These calculations demonstrat*
that impact pressures, equal to the measured values, are possible and probable
in this system.

A final check whicu can be made on the existance of impact pressures is
their duration. These pressures should be sustained during the time it takes
a compression wave to travel to a free interface and Che rarefraction wave to
return. The ditanee from the impact location to the free interface on the
otner side of the mam.vmeter configuration is fc6 cm. Assuming the velocity of
sound in the sodium is 2300 m/sec, the duration time should be 600 iisec which
is in good agreement tfith the measured duration times seen by the piezoelectric
transducers.

Consequently, tue existence of tke impact pressure has been demonstrated
by three independent mechanisms, the voltage taps, the injector compressible
characteristics, and the time for -acoustic relief in the sodium liquid and
these produce consistent results with the measured pressures. The second
impact at approximate1> VQ. 5 msec into the transient results in a slight
additional acceleration of the sodium interface leaving the test bundle.

The pressure in the gas space on the other side of the "U" tube config-
uration is shown in Fig. 7 for the first 70 msec into the transient which
includes the largest pressutizatlon by far in this gaseous zone. Given this
pressurization measurement, the work done on the gas can be evaluated from

W = I PdV = — — 1 \ 57 f -1| (5)

The cover gas in the "U" tube was argon wMcto has an isentropic exponent of
1.6. The cross-sectional area of tbis gas space is 21.7 « * and its initial
length is 31.8 cm or an initial volume of 689 cm3. Assuming an isentropic
path for the gas, the measured pressuriaation results in 180 3 of work done on
the gas, which except for a small amount of dissipation, is equal to tbe
mechanical energy delivered to the sodium coolant by the impacting fuel. If
on the other hand, we evaluate the kinetic energy -of the fuel upon contact
using the measured velocities illustrated in Fig. 7,
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K.I:. = , mil. (t>)

it is found tli.it the- react ion products have a kinetic energy of 0,R .1/g. For
an injection quantity of 0. S kg this yields an energy of 400 .1, or over twice
the work done on t ho gas space. The coiiflusion from this measurement is thai
tin- sodium did not even absorb the initial kinetic energy of the fuel stream.
That remaining energy -was dissipated in frietiona! and -ablative irreversible
losses on the fuel pin surface.

•nKTARKl) VO1.TA(-;K TAP RESULTS

Figure 8 illustrates the calculated void fractions within voltage tap in-
crements S-ts, 8-9, 9-10, and 10-11 as a function of time into the transient.
It is seen that the original behavior following impact of the fuel on the so-
dium interface is to quickly void the eh-annol to a void fraction of approxi-
mately 98/', and this increment remains voided until the gas plenum is pres-
surised and the sodium is forced hack into the • bundle. For this case, re-
entry of sodium occurs at approximately 83 ms-e and local cooling is provided
tor approximately IS msec before the second voiding occurs. The coolant can
In- observed to enter the bottom of the bundle '(E 10-11), proceed up the bundle
to the approximate region ol final disposition of the fuel (ES-'6), av-A th-e re-
sulting expulsion from this point back out of the pin bundle with subsequent
reentrv .approximately 80 msec later. The essential point of these measurements
i •.-. that five sodium motion is quite benign and is the result of compa r a 11 ve 1 y
slow quenching of the reaction products and melted cladding. This second
expulsion provides a very small pressurization of this gas plenum which lasts
for approximately 70 msec and is relieved by movement of the sodium back into
the pin bundle. the frequency of the small amplitude oscillations which
follow can be predicted by assuming that this gas space oscillates as a simple
He! mho It ?. cavity.

•PHYSICAL EXAMINATION OF THE TEST ASSEMBLY

Following a test, the system was disassembled and the *~est section was
removed for examination. There was very little attack of tlie hexesw wall bxat
the fuel pin cladding in the upper regions had been completely melted. It is
interesting to note that the cross-sectional area required for the free-expan-
sion of the fuel jet as illustrated in Fig. fe wowS-d have a diameter of approxi-
mately A em which is the internal dimension of the hexcan bundle. Therefore,
this high temperature mist would expand and enco-mpass all of the 37 pins but
not really provide much heat source to the outer wall since the outer expansion
of this jet would be the coldest and lowest density portion of the expansion.
While qualitative, this observation is certainly in agreement with the experi-
mental results. The fuel basically solidified in the central region of the
pin bundle which is certainly in agreement with the voltage tap observations.

CONCLUSIONS OF UP3 TEST #3

Given the results discussed above, the principal cone l\is ions of the tests

were;
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V - .Uniosphcr ic pressure
.urn ' '

P - pressure, oxi t

AP - prossutv dif1orencp

u - veloc ily

\i - velocity, <jxit
o

u_ - velocity, fuel

V - volume
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a - void fraction

.x - void fraction, initial
o

) - isontropic coefficient
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. , - donsi ty, 1 i'tjuid
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Fig. 1 Experimental Apparatus

Fig. 2
Pressure and Sodium Void
Instrumentation—Upper Plenum
Injection Experiment Ho. 1

1742



«0

Fig. 3 Measured Injector Pressure
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Fig. A

Piezoelectric Pressure Measurements

Fig. 6 Injector Schematic

Fig. 7 Measured Gas Space Pressure

Fig. 5 Sodium Interface Behavior
Fig. 8 Composite Voltage Tape Record
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EQUATIONS OF STATE FOR UMFSfc MATERIALS*

J, F, Bat-Tie's and G» 1\ IteVault

Theoretical Division
Los Alamos Sc ien t i f i c Laboratory

Universi ty of Cal i fornia
Los Alamos, few Mexico B7545, U,S,A,

•ABSTRACT

Tabular equat ions of s t a t e a re const ructed for use by t h e SIMMER
code in i t s I n v e s t i g a t i o n s of LMFKR sa fe ty in foypotfeetical co re •dis-
r u p t i v e acc idents* This paper d e s c r i b e s a correctii'on to a sodium 'e~
qnation of s t a t e reported e a r l i e r -and presants 1*1* revilsed
data , Weed for further work on the melting t r ans i t icy i s s

Talsalar equations of s t a t e -for sodium,, s t e e l (tiron.),, and -Fuel
•constructed for use by tfce SIMMER 113 •efflwpat'feS1 'coAe by a treatttieftt,
s imi l a r to a v i r i a l expansion, t t e t we wave termed an '' ' 'explicit
pansioa* Trad i t iona l ly , in a ^ iba t e system the 'devif.ati©n o£ jpresswce fr««n
ideal valae i s described tnrongih tne v i r i a l eoef f i e lent s SCTK '£<{$)>, e t e » , in
some expression equivalent to

where the eompressitoa n * p / ^ i s the r a t i o of •density t« the normal
perataare densi ty of the so l i d and R i s tih<e gas constant iflivi^ied fey
weigfet. In using Eq» <1) one sroaBces no use of valisalile imtSfmation ne may
s«ss as t o the •contsiv* energy of the so lM asi^, to ssme aj-.proximation,
thermal p roper t i e s of the eon^ensed material. .

In our approach we gather t e w s represent ing tfee average met i n t e r ac t i on
atoms a t :aero t«snperatiare in to a ''''col'd pressure'1 ' Swactioa tP̂ ^TiJ a«fd w r i t e

perfowtied wilder t t e a;as|>iees ©f tfae Nuei-ear Regulatory Qommissi-dn anfl the
S t a t e s Energy iResearob and tevelopment M i i i
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Wo taki? the cold prs ssurc to he given basically bv the modified Morse expression

[2]

v b v \

- e

where v •= 1 - T .. The parameters a, b r, and b a are obtained from the experi-
mental bulk modulus and solutions of the Thotnas-Fermi-Dirac equation or, as In
the case of sodium [3], from a variation of the statistical atom theory vith
less than the full value of exchange energy-, l-.'e demand in determining these pa-
rameters that the energy of separation at z-ero degrees, 1-.e-., the cohesive en-
ergy

cob

Tse equal to the experimental heat of sol id if. ication from the vapor-. Equat Ion
(2) is to apply throughout the regime " < 1 for those portions of the Isotherm
that are thermodynainica] ly accessible* For each isotherm, b(T) and c(T) are
determined from an evaluation of P(T) and ^P(T)/3r", for a Debye crystal (modified
as noted below) at normal solid density-. Pressure isotherms calcuLated by Eq-.
(2) nave a Van der V.'aal form below an implied critical temperature-.

It is instructive to consider Hq, (2) fr-m another point of vlev^ The
Born-Oppenheimer principle [4] lustifles the A!culation of the electronic «ner~
gy of a solid as a function of separation of the nuclei while considering the
nuclei stationary. Once th-e potential due to the electronic change Is obtained,
calculation of vibratlonal -energy levels of the nuclei In this potential can be
performed. If we associate Pc (">",) with the change in value of the electronic en-
ergy vith change of volume, this Is simply the "pressure" due to the electronic
charge distribution — negative because the net interaction with all other atoms
in the sample Is one of attraction-. The remaining terms In Eq, (2) then constl~
tute a method of interpolating on the pressure due to the Ions as they proceed
from being highly bound (at the lower temperatures) at crystal, density to being
completely free to translate at very low density-.

In Fig-. 1 we depict for sodium the magnitude of electron pressure A S a
function of compression-. At the lowest compression indicated on the graph the
pressure is varying approximately as r̂ ,, which corresponds to Van der Waals
attraction, but the curvature demonstrates that the Interaction as modeled Is
actually falling off more rapidly.. This is not correct, and It leads to the
prediction on our model of a saturated vapor density that is too small at low
temperature.

In Fig, 2 we show for sodium the variation of ion pressure vith compression
as calculated by our model and compare to the ideal gas-. We note In •particular
that in the neighborhood of the critical point (*•> * 0-.1) the deviation is quite
large-.

Below the critical temperature a v;axveni 1 equal-area construction, carried
out numerically for each isotherm, yields an estimate of the vapor pressure-. In
general for rr.etals we find that the calculated value, over several orders of
magnitude, differs from the -exnerimontal estimate by less than a factor of 2 or
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Fig* Absolute value of the electron
pressure as a function of com-
pression for sodium,

2-, Ion paresswe <f solid curves) as
a function of compression for
sodium., ©ash'ed curves are for
the correspoifl'diiflig Meal gas.

3» Thas we can have some conf i'd-ewee iia tine calcwiated isotkerms aad ia
talar ^pply them to the calculation of evaporation a d coa^efisatioifl rates, f0f
coarse i t is the experimental 'estimate of vapor pressure that is represe&te'd ia
the tables, and the saturation points are the intersections of the experiaeatal

vith the calculated isotherm*

solMIn the earlier work on sodiism, cited above, the energy at
sity was taken as that of a iDehye solM of characteristic tewperatare

where x - Q-Q'/T &R& iD.gC-x) is the ©fefeye energy ftinction, fherBial pressure In the
solM is then related to Eg throi^h the Grfeeisen rat io, P, fey the expression

at TI ̂  1 the normal value of the ©ruaeise® is giv-an fey
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vhere a is the volume coefficient of expansion, Bs is the adiabatic hulk mod-
ulus, and Cp is the heat capacity at constant pressure.

Equation (3) furnishes the constant of integration that is needed to evalu
ate the energy at each temperature and density points Along each isotherm we
integrate the basic thermodynamic relation

In the -earlier work we •observed that •although the pressure is calculated to
approach the id ••sal gas value at large volume the thermal energy, i,-e», the total
internal energy as obtained by integration of Eq. (A) less the energy of separa-
tion, is in obvious error in not approaching | RT as density approaches -zero. In
subsequent work ![5] we have corrected the energy by allowing a temperature vari-
ation of the Griineisen parameter..

Since even at normal solic1 density the thermal energy at sufficiently high
temperature must approach J "RT (ignoring ionization) we rewrite Eq» (3) as

where

with the subscript "o" denoting evaluation at ri = !•. We choose a so that as
T •* », <£O(T) •*• |, At each value of temperature VQ is found such that the cor-
rect energy at vanishing density is obtained through integration of Eq» '(4),
Within this general framework we adjust the cold curve and other parameters at
our disposal for each material to produce the best agreement possible with what-
ever experimental -data, are available.

In -Fig* 3 we show isotherms for sodium as the temperature approaches the
critical value* The Van dear Waals loops are shown as they extend inside the
saturation curve to the spinodal points, i»e», the local maxima and minima rep-
resenting the limiting points that can be reached under conditions of nonequi-
librium between vapor and ll'quid, Points on a calculated isotherm between the
two spinodals are thermodynamically ina'ccessible,

We have utilised a fit to the vapor pressure, Pv, of the form

to Pv « A + ! + C for. T ,

and determined the parameters by fitting to experimental results at 500 K and
1000 K 1*61 and to the recently-reported critical point determination of Bhise
and Bonilla [I}-
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Fig, 3, Calculated pressure iso-
therms for so'<Slu»w

In using the aforementioned fit to vapor pressure we find reasonable con-
sistency between the predicted critical point and the measured point, an'd corre-
spondingly the assumed vapor pressures fall within the calculated Van der Waals
loop until we approach 'quite near the predicted critical temperature* However,
some weaknesses of the scheme are apparent as discussed below,

Table I displays the input parameters used iin this revision. All input is
the same as used in Ref, 3 except that the cohesive energy is artificially in-
creased from 2<6>%<QA to -2(6% 38 fecal/wo 1 to force agreement with measured enthalpy
on the saturation curve at T = 70(5 K "(Fig, 4), Unfortunately, this disrupts the
good agreement with calculated liquid density that was reported in Ref, 5, Fig-
ure 5 illustrates t:he 'difficulty, tn the solid region the calculated density is
in excellent agreement with the measured value, but the calculated liquid density
is poor. Clearly we must revise our procedure to a-dd the heat of fusion correct-
ly fey integrating through the volume change on each Isotherm,

IT compares our calculated critical data with the recent
([7]]. Table 111 contains the pressure and energy tabulation,

We have constructed preliminary iron and uranium •dioxide tables
these same techniques. The electron equation of state for TO2 is obviously a
strong function off temperature as the interacting electronic charge distribution
<depewds on the species present in the vapor,

II

tojuit Parameters

Atomic weight

Density at © K

IBuik modulus

Bln^l^ energy

Grwaelsen rat io

TJebye temperatur*

ion of

A

©

I

coh

! %

for Sodium
State

= 1,(011 g./cm3 !

* ?,?Q GPa

- 26,38 teal^ol]

= 1 ,1? j
I

Calculated Critical
and Experimental

'Temperature

Pressure
(GPa)

Density.

'C<3iL 'di l l ' s

<0,©2%

©,1'G)

Constants
Results

525, 25m

'0

,9253

,135



Fig, Calculated
and exper-
imental
enthalpy
on the

saturation
curve for
sod ium.

Fig, 5, Calculated and
experimental
density of solid
or liquid. The
melting point is
indicated by the
vertical mark.
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A STUDY OF FUEL FREEZING AND CHANNEL PLUGGING
DURING HYPOTHETICAL OVERPOWER ̂ TRANSIENTS*

K.W.Wong, V. K. Dhir and W, £. Kastenberg

University of California, Los Angeles

ABSTRACT

In the present work a mechanistic approach has been used to determine the
events following pin failure which may lead to fuel freezing and channel plug-
ging. The location of the impact of the fuel particle with a wire wrap and
the induced impact stresses in the particle are determined. A fuel particle
is assumed to plate out at the impact location, if the induced impact stress
exceeds the maximum fracture or yield stress. Knowing the distribution of the
particles around the failure location, the amount and axial distance from the
point of failure are determined. The effect on fuel plate-out of such varia-
bles as the rate and amount of fuel injection, fuel particle size, fission
heating rate and presence of fission gas has been studied parametrically.

The above modelling is applied to determine the amount and location of
fuel plate out in CRBR under hypothetical slow and fast transients,

INTRODUCTION

The study of Core Disruptive Accidents (CDAvs) has evolved from the Bethe-
Tait [I] disassembly type analysis towards a refined, mechanistic sequence to
describe the events taking place. This sequence has been split into several
phases for computational ease and is based upon the dominant physical consider-
ations during the sequence. For the Loss-of Flow sequence, a "transition
phase" has been added to examine potential recriticality during the transition
between initial core disruption and long term coolability [2,5], For the
transient overpower sequence, research has centered upon the pre-disassembly
phase and the transition to core disruption, should hydrodynamic disassembly
occur, or upon the transition to nuclear shutdown, should hydraulic sweepout
of fuel occur.

In transient overpower studies, the events leading to rupture of fuel
pins, ejection of molten fuel into the coolant channel, movement of fuel and
coolant in the interaction zone and the physical state of the interaction zone
have been considered t© a great length [4,5,6]. However, in these studies the
initial fuel/co'olant interaction is studied qualitatively and little attention
is given to the physical state of the ejected fuel particles. The fuel parti-
cles are allowed to fragment at a certain rate and are then simply assumed to
be swept out of the coolant channels. The sweepout of the fuel from the active
core introduces a strong negative reactivity component which makes the reactor
sub-critical. Thus, under the fuel sweepout assumption, most of the earlier

*WOTJC supported by thv U.S. Nuclear Regulatory Commission Division ot" Reactor
Safety Research.
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studies conclude the over-power transient accidents to be benign,
riowever, many of the TREAT experiments, in particular the tests H-4 and

H-S J7.S], have yielded substantial fuel plugging following pin failure.
Generally, it has been argued that thio may be due to non proto-typical thermal
hydraulics and neutronics of the TREAT tests. Nevertheless, some of the sub-
sequent studies [9-11] have parametrically considered the effect of fuel s»*eep-
out on reactivity and heat transfer. For example, in Reference 9, the fuel in
the coolant channel is allowed to continually freeze at a given rate and with
a perscribed skewed distribution, while in Reference 10, a given fraction of
the fuel element is allowed to plug completely. In the Clinch River Breeder
Reactor Plant PSAR [12], the fuel particles are allowed to form porous plugs
in the axial blanket and it is shown that the core can be cooled even if 909»
of the flow area is occupied by these plugs. However, the treatment given in
the PSAR to the formation of these plugs and the pressure loss through these
plugs can be questioned on several counts, e.g., size of the particles, size
of the plug and the porosity of the plug, etc.

At present, in-core fuel freezing or plugging of the channels has either
been completely ignored or has bee;.?, treated in a parametric manner. The possi-
bility of the formation of fuel p'.ugs near the upper plane of the active core
is of significant concern as these plugs can be a source of increased reacti-
vity coupled with deficient cooling due to increased resistance to the flow of
the coolant through the channels. Under these circumstances an over-power
transient accident can lead to a transient under-cooling accident with possi-
bility of melting, slumping of the core and a hydrodynauiic disassembly.

In the present work, a mechanistic approach has been used to determine
the events following pin failure which nay lead to fuel freezing and channel
plugging. In a sense then, this work is a first attempt at mechanistically
defining a transition phase, should it exist, between post failure pin behav-
ior and long term coolability. From such a transition phase, considerations
such as fuel motion reactivity effects, long term coolability and possible
secondary criticality can be analyzed,

DESCRIPTION OF THE MODEL

The model used in this paper to predict fuel freezing and channel plug-
ging is the same as that developed in Reference 13. In this model the location
and size of the opening in the pin, the time of injection, the rate of injec-
tion of molten fuel into the coolant channel and the initial thermal hydraulic
conditions in the channel are assumed to be known. For this investigation
they were supplied by the HOPE computer code I6|. The fuel is assumed to be
injected smoothly into the interaction zone and no direct splashing of fuel
on the neighboring pins is considered. The size of fuel particles is also not
known apriori as it significantly depends on the nature of the fuel/coolant
interaction. Thus, the fuel particle size is also treated as an input
parameter,

Physical State of the Fuel Particle

After injection of fuel into the coolant channel, the physical state of
the fuel and the coolant in the interaction zone is determined by solving
energy and momentum equations simultaneously. The solidification model for a
molten fuel particle is shown in Figure 1, The transient ©me dimensional
conduction equation with variable physical properties is written for both
liquid and solid phases as*

•Symbols not explained in the text are defined in the Nomenclature Section,



The initial condition for equation (1) is

Tf(r,0) - Tn

The boundary conditions at the liquid/solid interface are:

and

3T dr
(4)

At the external surface the boundary condition i

?TS

k • V at

In equation (5), the convective heat transfer coefficient, h , and the tempera-
ture, Tc, of the coolant depend on time and are coupled to tfie physical state
of the coolant- At the time of fuel injection into the channel, the sodium is
highly subcooled and an immediate direct contact of liquid sodium is expected
to occur [14], so hc is calculated by using the forced convection heat trans-
fer correlation similar to that proposed in reference 15,

k 0.6 0.5

~ [1+0.185 Re Pr ] O)

Khen the interaction zone expands and sodium voiding occurs or if fission gas
is also present, the heat transfer coefficient is calculated by assuming that
both liquid and vapor phases contact the fuel surface in proportion to their
volumes in the interaction zone.

The acceleration of the particle in the vertical direction is governed
by the difference in drag and gravity forces and is given as

where

dV fi.
dt

p - F
D g

* 4 / 3

The distance in the axial direction travelled by the particle starting from
its position of injection into the coolant channel is given by

S = J Vf dt
o

(9)

The cross flow velocity of the particle depends on the coolant cross flow
velocity and the slip between the coolant ana the particles. As seen from
Figure 2, for no slap between the wire wrap and the coolant, the cross-flow
velocity of the coolant can be written as 116]

Hv • ̂ *««- H
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Presently data are lacking for slip between a particle and its carrier moving
in a htUeal path. Assuming the particle velocity to be half of the carrier
velocity as in the case of particles moving in horizontal pipelines, the cross-
flow velocity of the fuel particle becomes

l'ft
T I";

21 cos (M)

Physica!! State -ofthe Coolayit iy; _the_ Interact ton 2©ne

The heat t r r rs fer from the fuel particles results in a rapid increase in
the internal energy of the coolant in the iwteract-i©® £©ne and the i!&terw-i©n
zone expands doing work <on the ©verlyiwig and <i»de)irlying s'Miitffiu Assmi^g that
the overlying and underlying sodium does wot excfe&ftige heat and mass with the
interaction aone an<E the heat transfer fjpom the pin vai ls t© the iiftteraeti©*
tone is small i>>> comparisoin t<o that ifrom the ffwel; the energy eqjaati'om aanii the
equation for the change >of enthalpy '-with change 'of s tate can he 'writtern as

For a tw-o phase mi-sctare i(boiliift.g ror fission igas.]), the
enthalpy becomes

for change

V t
The equations of s tate for sitagle phase and two phase .mixture are written as

dv 4t # ^v ^v w

The fflc>inent«ni equations f?o4the
written as

"4x
———
c

t < t
a

t
ac

'Interface ©f the intes-acti'osi ae-ne is

where ac
is the acoustic time, t * - j l is the 'of the coolant

and C is the speed of se^nd in sodium-. Similar eqiaati©^* caift tee writtea
the lower1 interface •. The eq»ati©n ©f constraint for the interaction s©ne
be writteti as

The freezing ©f feel aad iplia^iftg <&£ chafiwels cawi ©cciar if the fael i s
a molten s tate when i t contacts the tapper cooler fi© walls ©«• i f thi©
c«ast s>£ the se.M-s©lMiifi'ed ipayticle breaks ©pen because <ef i«?pact
as the part icle h i t s a |>i?pi ©s- wise ws-ap-. %e i«ij>act ©f the paa-ticle witjh a



wire wrap is possible, because of the slip between the particle and the main
stream, and the inability of the particle to follow rapid changes in tangen-
tial velocity-. If the impact stress is large enough, it may cause cracking
of the outer shell and in turn ejection and freezing of molten fuel on the
wire -wraps,

The maximum force on a fuel particle due to an impact is obtained from
reference 11 ?.], as

max max

-where

n - 1
1/2 1-v*

TE
st

st

CIS)

(19)

and

(40)

The -maximum impact area is expressed as

l/o .
A
max 1" l2) max 1<6

Kaowi-ng, F . a-nd A . > the maximon impact s t resses -can be calculated asmax max
foilows;

maximum shearing s t r e s s ,

max •n A
max

(2-2)

maximum tensile stress,

(•23)

•Equations (1-S) for t-fre physical state 'of the fuel particle, equation (7)
for axial velocity of the particle .and equations (1-2-19.) for the physical state
of the interaction tone were solved simultaneously by using an iterative
implicit finite jifferesce scheme-. The moving fuel freezing front -was made
stationary by v.sing a transformation-. The details of the numerical analysis
are given in reference 13, Knowing the cross flow velocity of the coolant and
the particle, the trajectory of the particle in the coolant channel was traced-.
If the particle hit the wire wrap and the impact stress exceeded the yiel-d or
fracture stress for the particle, the feel particle was assumed to stick to
the wire-wrap and freeze in place-.
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I'lSrilSSlON 01- Kl.SUITS

Two vases representing slow t rans ients in a middle of l i f e fuel ]vin and a
I".is! transient in a fresh pin were analyzed using the fit-owe t r 5 cal configura-
t ion, thermal hydraulics and ncutronies of CkBI?. The tlvcrmal hy-draul1 c charac-
t e r i s t i c s of the coolant channel at the tiinc of pin rupture and the other data
related to pin fa i lure was obtained from the HOI'T f'6'] code. Th'C conditions at
pin fa i lu re , as predicted by the HOP] code, and as used in the fuel freezing
model are l i s t ed in Table -1,

! lie pressure and temperature h i s to r ies of the coolant in the interact ion
r.one following pin f a i l u r e , tinder a r eac t iv i ty ramp of -2-,4 cents/sec and when
fuel pa r t i c les of diameter 250 .Jin (—) and 1000 jtrn T — ) are injected into the
coolant channel is shewn in figure 3, The heat t ransfer from the fuel to the
coolant causes the pressure in the in teract ion cone to increase, for bigger
p a r t i c l e s , the ra te of pressure r i se pr ior to boi l ing i s lover because of
smaller heat t r ans fe r area per unit volwmo of the fuel, Tire maximum pressure
in the interaction zone reaches to about '?(•> atmospheres, 1,5 x 3 0 seconds
af te r 250 ,.7n diameter p a r t i c l e s are assumed to lie injected into the coolant
channel. ^Thereafter, the in teract ion zone expands with boi l ing oc c i r r i ng at
2.8 x V(TJ seconds-, .lust a f te r boiling begins, the pressure in tlve interact ion
zone increases again because of increased voids-. However, soon the lower heat
t ransfer ra te and ine r t i a 1 expansion of the in teract ion cMse tire pressure to
decrease. The hoi ling in the interact ion none when 1000 >jm p a r t i c l e s are
assumed to be injected is delayed and i n i t i a t e s only af ter 5,2 x 10"'"1 seconds-.
The pressure in the voided interact i on zone reaches a maxi'nvwm value of 185
atmospheres hut rapidly drops due to expansion of the in teract ion zone-.

The surface tempcraturc, the radial location of the so l id i f i ca t ion front
and axial location of the fuel pa r t i c l e s are plot ted in figure 4, The smaller
fuel p a r t i c l e completely so l id i f i e s af ter 6 x 10"-"1 seconds, whereas, the solid
crust of the bigger p a r t i c l e is only 0,2 mm thick af ter 4-.5 x l'0~2 second's-.
The upward movement of the bigger p a r t i c l e is slow due to i t s increased weight..
The- p a r t i c l e even drops down a l i t t l e when the drag of tlve voided interactior .
zone is smaller than the weight of the part icles- .

l-'igM-re 5 shows the t r a j ec to r i e s of the fuel p a r t i c l e s as a function of
t h e i r angular posi t ion in the plane of pin f a i lu re , The lOfl'O ];m diameter
p a r t i c l e s , i r respect ive of t h e i r angular pos i t ion , will h i t the 'wire wrap in
semi-molten s t a t e within '0/04 seconds, -and v s l l fracture as a resul t of
induced impact s t r e s se s . The smallller pa r t i c l e s iniectc-d at angular posi t ion 0
and -7T/-2 may h i t tke wire wrap in s'emi-moilt'eTi s t a te and will -contribute to some
in channel fiic-1 freezing,

l:iY>m the ahove Resul ts , i f the p a r t i c l e s are assumed to freeze in p lace ,
i t can be concludc'd that tln'e largeif pa r t i c l e s T-d = H'OO'O um.) -kill continbutie
s igni f icant ly to in-chaTiwel, im-ecro teel freezing, fh-e small fusel p a r t i c l e s
(<3 = 2S0 urn) generally sol idi fy v-ery 'early in t h e i r passage through th-e cool-
.-ant channel a-n<l thus will have lessor probabi l i ty of freezing in the channels.
The so l id i f i ca t ion an l̂ iM-chai!ffi<el movcmeifit h i s t o r i e s of pa r t i c l e s rof other
si zcs can s3milar1y be ohtai ne4,

The axial -distance tlirougli Which a ipas-tiele may h i t the virc- 'wrap in a
semi-molten s t a t e «w<3 fracture 4ue to iwpaet s t r e s s as p lo t ted in Figure '6, for
different p a r t i c l e siz«Ss 'Certain fracti<a;a of pa r t i c l e s swialle?1 tfowi 25© urn
will freeze p r io r t-o h i t t i n g a 'wire vrap, Tlhus fraction of pa r t i c l e s v i l l prolv
ably be swept out e.f the coolant cliammels, provi'ded the pa r t i c l e s &o not s e t t l e
in the fuel pin v i r c 'wrap corners, The larger particles((4>250 \im) v i l l in a l l
probabi l i ty h i t ;a 'wire wrap pr io r to complete so l i d i f i c a t i on .

To obtain the amount am<E location of ftael plat^owt, the p a r t i c l e s a t the
time of injection are a r b i t r a r i l y assumed to fta\"e a d i s t r ibu t ion as l i s t ed
in Table 2, 1'n r e a l i t y the s i ze d i s t r ibu t ion v i l l strowgly depend oa tihe
interplay of such jrarameters as -si-ze of the fwcl pin openiTig, i n i t i a l tem -̂
peraturcs of fael amd sodix«m and energetics of the fuel coolaint interactiom^
e t c . Using the information contained in Figure '6 and the si2re d i s t r ibu t ion



as given in TaMc 2, and assuming that the particles are spread out uniformly
along the pin periphery, the amount of fuel plateout as a function of the axial
distance from the point of failure can be obtained. The results of these cal-
culations are plotted in Figure 7. These results show that for the present
example about 75^ of the injected fuel will plate out within 30 cm from the
point of pin failure provided enough cooling capability exists on the impacted
surface (in this case it is the wire wrap.)-.

The amount of fuel plate-out predicted by the present model should be
considered conservative, as all the fuel "hitting the wire-wrap is assumed to
lead to channel plugging and no allowance for the fraction of fuel mot -sticking
to the wire wrap is wade. Also, re-welting of fuel particles sticking to the
vire-wrap has not been considered by the present model,

CONCLUSIONS

-A wecha.nisti-c model t o study fuel freezing and channel plugging sub-
sequent t o an overpower accident in a iWFW has been developed-. 'The model cam
be used t o p red ic t the amount and locati'om of fuel p la te -ou t in the coolant
channels.

The present model, when applied to CRBR, pred ic t s tha t about 75* of the
injected fuel v i l l p l a t e out within 'M cm from t-he point of pin f a i l u r e . The
amount of fuel p l a t e out predicted toy t h i s model should be considered conser-
va t ive , as the fuel h i t t i n g the wire 'wrap i s assumed to freei'e in place and
no -allowance for the fract ion of fuel not s t i ck ing t o the wire wrap i s made,
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In lliis p;i|H'j" vc drs.r ihe ;i hvdrodynamic nidv thai provides this inforrna-
lion and ihi' dependence on such things as inlci pressure, fluid inlet tom-
prr.it 11r«.• .111(1 size ii|" 1'liiv channel » As it stands, 'Lire code as ivl a general
n.umv .is .1 vi'Ki'.-nvli ton] t hat can bo applied to one-dimensional flov problems
in diiti-rent Kcnmciru's and under a variety of condil ions. An appl iiMt ion of
this w r k will provide .ri henchmart cal m l a! ion for .1 simp) if 5 ed model 10 be
implemented in TRANSIT [ ri |, a code for the transition phase analvsis of .TO

In S'i'i'tioii I 1 we out 1 ine our TIHSIO assumptions, 5n Section 111 VN?
dos 1'riIn1 1 lit1- boat transfer models hetveen solnd rosions and b'Otvwji so3id
liquid regions, Tlie hvdrndynaTniic equations nrv slwvn in Section 3V, Oiar
ronr1 us ions are presented in Section V,

11. MOBEUW; -ASSWPT3ONS POR FLOW IN ROB BUNDLES

The geometry is w r y •complex and at the onsot we assuTn'e that the spacer
virc vrapp:«j> e.idi pin is smeared around five -cla'dding, thus Increasing tni"
actual cladding thiekw-ess. The initial flow area vas taken as tli-e avai 1 ab 1 e
flow area ;per pin in a suhassembly»

Tl>e fluid was treated as an irncompiressiMe, one-dimensional annual flow
driven by an inlet pressure. Moreover, it was ••assumed to be TwlHy turbulent,
and with the exception of a tbermaJ boundary layer, tne temperatuare profile
there was assumed to ho flat, In the hydrodynamic calculations, spat in 1 'dif-
ferencing vas based on the MAC method [r6], rime advance wis done using an
vxplicit scheme.

An axisymmetric- (r,z) Evilerian grid was set wp in the fuel pellet, clad,
and annul us. The radial nodes '(except the -outermost) in the fuel pellet were
chosen such that they eneompas-s eq\ial volumes of fw-el, A samiHar .grid was
chosen for the cladding. The node in contact with the fluid v.ts chosen surb.
that the melting process is independent of the node size.

The fluid material that is leaving the core is assumed to ibe a uniform
mixture of fuel and steel at thermal o-qxii! ibriwm with e-aeb other. Tin? -density
of the mixture was taken to be the smê ir density of the available mass of fuel
and steel in an LMFBR subassewbly. The thermal eon<dwt ivity of the fiiel/steel
mixture vas taken to be }2J

K - k

where .» is the steel volume fraction,

H I . MULT 1 -REG 1;ON HEAT TRANSFER

A, He-at Transfer Between Liquid and Solid Regimes

Th.>e heat transfer me'ehawism between the fluid and the solid structtire is
by conve-ction, 'the local convection ilieat transfer is given by



"•NT-
vhore the hydraulic di ainet or D is i;i\vn bv

2(r~ - r2)
r, = __°JL
h r

Tlio int i'1'fare radius decreases vhen ablation o^'urs and increases vhon i r-otv. ing
occurs. In the -event of complete cladding ahlalion, the molten fuel vi 1 1 riovc
against the fuel pellet's surface. The Mussel! number Mu in l"q. (2) depends on
vhethvr molting is occurring or not, Tf the clad interface node is welling
then |7]

In (1 + 15 )

o B
ms

wlie re B i s t in 1 t r a n s p o r t number f o r m e l t i n g g i v e n hv
in

•C ( T - T )

hs ps ms

and Nu., i s tile S u s s o l l number 1 or the no-mol t ing s u r f a c e . i i s e d on boundary
layer theory and Reynolds ' ana logy , von Karman olv'ained

,. _ 1/2 (Ke Vr f) (f.)

1 + 5 >'0-rf : (Pr - 1) t i n | ] ^ S/r, (Vr - D ]

where f is the friction factor defined belov, Kxperimont.-r! results support
Kq, (t>) for Pr 1, If th-e clad i w o i-ompl et el y ablated avav, relaiions similar
to (A) and i^)) then apply,

Ti, f.qnations of fleat Trans) I T in tJii-Solid Regions

Heat conduction and gonor.U ion in the solid structure v.is monitored, The
latent beat c^f melting xcas also nieorpt>r,H ed, Yor .mv part i.-u1 ,ir node, the
equations described belov will hold as Ion;: as the material involved is in the
solid form. After melting, -energy, nom-eMum .--.nd m.iss vi I 1 be governed by the
hydrodynamie equations as described in Section IV belov.

At the center of the fuel pin, thv heat conduction and gem-ration equa-
tions in the pellet (for example) at axial position i are
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fs Sis ( r 2 ~

At I h e i r a i r r f u f ] f o n t ' s ( j = 2 , N - 1) live t cTTiper.-vt u r e s a l i s l ' i i ' S

pi s (r n,, <„ r , 1
1 s .1 >r r.

+ 2k. r..
is i

-T
_ I
•r

At th. ' fuel pi-1 l e t ' s out-ormost. zone we hfl

' f s .pfs
v M+5 M

live ci;uidiin>5 i s i-omp^et'e'ly meHted away, liven frq. (('0)i|

•> T ' ( i , K)

The power generated in the piira .per limit volume was assmmed to 3̂ 'e comstamt
time. Axial var ia t ion of tJ«e blanket pin power was iwt i
i t s effect i s megII igifelr. The ipower -generested inn tbe roolten material was

to be tJie power level •at the lilanket core

iow For Carwst Formatiow

The e«qinatt'om for ttoe <develoiproemt of the crust cam be derived from
of emeifgy eijiaations to be

2 V ~ \K
vbere



-- (q r -
: ^ms i- -

(12)

2V, HYDROnYXAMU: KOrATJCWS FOR THE NOl.TKN RKf DON

The equations of mass, moment urn, ,wid energv r on so r vat Ion governing the
molten material and the ablation of solid material are;

V tV

— + ,;v -— +
ft -.2

—- + rv —
••t - s E « I m '(15)

and Ihv prossuro satisfjes «n Poisson equation

((-^ . 2pv ,(.l?v

Hort, S , S , and S are mass, .momori'inii, and vnvr.nv '"souri-'o'' t'crrns, tlw value
in M r. ' •

of vlncli depends on the processes undervav (i.e., -molting, freezing..,.). In

F.qs. (13-15), w-e have •neglected frietion and pressure terms in the energy equa-

tions since their contribution to • is STn.-all <> C T)» In the <?VDIW that

steel ablation is occurring (whether a crust foriM or not), l

s {

Tn A ,t s A .?.

v
I -̂  (. € T
A a s ps ms

C T) - ,• —-E
p A

—- + 0 - ~ 'Ci ,
>z • A 'ms

In case fuel freezing is occurring while the steel next '(or p(?31<?t) to it ihas
not melted, tlo source terms are almost identical to the case above, viz.

S = { -A tr-f
TO A -t 1s

1111



t

In case no freezing or mt?3ting is occurring then the source terms are

s _ £* M (23)
in A ,?z

(25)

In the above eqijatioms F, rej»J"esemts the friction force per unit length. We
assume the so lid-liquid interface to be smooth 133 and thus the tunrbuleint flow,
the Blassiw« formula IS] for the frictiom force per mmit (channel) length gives

The friction factor f was taken to

f =

For Reynolds' nuiTObers of interest (""W-'J, this expression is of the same order
of magnitude as other expressions cited in the literature {Sf. The sensitivity
of our work and its dependence on the friction factor was cojudtuicted. On the
other hand, F is the gravitational force per wmit length.

V, RESULTS A M CONCLUSIONS

By means of the model described above, the dependence of the penetration
distance of molten material on various flow and "underlying pirn oomwJitioms was
investigated. The first of these conditions was the inlet pressure. The
results, shown in Fig. 1, indicate a rather weak dependence on inlet pressure
and hence material velocity over a wide range of pressures. This cam fee
expected if momentum effects are not important, since heat transfer is only
weakly dependent on velocity {see Eqs. (<6>) and (2?)). As pressure is increased
momentum effects become important and the penetration distance increases
sharply. A calculation with an inlet pressure of 5 MPa resulted in an extremely
large penetration distance. The effect of the inlet temperature for am inlet
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pressure of 0.7 N)\-» and an initial cladding temperature of 1175 K is shown in
Fig, 2, The linear dependence exhibited is consistent vith both tin1 bulk
freezing \2] and ablation [A] models. The dependence of the penetration
distance on the hydraulic di-nmoter is shown in Fig. 3 for an inlet t empi-ral lire
of 3273 K, inlet pressure of 0,7 MPs, and an initial cladding temperature of
1173 K. The penetration distance for various initial eladdinfi temperatures
is shown in Fig. A, Two processes compete bore. The cooler the cladding the
larger is the heat transfer from the fluid, which would indicate earlier
freezing. On the other hand, the closer the cladding temperature is to the
steel melting point, the more cladding will melt and mix with the fluid,
cooling it down, ©ur results indicate that the ablation process, when it
occurs, dominates. The dependence of the penetration distance on the dad
thickness is shown in Fig, 5, The results seem to support the importance of
ablation. One would expect penetration to decrease with increasing thickness
because of the accompanying increase in heat capacity. However, when -melting
occurs the higher heat capacity inhibits the inward progression of the melt
front and hence lowers the ablation rate.

Available experimental results '\2] were compared with calculations using
this model. In the experiments, a mixture of molt-on uranium oxide, molybdenum,
and noncondeinisibl'e gases produced by a thermite react ion wore injected into a
bundle <o£ seven hollow pins. The penetration distances -were obtained for
various Initial cladding temperatures. In Table 1 we coT,.par-e our results for
flow of liquid uranium oxide with the 'experimental results.

Next, we looked at flow of molten core material between l.MFBR axial
blanket pins under conditions expected in a core disruptive accident caused by
an unprotected loss of coolant flow. No experimental results are available
under these conditions. The fluid was taken to be a uniform mixture of ura-
nium oxide and stainless steel in the proportion at which they are found in
an LMFBR pin. The computation was stopped when the temperature of the molten
material reached the freezing temperature of fuel. The results of the calcu-
lations are shown in Table II.

The results reported in this paper are oonsistant with steel ablation and
entrainment being the dominant mechanism for freezing of flowing material. The
freezing process does, however, exhibit a complicated dependence upon crust
formation. It has been pointed out [3\ that the mechanical properties of the
crust and the degree of turbulence can have an effect on crust stability. In
our model the stability of the crust was dependent on whether the underlying
steel melted or not. Since steel always melted in these calculations the
crust was always assumed to be swept into the flowing material. Additional
experimental evidence is required to determine the importance of this effect.

In conclusion, the results presented here indicate that for conditions
expected at the beginning of the transition phase II], freezing always occurs
and the penetration distances are probably less than 1JMFBR axial blanket
dimensions. Further into the transition phase the molten material has a 1-ar̂ er
fraction of steel, due to subassembly vail melting. With this change in com-
position, a point might be reached where the freezing temperature of the mixture
is not properly described by the fr^vzi-np t <enper.-itii.ro of uranium oxide. This
could drastically increase the penetration distance.

It is a pleasure to th.mk K. Rohl and M. Fpstvin for their continued
interest throughout this work. We also like l« extend our acknowledgment
to H. Wider for valuable comments and discussion an5 .1. M. Kyser for help
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A TOMIOT'ER PROGRAM « * TRANSIENT FREEZING FLOW
INTO A CHANNEL AN!) I US APPLICATION TO

mem SAFETY ANALYSIS*

©» Majwndar and C» -JU Hsu

©epartomemt of Applied Science
Erookhaven National Laboratory

Upton, New York

AB'SMACT

Ihe trams lent freezing -of a flowing 1 i'tjia i-d into an or ig ina l ly
cyl indr ica l channel i s discussed in term's of a computer pro-

gram. In t h i s work su i tab le transformations of the spate var iables
are made to fix the pos i t ion of the freezing moving boundary* fte
resu l tan t nonlinear p a r t i a l d i f f e r en t i a l equations 'cwnt^inifig terms
iwivolvi*ig tfee positi-on ©£ the 'moving bowwdary amd i t s time deriva-
t ive are solved fey .TMTnerical metfeo^s involving i t eea t ion sdhemes to
4eter.miffle tlh* iposition of the 'moving bowwdasy. fh« jptoysieal ipictnare
©if the jpresent imo4el is feased -cm the mot low that trams SLemt freezing
Is g>ov«rane<5 imainly by ihc^t con<5\!iction tlhpotigto a growiwg firo2«n layer
a t tihe wall , Aicfe ooul'd evcifltwally ,pliag tfec •dhai»el, to ttois Model,
raidial t€»)peratniir« distafilbmttoms in tlhe li<qui«3, frozen a»d wall
r«egi©ias are loowipttteid by solving aitmaltaneowsly tln« ccupled two-dimen-

c<2>iBVe|cti'Om awd conduct ion 'e^w^tiions wiitfe aippropriate boundary
ri-oias options for tihe 'Owfsid-e boundary -conditions and

for irihe mesih s izes ia tfee liqwid, frozen or tfee wall regions feave
beem b u i l t in to ttoe pTogram to enable one to address d i f fe ren t physi-
ca l plhenowictta* Application of tlhis model to Moltera foael flow in

accident conditions im JMPISKs i s

e<elocati©»i idymamits of molten fusel ^(and/or £teel;) material from tne coi-c
followiag a core-disrupt ive accident play an importaTit ro l e in Uh-e acci -

dent aiaalysis of a ILî naid Metal Fast (Breeder Reactor ((iM'!B!R)»a A s igni f icant
fusel fl<ow imto tine isipper pleiwam r-egioe a t an early stage of tibe loss^of-flow
accident:, for example, cowld comsideifaMy iififliiaeifice the course of tibre accident .
I f tlhe fwel can pass up ttorougli and out of the top of tfre siafcassemblies, i t may
fee discounted fro'm fmrtlner c i ' i t i c a l i t y cons idera t ions^ to ttoe context of ;post^
accident heat removal, a s imilar t rans ien t freezing pcofelem needs to be i»vesti~
gated in conmection with the downward flow of molten fue l -s tee l mixture tterougilii
the shie lding region boJLow tlie core . I f tine core debris -freezes witfeia the

feel<ow tJiie core, the dowiiward relocat ion will be delayed u n t i l a remelting

worfe was done under the auspices of the t k S . Nucleai- Regulatory Commissioti.
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re-mova 1 proh I era.

In this paper, .in ana lys i s oi in 1 i lo.. in .i i \ ! i ndric:i'l chanm I is nadc- by

considering a boundary value problem with roiii'H t j \r • and conduc Li vv heat trans-

fer ioi- the liquid re;ion ami a .pun cone'ui t i op li.nt. transjer i i->r tin- frozen

region and t IT • • wall. Radial temperature di *• Ir i hu 1 i oils in Lin- liquid region,

iro;:en region ind lie wall ai i compulid by •••-ivir • il-, ioupl<-d two-dirm-nsi onal

correction and conduction rruat ions usin-.: Lin ;iniu di I ii ronct. appio.ii.'h» Tirno

and pObi tion~d>.p>'ndcnt volmnLric l̂ .al :;ouro s '.•.iUiin H, t. liquid and frozen

regions arc includi i! in thi- prov;ram. T1io cliaiv,:.' in Lho liquid v.lority duo to

fr'-i-zing Is also taken into accounl, Now, LO solvi- Liu- 1 i-..-e;;iny; problem, one

should iir.st diterrniiH- the distance al which Lhi- liquid >-Larts to Lree^o by

solving a two-ro^ion hfoutvtlary value p r o b k n . This was discussi-d in our proviows

paper," As soon as ircezin.5 takes place, the problem reduces to a three--region

heat transfer problem, which is the major concern of this paper,

Tlie major uii'liculty encountered in fluid i low and heat transfer involving

freezing arises 1 rorn the fact that ii'i.- irozen boundary ehantu-s with both time and

the axial position, J f one uses a ltxcd radial mesli size, Llie finite- difference

equations for the frozen layer become difCicult to liandle, and may cause maraeri*

cal instabilities, particularly when !he h o z n i layer is very thin. In this

study 'this problem is alleviated by transforming the energy equations in such a

way that the moving boundary is stationary in terms of ol dimension!ess radial

space variable. Although Lhi s Lransf.onna Li on converts the original linear par-

tial differential equations to a set of nonlinear partial dlfferin'tial equations

containing terms involving the position 01 llie moving boundary and its time

derivative, the numerical solution of these nonli.ne.ir equations does not present

any serious 'difficulty,'1 The details of the methods used and the physical

assumptions of the p n sent lneziiii; mo-del are explained in the following sections.

The model has been applied to analyze a freezing problem with Woo-d's metal aJTd

compared with the experimental data. Some applications of the model for LMFBR

accident analyses are also discussed.

THi: MATHEMATICAL FORMULATION

The physical system under consideration is sketched in Fig, 1, where Ro and

r denote, respectively, the inner radius of the channel and the wall thickness.

Liquid at a specified initial lonr-crature and velocity enters the channel, and

as it moves up along the z-axis, it loses heat to the wall and the surroundings,

forming a frozen layer. Attention is focused upon the phenomena from the time

when the frozen layer is just formed at the inner wall of the channel. The

governing energy equation for the flowing liquid including the- effect of variable

fluid velocity and internal heat generation can be written as

B h
(Liquid region)

The conduction equations for the frozen layer with an internal h-cat source,
fo.: the channel wall, are given by

' • T y -'E T ' • T

(Frozen layer)
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subscripts 3L9 €, s ref«er, respectively t© tlhe i i tihe mal l

vel<aeity aa i tfee iateiraal hea t geiaeratS.©ift, r espec t ive ly ,
!By lettiifig s ( a , t ) fee the tMetaess ©ff tfee fr©aea layer wi(fo R(a,tt) * ^ - s < « , t ) ,
tfee ap|>r©j>riate teauia«iary c@miiiti©ias t© 4*ie abave s e t ©f energy e«pati©ias cam be

as £©U<&ws;

^
St

T, refers t© tfee inlet
Ml

(5)

c, 0, 0)



h<T - T )s sarr

In E<q, (S), X represents the latent heat of fusion, and in Eq« (9), h and T
suit r

(demote, respectively, the heat transfer 'Coefficient and the surrounding tetnpera--
twre» To transform the above set of energy equations and the boundary conditions
to those based on a coordinate system yielding a fixed 'tiimt-Hs ion less space vari-
able for th-e TnoviKg boundary, the following changes of variables are tnade:<(T,- T

g y g
T, T >/^T, - t ) , where i stands for £, if and s, respectively, and To

denotes the tmttial -wall temperatwte; ? = r/K.
length; aad Ti4 = I /U-s" ((t)} = l./R" <t), ^ =

, R1 ( t ) = IR t̂J/IRo amd c*

* s/L, Where 1L is the channel
- D / s 1 <tj , ?fe = (g- l} /c ' , i*iere
It i s to be noted that the

radial distaace variables and each takes vafanes between
© am<d I in the respective region, and that the moving bowwdary corresponds to
Tj4 « 1 <̂sr ^g * ©) always. The transformed equations and the boundary condi-
tions are swranariae'd in t&e

zr* "TL ~

region)

d t

St

region)

At T)̂  = l , ttae moviiftg



At Ti|» • 1« $ * © *, and

At

IDE OTMES.TOM. WHKfflS

solve E<qs, <IO) through (I®) nmertcalfy for the «Sete«TOinati©it4 ©£ the
f ie lds in tJie three regions *wd the positiom of tike frozen bs>«nsi»r

the derivatives *ppe»ring in these equations are rewritten in terms of
f in i t e difference expressions such as

Vl,n

*L .
At * dt At

etc.

where n and n designate the radial and axial node nwriber respectively* and p
refers t© tine* fhe finite difference expression £©r E«j. (I©), for exan$ile,
was obtained as follows;

Where

1+1



R,

* V
Similar expressions cam fee obtained for the energy equations, Eqs, (11) and (12),
I t is t© be noted that the left side ©f Eq» (19) contains only terms involving

the nodal temperatures for the mew time step* siach as £•. ©r 'SlTii _» e t c AH

tihe terms ajspeaciing ©m the right side are tonawtn £r©Tn tilie old time step, except

18'̂  («l « s'P ) . Hhese e«jiuati©ins amd tihe feoiaiadary ooivditioins evefitiuaily yield
a set of siaMltame©'us e<qmati©ins which cam fee written in a imatrix

A denotes « sqiaare wattix c©wtaiwiwg the coefficients £©r thê mew tewpera-
tut« swch as *I^,K», e t c , , appearing on tihe left side of Eq, (19), G is a column
matrix containing the OTtaowa nodal temperatnares and B is a column matrix, the
element ©f i»toich is given f©r exan?ple, fey the right-hand side <a£ E ĵ, (1:9)% Ihis

can be solved provided R'^ is known. Uie nwmerical solution of E*q,
therefore, involves an iteration scheme starting with a gwess value for

R*̂  . Ihe temperatwre field <G i s f i rs t solved for the t r ia l value of R11™ ,
The temperature at the freezing boundary is then compared with the freezing

temperatiare, and a new guess for M.1' is made, Tthis process is repeated until
the freezing boundary Is at the freezing temperature.

Before proceeding t© solve a particular problem, ttihe liquid velocity and
the heat source term appearing in E«|s. (I©) and (ill) mast fee specified. I t i s
clear that with the assumption of incompressifele flow, the velocity field in the
present freezing problem should be obtained by solving the momentum and continu-
ity equations. However, for simplicity an analytical expression for the velocity
as a function of the frozen area has been derived for use in this work. Several
simplifying assumptions have been made in this approach, Ihe instantaneous
velocity ©f the leading edge is obtained by equating the sum ©f the pressure
drops in tihe penetration distance, X, and the fr©a<en region, Y, to the total
pressure drop expected if there was no freezing. Assuming a laminar flow condi-
tion and the same density for tihe liquid and the frozen regions, we then have

where v̂  i s tihe in i t ia l velocity of the liquid and v~ the velocity when there i s
freezing d# and df indicate the average diameters ©1 the liquid and the frozen
regions, respectively, Ihis finally produces

vf * v^+a-Waj] (22)

where i i s the fraction of total length frozen Y//(X+Y) and aj is the fractional
area available for liquid flow, IMs formula indicates that the velocity depends



on both the are-a blocked in the channel and the t o t a l length frozen. Hue veloc-
i ty i s aero when plugging of the 'channel i s complete, Hhis i s i l l u s t e a t «J in
Fig, 2 .

Figure 2, The change of l iquid veloci ty shown
.5,* a function of the frozen a re* .

APPLICOTMJS A » ©ISOTSSUM9 OF KESCLTS

to examine the computer program for the t rans ien t freezing flow in to a
channel (TRAFFIC), we have considered the Wood's metal experiment performed by
Gneung and Safcer, In t h i s t e s t Mood's wetal a t 1TO®C was allowed to flow by a
constant l iquid head in to a copper co i l of <0,476 cm ID immersed a t a coolant
bath a t -i9&©<G. the average flow velocity of the l iquid was 1© cm/sec, and (the
penetra t ion d is tance , measured by taking the difference in weights ©f the copper
tubing before a«d a f t e r the penet ra t ion, was 9,9 'om» Before discussing the
r e s u l t s , l e t us point oust two sources of uncer ta in t i es in the coraputer simula-
t ion of the experiment; F i r s t , since the l iquid coolant was s tagnant , i t i s
hard to know i f the outside va i l was a t the coolant temperature; secondly, the
tube being a he l i ca l c o i l , introduces further coj^plioations i n the flow pa t te rn
and heat t ransfer as compared to a s t r a igh t tube flow.

In the computer simttlairlon of the freezing phenomena, i t was found tha t the
front ten^erature in the frozen region plays an important r o l e . I t i s obvious
tha t temipemature gradient e x i s t s in the frozen region with the temperature a t
•"la5*© corresponding to the freezing temperature., ©ftr. I f tiae temperatures with
th i s gradient are used for the calcula t ion ©f temperatures in the west time s t ep ,
t h i s w i l l pro'duce a r e l a t ive ly fas t freezing, ©n the o ther hand, i f we assume
that the e n t i r e frozen region i s a t the freezing teinperature, i t w i l l produce a
•slow freezing. In r e a l i t y , the teinperature p ro f i l e in the frozen region w i l l
etefitage s l i g h t l y J»y heat conduction during the time the front rooves to the next
ax i a l node, 1© account for t h i s e f fec t , the front temperature in tihe frozen
region has tafeen as \<a r + ( l - o j s f j ) ] , with 0 s? & < 1, The computed r e s u l t s

for (due W^od^s metal case with a*© yie ld a freezing length of about 4 cm, whereas
with a»0,.2, the freezing length was found to fee about 1® cm. Figure 3 shows the
calculated growth ©f the frozen layer a t the front for tihe case a*©. The growth

*



of the frozen layers and the temperatures are also computed in this work at
other axial positions. Figure A shows typical results of the front
in the liquid region *t three T| 4 positions. Note that T|4«

(G) denotes the center
line position. In this particular case, the liquid front attains the freezing
temperature in about 0.3 sec.

«» ©.98

| 0.9?

i ©.95 ̂ -

©,9H

©.90

• i \ \
1 \yw=©

Ti to*

i

fe METAL

no© c

-

TUME (we)

'!•©

history of the
regio© at the front

shown for three T\^ positions.

Growth off the froze© layer
a t the roovirag tromt of the
liquiid coiunm shown as a
function ©£ time *̂=© case).

Figure 3 .

To illustrate the results of this work, temperature profiles in the liquid,
the frozen layer awd the wall are plotted for twe different times in Fig. 5 for
one coj^ater simulation of the Wood's metal experiment. In this case neat flux
at the vail was assumed to oe zero. Note that as time changes, the liquid
temperature, which was originally flat, develops a temperature gradient to match
the boundary condition at the freezing interface, Near the completion of plug-
ging of the channel, the liquid temperature will again fee flat, but this time
at the freezing temperature. It should be mentioned that in these figures, the
actual thicknesses of the liquid and the frozen regions change with time. As
expected, the wall temperature and its gradient change rather fast at the begin-
ning and conform to tihe temperature profiles expected. The width of T^ corre-
sponds to the fixed thickness of due tube wall.
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The model was finally applied to gather preliminary information on fuel
flow under hypothetical core-disruptive accident conditions in a liquid metal
fast breeder reactor such as die 'Clinch Riven: Breeder Reactor, It is found that
in a molten fuel flow through a steel channel, there is a sharp temperature
gradient at the beginning In the molten fuel region near the steel wall because
of the large difference in thermal conductivities between steel and W& fuel.
Freezing of fuel Is Initiated almost immediately. However, the frozen layers
are developed very slowly. For the downward fuel relocation through the lower
shield structure, both the constant wall temperature and the convective heat
flux boundary conditions at tine wall were used. For the molten fuel flow through
the upper plenum region, a zero heat flux condition was imposed at the mid posi-
tion of die cladding.

This analysis, based on the conduction model concepts, suggests that molten
fuel at a high ini t ial velocity would probably go through the entire fission gas
plenum and that a considerable amount of the cladding steel will melt before a
plugging of the channel could take place. Large penetration distances were
also obtained for fuel flow through the lower shield structure. These conclu-
sions, however, "may be significantly affected by steel ablation and possible
presence of liquid sodium film In the channel,
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f r i ' - f f . i 'n j ; t .-iki-s p l a c e when f l u - t" m -) . - r u s t >;ro\,'t b p ro t e s s ; i i i In1 • I i . inm-1 w a l l ' is
t r a n s f o r m e d t o a s t e e l a b l a t i o n p r o . ess ( ah 1.11 i o n - i nduced I r e e / i n ^ m o d e l ) - .

1 ho p r e s e n t p a p e r d e s i r i b r s I wo s r r i i s o\ i'm-1 t " r e e z i n f ; e x p e r i m e n t s I n
w h i c h t h e m o l t e n f u e l was i ; c i i r T a l i'd l iv ;i t herm i t e - 1 vpe r e a c t i o n . I n t i r e ' f i r s t
s e r i e s o f e x p e r i m e n t s 0 , 3 kt; 01 t h e r m i t e r e a c t i o n p r o d i n - L s a t 3200°C was l i l y e c -
t od i n t o , - y l i n d r i i - a l s t e e l t u b e s w i t h d i f I e r en t i n i t i a l t e m p e r a t u r e s t o f ; a i n an
u n d e r s t a n d i i i \ ; o l fu -e l c r u s t g r o w t h b e h a v i o r i n ( u rb i i ' l en ' t f l o w . The s e c o n d
s e r i e s o f exp . r i n e n l s was d e s i g n e d t o do t . r r n i ne t h e p i n e ' t r a l : i on c h a r a c t e r ] s t i e s
o f f u e l - s t e e l m i x t u r e s i n s e v e n - p i n b u n d l e con t i»; i i ra' t i ons - . I 'se i'>f a 0-. 5- 'kg a n d
.1 2 , 0 - K B i n j e o ' l o r a l l o w e d .1 I'ui 1 p e n e t r a t i o n ei • ; , ip. i r i s o n f o r ' two d i f f e r e n t t y p e s
o f f u e l d i s p i r s . i I.. T l i i - i n ' i v i - t i o n ot ()•. S k,;, w l i i e l i r 1 • p-fe s en t s a b o u t 'JO/ o f t h e
I 'uel t h a i w o u l d hi- .1ssoci.1t ed w i t h 7 p ' i a s , s i m u l a t e s 'the ..TIII'I Laneous p e n e t r a -
'. i i<n o f a I iu 1-s t r e I T i ix ' i u r e i n t o t l i e s u h a s s e m h l y s t r i ! K ' t m . : b o w and b e l o w t h e
e o r e . The I ' .D - I . ; ; 'i n j i-i' t i on p r o v i d e r .1 s i 'nu I. i t i on o f e x t e n s i v e m o l t e n c o r e
m a t e r i a l e s c a p i m ; 1 ! i roup, l i a l i m i ' t e d number of suhas'.-.atnlbly c h a n n e l s . . l ! x p l a n a -
t i o n s a r e p o s t u l a t e d l o r t ! i e phenomena o b s e r v e . ! or. t'tec b a s i s ol" s i m p l e c o n d u c -
t i n n t heo rx aad t i n - • i h l a t i n n - i n d m ed r r e e z in j ' ; i o n c e p t p r o p o s e d i n Rc-T, 'd-.

l.\T'r.R IMI'N"! A! . \P i ' . \K. \TrS AXO HKOfl- l i rK/.S
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whic!"1 t i n i'i, • ':•:,:, ( In rr;i i t i i n j e i ' l o r was I I a n ; ; . ?:n >un I • •) o i i i o t i n i v l i n d r i c . i l t e s t
sec I iiMl-. 1 11 i s I es'l see1! i on was 'I i'l I i I 1 ed w i t h t IM < e !n a I i 1" s 1,1 .!. 11 i eve a spec i -
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The test was begun by pulsing the IT i chrome ig'niitof 'wire with approximately
IS ,inps of current which ilwn triggered the vxothoiraiio ihevm'it'e "react iiwu Gases
which vere evolved during the re-action resulted in ipresswiU&at tan of the thermite
furnace and rupture of the s ta in less stee.1 diaiplbragim a t tine base of tine imjj'ec-
tor , which allowed the high pressure, hlgih temper'at'iure reaction ippo'dwcts to flow
dovn through the s t a in l e s s stee.il t e s t section, The ptS.mcl.ipal var iable iw these
i v s i s was the i n i t i a l t e s t section temperature whii'dh was varied from room
.itui-e to a value of 197-0"K-. Other var iables investigated were the
tni'l-rr .'i (Ml !)-onfith of I ho Vost strlioms*

Tfs't

KiSurv 2 i s a si^hcmnl lie ill ll'uistcatlom of t h e aptpaifatmis ws'ed ifot t h e ?—;pii'Ti
1 i'st» Tliv 7-p3n i-on'l'i^tirati'on was 'f 3 amgedi 'to a the^roiil stafi^off wMTJh ivi
K.-is mciiin't rd i-Ui-vi-it'ly 'to t h e 'base of t h e itiheifmiLt'e iift|'e'ct'Oit% The thefmal
spi>ol was wi-i 'ssiiry to maintaiiin a low th^ermit'e pcw&'et t'effip'eFatWFe AS the t e s t
svi-'tion w.:is Ivi-iinp; lio.i-tod 'to o i i h o t '9-7O° K or 11^®'° K> whl<cfe were the two
stvi-1 trinpi r . r tur i ' s sti-idj'i-dl iin i this ex,i»er5;meflt- Two •Siff'et'ent i f i ject 'ors
.-i'lsii nsrd 'in ' t liis fvperimon't, nho f i r s t wa« 'caipafell-e of •d«Jive«-4m(g (G)»5 kg -of
inol'irn Tra i ' i inn prodi-u-1 s ,-vi approximat-cly 32l0f0°'C amd t h e secowd was 'capaM'e of
iK'l i w r i nft ,'ip.|vnv-;iini.itr'l v .̂. 0 kft a t t h i s same tewipeifati'ire, Jro feoth of t h e s e
iiiijj'ec'i'ors i hv iiiviti.il vni'd fr.nc-:t i<Mi uipom re-l'cas'e of t h e fwel 'was
7'•>"•'•. ThriH- pTi-ssuTis wi'Tr mcisiiT-od iii t h e •exiporiinvMit wiith stawdard
s l r . r i n ;:..!iii',.',r u n i t s , '(In- i P j cc'i or prowSMf'C -and t-est s e c t i o n ipresnurnis t h i f t y i"iC))
.ind s i v/i v. (fiO) i-iTi't irrtc't i-i's I'roin 't ho I'ost se t t ' io i i ihnlet-. Twstriameiitati'O'n a l s o
itii-'liulvd '( Ircrrtnii-cKiplfs .I'lon;:' t Iw cnti iro lleiig'tii of t h e 7-pim t e s t s e c t i o n t o
i ssvss '(lie iiii't i.1 'I ti 'mpcr.Uiirr d]is!Lriihiiitii'O>in» Tl'R'S'c thermocowp^es skew t h e
iivi'ii.il di <i r i hu( 'inn m be mviform oxeeipt 'in 'flu- immodaviix' vicihnijty of t h e
i-oi'l in;:; spoi'j wlToro axSal ;lK>ai l o s s rcsmllt'cd ivt a somewlfoat lower t'e'fKp'erafBre a t
( Vic immcd^i.'it f jn')f[t-. I'o I I owinft t ' o s t s thrc-c and fnuif wi'th 2^0 kg 3'mij'ect i o n s , t h e
spac ing of 'tr.irv l«\-i'tf"fs a t t b i s i n l e t s e f t i o n w,is a 1 vero<il t o o f f s e t most of
' th i s ."ixii.'i'J lif.i't loss-. The dr-sSrod t e s t s e c t i o n 'tcmpeifa'ture was e s t a b l i s h e d
wi th in i cm of llic f n I v'l •. As wnl'ln t h e cylindif Scnl tube t e s t s , vjlwn t h e t e s t
s i r ' t ioB lias rcartu-d i t s des i r ed t-empeif-at'iure, t h e i g n i t o f wire wa« .pialstsll wi'th
.ipproxi'in.rt e 1 y 18 amps of cm-rent-. This currewt p u l s e i n i t i a t e d t h e thc-ffnite
Ti-.i.-ilon wlvi.li pvnduced a nominal p t ' e s s w e of 40 to SO atmospheres w i t h i n t h e
1 n j'c-i-'tor, v.-lilrli 't lien Tesi'il'ted in Tiiptuir'e of t h e s t a i n l e s s st-eel didphf a-gm a t t h e
bottom of the injector ass'em'bly.. Vol lowing t h i s ru.ptuf'e^ 32®0°C uranium dioxide
and metal l ic molvbdenitm flowed down through the hundie configuration. The
pressure mcasuremonts 'thremselves give an i iy ica t ion of when tlw mixture plug
passes 't lr;u s;pecifir location, and thus time of f l ight measurement for the
travel oi' the fuel-metal mixture from which an average velocity can then be
calculated-. The f i r s t 15 em of 'each :piii in the t e s t section is sol id steel > th<e
next 120 cm is ho Mow cladding (5, &-mm OB x 5* 1-wn IB), aw4 the las t 2-. 5 cm is
again solid s t e e l . In order to protect operating ;personn-el, the 7-;pin t e s t
section was shrouded with six 1/8 s 1/2 x 48 inch s t ee l backup piLat«s, which
vere then woldod together along the length of the t e s t sect ion. In addi t ion,
the en t i re t e s t section was contained within an outer shrou<3 -as shown in Figure
2 which would divert any t e s t section fa i lu re down into the sand p i t below the
bottom of the apparatus-.

OF THK RESLItS

Cy 1 i ndr i ca 1 Tuhe Exiperitnrcr. ̂ ,

Table tT l i s t s the f'e«;fflits of itln>e various i-ylindrical fuW <?s?perintents, A
fro«eifi layer of thermite material i s formed along the tube va3 3 and *i|*e thickness
of the layer i s essent ia l ly independent of the tube inside diameter (IB) twt IDs
> 4,0mm, As the i n i t i a l (s teel) tube wall temperature, T > is increased, the
thickness of the frozen layer decreases. I n i t i a l s teel t*mf>eraturvs 700°C



resulted in partial or complete ahlation of the tube w,i 11, This behavior is

•explained below in terms of simple heaf-conducticin theory-.

TABLE IT, Small Seal* Fuel Freezing Tests

Test Sect ion

TO cm ' L e n g t h

Initial >!iass
Ti'Wp Increase

Wass Initial Average
of Fuel In vector Film
Injected Pressure Thickness

'(mm)

9 ,3
9 ,3
9 ,3
9, 3
9 , 3
9 , 3
9,3
9 , 3
'6,8
'6,8
•fi, 8

4 , S

(mm)

13,7
13,7
3 3, 7
13,7
1 3, 7
1 3, 7
13,7
1 3, 7
3 0,3
10, 3
10,3
12,7

(mm)

457
457
4 57
457
457
437
457
4 57
338
457
338
235

CR)

293
570

an
•87©

IH'O
97'0
•67'0

'67'0
293
2'9 3

1.170
293

(kg)

'0*080

0,'O45
0,'044

-'0,1'04
-'0, WJ 3

'©,'04 2
'0,'03'6
'0,1045

1'ip'C Bestrovi
0,019

0, 5-2'6
0, 42 7
'0s 3t'O
•0, 3'65
'0,47'6
'0,4'03
0, 406
0,4 73
•0, 5'05

'0, 532
?d '0,4 57

'0,538

(M Pa)

•6,9
5 ,0
4,'6
3,'6
5 ,2
4 , 3
3,7
4,'6
5,9
4 , 5
5 , 5
9 , 7

'(ram)

0, 7'6
0, 5 3
0,4-2

0,4-1
• —

0 ,54
0 , 11
0,'6 5
O,'M1

—
0, 7'<S

The s o l i d i f i c a l i o n ip roces s i s
•&\ ' t 'empera ' tnre T,. em't'ors t h e

i 'Kni 'SS

a s t l w ni'-'iten ' Ihermi ' tc m i x t u r e ( fu i ' l
As t h e f r o ^ e " < » l 'l.'ivi^r on t lie wa l l

• i n c r e a s e s in thi i 'Kn' i 'SS, li 'eat i s ' t r a n s f ' c r r e d by .i-iiin^H-tiow from tlw- f l o v i n g f m l
mel t t o t in ' so l id) 1 a v e r ^ l i q u i d i n ' t ' e r f a c e a t a r a t e which i s p r o p o r t ion.-il t o th<-
m o i t e n f u e l superlTeat> namely h'CT,, ~T,f , . ) , Fuel c r u s t g rowth p r o c . r s i s a s long
as t h e c o n d u c t i o n h e a t f l u x throug?iOt1i 'e>s¥'e-el w a l l e x c e e d s t h a t t o tiro crus ' t
s u r f a c e from t b e f l o w i n g fu-e l . Once t h e t h e r m a l boundary l a y e r in t i re v a i l i s
s u f f i c i e n t l y l a r g e ( o r , p e r h a p s , r o a c h e s t h e o p p o s i t e s i d e of t lie w a l l ) , t in-
c o n d u c t i o n lveat f l i i x i n t o t h e w a l l e x a c t l y b a l a n c e s c o n v e c t i o n from t in- flowi' i .^
fu-el and t l i e r e i s no l a t e n t to'cat g e n e r a t e d . The f u e l c r u s t r e a c h e s .! maximum
t b i c k n e s s . A f t e r t h i s , c o n v e c t i v e l*ea't t r a n s f o r lyecomes more 'tli;m what c m bv
c o n d u c t e d away, res ' i ' i l t img v a c t u a l l y i n red'uict ion in c r u s t t h i . k m ' s s Through
m e l t i n g , The c r a s t disaip |>ears When m e l t i n g i s comple t i . , T h i s h e a t - c o n d u c t i o n

'has feeen t r e a t e d im d e t a i l in R'ef, 8 , From t h i s work, t h e f u e l c r u s t

t b i c k n e s s - t i m e h i s t o r y , fi ' ( t ) , on a ' t h i c k s t e e l wa l l i s found t o b\- w\ 11 - r e p r e -
s e n t e d by t h e s i m p l e form

;. i s t h e maxiwum p o s s i b l e c r u s t t h i c k n e s s c o r r e s p o n d i n g t o c r u s t g rowth
b e h a v i o r on an i s o t h e r m a l w a l l ' :

= f,mp
max h ( T . - T

t ot , o f ,mp

• . . , t h e " g r o w t h c o n s t a n t " , i s a f u n c t i o n o f t h e p h y s i c a l p r o p e r t i e s a n d i n i t i a l

t e m p e r a t u r e s o f b o t h t h e f l o w i n g f u e l m e l t a n d t h e s t e e l w a l l !li>]> h o u v v e r , f o r

most, f u e l - s i e e l i n i t i a l t e m p e r a t u r e s o f i n t e r e s t "• ' 0 . 8 . 1 'or t h e s a k e o f

s i m p l i c i t y , l e t u s a s s u m e t h a t t u r b u l e n t h e a t t r a n s p o r t w i t h i n T h e t u b e i s

r o p r v s e n t v ' d by t h e k e v n o l d s " a n a l o g y w h i c h p r o v i d e s a i i n e n r r e l a t i o n s h i p b e ~

t i v e e n tli-f h e a t - t r a n s f e r c o e f f i c i e n t , h , a n d the l i q u i d f u e l f l o w v e l o c i t y r , v i z

I" f



unerc I is -t In- dimensioivless coefficient of f r ic t ion '(f (K'fW&K The value of
time, t ,, at which the fuv) crust thlrkwess peaks is obtaiiw><3 by s
d.'. / d t ^ ' i n r.q-. (I1) and using Kqs-. (2) and '(3i) in place of A , i»'e»,I :max

It is present !lv fe l t that the mimimwi possible experimental wo Item fwel veloci ty
in the v ic in i ty of the tube wall i s I: •• V00 cm »cr~ ! ; therefoif-e, (for the exper i -
mental riwid it Sons T.. = 3-2'(1l10°C .«d T s - a t , we cal-cusl^ffe t, = '0,3<8 sec ,
'hvi'Oi-i ion ,prcssnr't—l5mo moasurvmoM'ts ^'Mioat'e tfeat t f e t t e r m i t e ' mixtus-c r e l e a s e
•t imc in a'll cases •oxi-cods '(!)•. "h s e e , Jt i s itfeew 'est«fe3isfe'ed tfeat t l ic 'observed
crus t lo'tt bvlvind in i ho \os\ sei-tS^Ti ipasS'cd tlhfonaglh t h e igimwtih perio'd t •- tt
and was undoifftoan ,̂ mo'lia'nfi at the termii'matiwm olf itfee toJeCtiow speriwd

l:x|u,ii't ions '(I) ,ind ((2<) sitg-gos*. 't'lia't^ for a givem fusel v e l w c i t y
(i livrmit'o1) r e l e a s e t'imc>_t'lie •expie<rlmeT\t&\ fwei Tifiast tJii'olk'i'iess i s a 1 linear
Tumc'L ii>ii ol" (T .,•*"'''. ^ '•• '(1)w<' wotes ii« iF8g» 3 t K a t , •C'omsMetiwg what has
I r l l nut ot % liv1>a'n.'il y?;!i s '(.see ibelow), t ;he 'O'orrel'aitioin i s •s-at'i'Sfa'Otoify, Tine
i'xp\'i-'imon'(.al liinc-ar irv-l.'M ionsliiip ?• v s '01'. »Th 5 1 oaw fee 'used Jro T'owb i n a t i<m
with Kijs-. '(]•), (.?'), .-iind '(!!!> In i n f e r t h e Nrof rele/ase t ime &IW& average fiiiel
vi-lnc it v> lire prodSc'led r o l c a s e t ime of I-.1!) see i s ateo'fflt a f a c t o r of 2 h ighe r
tli.'in t lw nbservvil fanfti- •(')•. S—'0J-. 8 s e c , whi'ile t'lie pre'dil'dte/d -average fmej v^ioci i ty
of 420 i m si'i' ' ,iip:piNiirs 'tci lie too small ihy rowglnly a fact 'or of -2» iT'inference of
aci-nraic .'rh.solutc v a l u e s m.'iv re^w i r e re f inemei'its of the jpresein't -aw a lys i s - . Vn
par't Uu],:ir> the rf I c'ct s uT cyl ii ndri call geometry, f Smite ipiiipe 'wai t , aind t'he
mu I'! 5-plMS'i' n a t u r e of :t lie t h e r m i t e r e l e a s e ;pfY>d'i!icts silioilll'd lhc

The li'iel c rus t 1 ifet: irne, t , ,, iis fonniWI 'hy s e t t i a g -:'f-G in
n :hv X .. 4»'O t ^ •. l-or '[fie fi'rell iflov ixwdiit ioms 'U *t WO <im. »O t ^ . lor [fie firel flov ixwdiit ioms U WO <m Sec

T ^ = i^airc!; and tlie^'o-st sectiow temiperatwe Ts ='7'0'0°'C, * i«w whiich afcl
o'P'the steel was observed, we get I „. _'Ck42 see. This is 5css kfottm the
Thermite r>.-'li-w.-.e time. Indeed the omserved erwst thicfewesses -are consistent
with heat'-tra'nsf'i'r controlled growth awd melltiwg^ At the higher twbe wall
temperatures, tire melting front in the fweJ crust ipewetrates the s tee l 'wall whew
t 1. . cansing the observed st't-cl ahJatio'iiv* It earn he shown that the
U-mperatiWe .profile within the solid s teel wall wil l asymptotically apiproaeh a
simple, steady exponent ia<l form i\V6) ijifivolvira.g the imelting veloci ty , V , '(or
wall ablation ra te) which, in tMMii, wiill necoine a liifiear fwfK'.tiom of the <-om-
vect ivo heat fi'uK •a<-<-ivp£in% t o

h(T. - t )
_l ,o _ ji,mp__

vm " p'Tf.'+c' ~n~" -T ),] '(5>)

s s rt s,Wp s,o
I'or the experimental c-owdit ions of i n t e re s t , Twattely 0 •• S'0'0 em sec \ T =
32OO°C and '\\ = 8'P)0O(r, we get a s tee l wall «te!tiw>g veloci ty y '_••_ 2 cm 3eo~]..
The time, t ^ s t o cc>m:plt cely ahla'te •& twfee wall of thiefcness 6 is t = t /v ,
A tvpiica'l value is t^ j Q-1 sec. W 'a W m

7-THn Fu'cil Free^iHg Test

'.n[c ohservat ioins of the fro*e?i iplwg locations i*i the seveifi~i[!)i*) fae l^freer-
img experiments are givenn in T-afeJe. t t t , !fhe ;p«ffletif t̂io?!i lewgth i s r e l a t ive ly
iiiisensitivo to the i n i t i a l ;piw hiawdle t-empera't'wpe-. If the ;mass of fwel i-njject'ed
i s increased, however, the thermite ipewetration lewgtih iwcreases^ Most impor-

*When the i'witial s t ee l t-emperatare exceeds r>.8'Gi0o'C awd the fine! velocity ^ 1000
•cm fee \ the s tee l may liegiri to dblate iujmedlately following contact with
molten fuiel, as t-lre ' ' p ro tec t iW' fuel c ras t wwder these conditions is predicted
to be TOecihainicallly MWStable |'6.K
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t a i v t o f a l l , t h e a b s o l u t e o l i s « - r v r c l p e i i e t r a t i o n d i s t a n c e s e x c e e d t i n - 1 0 t o 2 0 - c r n
p e n e t r a t i o n 1 t - n R t l i p r e d i c t e d h v e i t h e r t h e b u l k f r e e z i n g m o d e l [ S i o r t h r
a b l a t i o n - i n d u c e d f r e e z i n g m o d , I | d l w h e n a p p l i e d t o p u r r f u r l . T i n - m e a s u r e d
p r e s s u r e - t i m e h i s t o r i e s i n t h e i n j e c t o r , •)(') . m I r u m t h e t o s t s e c t i o n I n l e t ( I ' . ) ,
a n d 'fiO cm f r o m t h e l e s t s e c t i o n i n l e t ( P . , ) . i r e s h o w n i n F i g s - . 4 - t t , I n t h e 0-. 5 -
k g i n i e c t i o n s , t h e r e w a s no r e s p o n s e f r o m P , i n d i c a t i n g t h a t t h e o r i g i n a l t h e r -
m i r i - p e n e t r a t i o n b e h a v i o r w a s t o t r a v e r s e t f i e f i r s t 30 cm o f c h a n n e l l e n g t h sin
' v i O m s e c a n d t h e n s t o p b e f o r e r e a c h i n g ' l i v e l o c a t i o n o f p r e s s u r e l a p I ' . , - . A
r e l a t - i v o l v s l o w p r o s s u r i z a t i o n I1 ( ! ) i s o h s e r \ r i ' c ' l i n R i m 2 ( s e e F i g - . ^"J •• T h i s i s
c o n s i s t e n t v i t h p o s t l o s t o h s v r v a t i o n s w l i i j c h s h o w t h . i t i n R u n -2 m o s t o f t h e
V h v r m i t v m a t e r i a l d i d n o t p v i i v ' t ra'\ e m n i T i b e v o n d ^0 c m ( s w T a b l e 1 J I ) - . T h e
p r e s s u r e n n v i s u r r n i v n t s s h o w n i n : F i f t s , ' f i - 8 i n d i c a t e t h a t e a r l y t h e r m i t f m o t i o n w a s
• e s s e n t i a l 1 v t h e s , t t c d u r i n g R u n s H - r i , T l v e t l i e r m i t - e d i s c h a r g e r e a c h e d l o c a t i o n ]
i n i f ) u s e r a n d n a s s - e d l o c a t i o n 2 s o m e i S ' t o f>0 m s e c l a t e r ^

Run

'IAB1.F. I l l

•7-T'in Fii • 1 F reez ing Tests
( f F l f R^ ' t l ec lo r Plus F i s s i o n Cas PTenum1)

I n i l i a l St'eel
Temper.il uro

"•K

Mass ol
lire I

l-\per imental t ibservat ion
ol Plug Locat ion 'Bl-ockage

1170

11 70

970

i l 70

0 , S

(I, S

2, 0

1.. 7

1.. 9

Back--10 cm 'Porous

Front—Vi cm

Back—10 cm

Front —30 cm Porous

Back—'60 cm

Front —Entire ibength Complete

Back—'60cm
Front---Entire 'Length Complete

Back—70 cm
'Front-Knt i re Length Complete

I t i s wor't h w l i i 1 -e ' t o b r i i - l ' l v r - i - v i e w t i r e a b 1 a t i o n - i n d n c e d f r e e z i n g c o n c e p t ,

s i n c e i t i s b e l i e v e d ' t h a t t l i i s m e c h a n i s m o f f e r s a p o s s i b l e e x p l a n a t i o n o f t h e

o b s e r v e d p e i i e t r a t i o n b e h a v i o r - . I t w a s p r o p o s e d i n R e f . . h t h a t , b e g i n n i n g a t t h e

p i n b u n d l e i n l e t , s i i . i r ' t l v a l t e r t h e m o l t e n f u e l ' e n t e r s t h e - p i n b u n d l - e c h a n n e l s ,

, : n a b l a t i o n w a v e w i l l p a s s d " w n l i e c h a n n e l w a l l s a t a v e l o c i t y a p p r o x i m a t e l y

• e q u a l t o l h.i 't o',' t l . e f u e l f r o n t - . A m o l t e n l u e l - s t e e l m i x i n g z o n e w i l l q u i c k l y

s t o o l m e l t a tb e e s t a b l i s h e d i n t h e r e g i o n j u s t b e h i n d t h e a b l a t i o n w a v e - . 'H i

i t s m e l t i n g tpmpera ture '(• 1410V.) i s r a p i d ! e n t r a i n e d by the flowing molten fi?K?l

a t a m u c h h i g l u r l e m p e r . i t u r e , s a v , il(K)'i\ i ' iu e n t r a i n e d s t e e l w i l l d v c r e a s e

t h e e n : h a l p v M t h e mo l i e n f u e l w h i l e i t s t e m p e r a t u r e i s r a i s e d b v e x t r a c t i n g

t i l e c o r r e s p o n d i n g i-r>' ha 1 pv . . W h e n a s u i ' I i c i e i i t f r a c t i o n o f t i i e f u e l - s t ' i - e l m i x -

t u r e i s i n 1 h i ' i r o ? e i i M u l e , t l i e I l o w w i l l c o n e t o , i s t o p . F i g u r e 9 i l l u s t r a t e s

I h e p r o p o s e d s e . | u , - m •• o | e v e n t s l o l l o w i n g n n l U ' i ) f u e l p e n e t r a t i o n i n t o a r e a c t o r

s u b a s s e n h l v t u b e b u n d l e , F u r a d e t a i l e d d i s c u s s i o n e t l u e l - s t e e l m i x i n g z o m

i h . i r . i l I e l " i s r l , s , t h e l e a d e r i s r e ! e r r e d l O f e i , .'•>,

I n ' l i e . i h . i v • ( !••- . r i p t i e n , t h e t l o w w a > . i s s u n e d t o t e n s i s t o f p u r e mo i t e n

c e r a m i . ' l u e l ? h e w . ' . - e r , l l r i s i s n o t I l i e c a s e i n m o s t a p p l i c a t i o n s o f i n t e r e s t .

F o r e x a m p l e , i n t h e l r e e ; ' i n g e x p e r i m e n t s r e p o r t e d h e r e , t h e f i ow c o n t a i n s

m « ' t . - i ! l i i m o l t e n ? i o l v h J i n u n , w . , i c ' i i s a b v - p r o d u c i oi t h e t h e r m i t e r e a c t i o n , I n

a r e a l t o r e n v i r o n m e n t u n d e r h y p o t h e t i c a l a c c i d e n t c o n d i t i o n s , m o l t e n s t a i n l v s s

s t e e l - w o u l d h e p r e s e n t i n t h e M o w , I t i s p r u d e n t , t h e T e l o r e , t o c o n s i d e r t h - o
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following Important question regarding ablation-induced fret-King,- Does the
presence of molten metal modify the usual criterion that a flow blockage occurs
upon freezing of fte fuel alone? In other words, docs the molten fuel act as
the continuous or discontinuous component in the fuel-steel mixing zone? To
address this question, wo consider the mixing of a known mass of molten tbc-r-
mi»if, which contains a mass rn of mo It •on •molybdenum plus a mass ny of molten
fuel, wi'th the mass of entrained steel- m , r-e-quired to cool the fuel down to
freezing., Trom an enthalpy balance v obtain

(r - T )
s,mp s,o

+ 1. + cs < .. '(?. - T )
iq f,mp s,m;p

'(•6)

The- term c (T - T ) + 1, appears in Bq-. '('6) because a fraction of the
heat g:ivvn' i'jp by 'ITie flowVng rnixtiire goes into raising the solid steel tempera-
t-ure to the melting temperature and melting the solid surface. The liquid metal
(mo.lybdi-imnn plus ;Ueel) volume fraction consistent with fnel freezing is

+ m
T

liq m /.•• . . + m Jr. , . + mir/r. r ns S,1K| mo mo,l'iq f f,sol
(7)

Table !|V contains some typical values of "/... calculated from Eqs, '('6) and (7)
for the injoc'tion 'temperature •?200r'lC and the molten molybdenum-fuel mass r a t i o s
rn /m. = 0,0,24, which i orrespond 'to pure fuel and the actual thermite miVtim

m o if .. ,
prnpor ' t non , r e s p e c t nvo l y ,

TAB1.K IV

Values of i,, for Tr-e^zing Tn-oi
! i a

0,231

80© TOGO

It is clear from Table IV that for initially pure fuel, frozen fuel as the
continuous phase in the mixing zone; in fact, the frozen fuel component volume
fraction '(i,-e,, 5-m, ̂  ) is approximately equa] to the maximum packing volume
fractions A flow bTockage is likely, therefore, when the initially pure fuel
component freezes-, On the other hand, the relatively large volume fractions of
moilt'cn metal present in tire thermite mixing zone. '(« = '0,4; see Tabl« IV) indicate
that the molten metal may become the continuous oomponent before fuel freezing
is complete, Tn general, it is difficult to predict which component is favored
as the continuous phase for 1 iquid~l iquM eomlj{nations in the volume fraction
range 0> 3 to 0,7, An often quoted rule is that the 'Component present in t>
gi-ea'ter amount tends to ho the continuous phase-i,e*, tfe fro-zen fuel component.
Even if this vere true, however, the molten metal volume fraction of ^'0,4, in
combination with 'driving pressures in the range of 4© to 50 atm, should provide
sufficient hydro-dynamic hibri-cation for thermite penetration to continue beyond
the location of complete freezing of the fuel. 'Component,* Thus it is the presence
•of a molten m^tal component '(moiiybdenum) in the inital thermite mixture that

* Freezing of the molten metallic molybdenaw. compew'ent will ocenr when the mix-
tuare temperature falls below 2630°C, An enthalpy balance at this temperature
level indicates that the volume fraction of molten metal '(steel) remains in the
'0,35-'D& range, so that thermite motion may -continue, Note, that the melting
temperature of the metal components may change since molybdenum is an alloying
element for steel.



ol fers a possible explanation ! or l he relatively loig penetration distances
(compared wit 11 bulk freezing predictions') measured In the needing experiments.

It. remains to identity the mechanism responsible lor bringing the pene-
trating molten flow to rest. Of course, we must recognize that there is always
the possibility that the volume fraction of the fuel frozen in a bulk manner may
be large enough to block the flow by a mechanical jamming mechanism-. Alterna-
tively, if rhe s l u m 1 of solid fuel, solid molybdenum and molten steel does not
plug the pin bundle channels, and since the molten steel component cannot freeze
in a bulk manner by the addition of melting steel from the channel walls, com-
plete freezing and plugging must ultimately involve the conduction-limited
grovth of a frozen steel layer at" the channel wall. The conduction mechanism
can explain the observed dependence of thermite freezing behavior on the initial
inventory of wo5ten thermite. As the flow penetrates further into the pin
bundle, the ablation process continues and the melted steel becomes the continu-
ous phase in the region behind the flow front. The instantaneous contact tem-
perature between the flowing molten steel and the channel wall is T, = '(T +

T )/2, Here we shall assume that when T. falls below the steel melting' tem-
s o i

perature, T , steel ablation ends and conduction-limited steel crust growth
begins. The'mass of entrained steel required to cool the flow down to the tem-
perature T such that T, = T is (assuming the heat capacities and heats of

o n c in 15

fusion of all species are identical and equal to c and 1., respectively)
m (Tf - T ) - fT - T ) + l./c
s f,o K,mp J^mp s,o _

mV " """ 2(f -"T" T+T/r "' """ {>

l s, mp s,c i

T h e m i n i m u m c o n d u c t i o n - l i m i t e d p e n e t r a t i o n l e n g t h , X, 1'or m o l t e n s t e e l i n a

s t e e l c h a n n e l o f d i a m e t e r V) i s \(-\)

x

lfV- • x
s s

where •. , "the growth constant" for steel, is of order unity, Vrom tire two

pressure measurements spaced JO cm apart (see Figs, h - b ) , the thermite flow

velocity is estimated to be 700 err. sec :. Taking II 0,2 cm, we get X CJ0 cm.

The mass for volume) of entrained molten ste-el, rn „ when spread out, say, between

the pins covers a distance m /(A. ) , where A, the cross-sectional area for flow,

2,0 cm'. Clearly, if this distance is less than X, complete freezing and

plugging of the pin bundle is impossible. In terms of mass of thermite iniected,

m r(see Kcj» (#)], complete freezing must be ruled out for thermite injections

less than -0,7 kg. This is consistent with the rough, porous, frozen debris

observed at the conc]i;sio)i of the 0.5 kg injections. For such injections the

frozen debris is found to be spread over the intact pin bundle structure. This

must be compared with the solid si eel plugs observed at the conclusion of the

2,0 kg injections, where complete occlusion of the channels must have lirsl

occurred in the vicinity ol the pin bundle ex i I „ In the last 2,S cm of channel

length the pins are cylinders of solid steel (pin end cap) and, therefore,

"contain" enough heal capacity to freeze (lie flowing steel during the injection

per iod.

CONr/I.l'D'INr, KHMARKS

The most significant experimental tinding of this paper is that boiling

fuel steel mixtures under susf.'iivrf pressure penetrate f:tr 5nto s;;:-,.jsso7nbl y

structure and even travel distances which exceed the dimension of t lie LMF1VR

subassembly. It is postulated here thai, while steel ablation rapidly leads to

fuel freezing in a bulk manner via turbulent mixing between fuel and melted

steel, bulk freezing does not provid" significant containment capability.

Instead, frozen steel is required to stop the- flow and fuel peni'tra t ion is
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conduction controlled in the steel component, the previously reported short
penetration distances for thermite mixtures (7J are wow thought to be due to 'the
limited iqwantity of thermite material exinptoyed, 'Of course, the very idea
of there be ling a single dominant mechanism (for flow blockage in this complicated
freezing process may fee an over-simplification and the above comclwstows must
await additional experimental evidence, Nevertheless, the trend off the data is
clear and i t is come tailed that boiling fwel-steel imlxtnares tnovim̂ g onat of ttoe
c©re regi©m duarimg a postulated accldemt will rapidly pewetmate t*ie axial blan-
ket or reflector regiom following in i t i a l core disruption.

wark was performed under the amsplces of the U,S, Energy Research and
JJeve lopinem t Adm im i s t ra t ion»

NCMENCLATOIRE

f
h

P
t
tt max

life

heat capacity
channel 'or twfee diameter
coefficient of friction
heat—transfer coefficient
thermal conductivity
Latent heat of fwsi'om
mass
pressure
time
time at maxiimuim crust thickness

fiael ctrust lifetime

T
0

v

•a. thermal diffwsivity
a., li'fjiaid metal volume fraction

ll'q
•S* fniel cmast thickness

•max maxiwiara possible fuel crust
thickness

P̂ growth constant for If we 3
cr'ust

}, growth comstant for steel
coast

,p density

flow velocity
steady-state melting velocity

condwctiom-limited penetration length

Subscripts

f

mo
o
s
sol
1
2

fiael
li'qwid state
molybdenum
fmel temperatisre at
steel
solid state
location 3© cm from
location fj'O cm from

channel entrance or

test section inlet
test section inlet

steel wall
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SIMULATION OF TRANSIEOT FREE2IMG OF CLADDING
IN GCFR BLANKET CHANNELS*

Narisa N.Y, Chu, Donald T, Eggen, and Ehsan Khara+

Northwestern University
Evanstom, Illinois W2©I, U,S.A.

ABSTRACT

A multi-rod bundle experiment was performed to simulate the tran-
sient freezing of cladding material in the blanket region during ©CFB.
LOF situation. A set of stegle Pb,/Sra tube tests was carried out to
obtain data ©n the time required for the molten alloy to solidify and
block the channel. A mathematical model was established and solved by
a numerical method. The temperature distributions In the liquid and
the soli*!, and the profile of the fusion Interface were determined in
detail. The calculated and measured time to plug were compared. The
theoretical model compared well within the limits of the experimental
data. This model was then extended to predict the freezing of reloca-
ted stainless steel cladding.

Transient freezing and relocation of molten cladding in coolant channels
in the lower blanket region Is a probable and important heat transfer process
in 'GCFR loss-of-flow accidents. Starting from slightly below the core mid-
plane, the cladding melts from the Inside out. The internal pressure produces
bulges In the cladding, which burst awd drain when the viscous forces is over-
come by gravity. Once the midplane section Is bare, the cladding above falls
off in tubular segments as its inside layer becomes moIten1 The liquid state
is at low superheat and could freeze upon contact with the lower powered blan-
ket cladding and plug the coolant channels. Plugging of the lower channels
could result in Increased reactivity (and power) and reduced cooling capability.
This would lead potentially to further core damage. On the other hand, if the
cladding does not freeze in the lower blanket, the molten cladding would sweep
Into the lower plenum. Depending on the cladding disposition, the times invol-
ved, and the actions of the backup systems will determine the seriousness of
the events.

The purpose of this research is to develop a model to describe the se-
quence of events and times involved after a loss of flow situation.

This research has been sponsored by the Reactor Saf°tv Research Division of
the Nuclear Regulatory Commission, Contract

Present address is Argonne National Laboratory,
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BACKGROUND

Problems of heat transfer involving melting or solidification are compli-
cated because of the won-linear character at the interface between the solid
and the liquid, Solutions are found by owe ©IE the following techniques; analy-
tical* numerical and experimental methods. Among the analytical solutions,
Stefan ami Neumann^ are the pioneers for the .elementary problems of a stationary
liquid,

Bankoff'3 developed tine one-dimensional melt thickness under maximum and mi-
nimum bounds and concluded that at constant heat flux, the melt thickness initi-
ally grew linearly with time, Boley et alif were primarily concerned with aero-
dynamic ablation and had recently extended the "embedding technique1™ to solve
fuel rod melting problems in nuclear reactor accident conditions. For steady
state problems, the effect of solidification in a circular tube were examined
by Zerkle and Sunder land-̂ . Stephana.® studied the problem of fluids by assuming
a parabolic and transient temperature distribution in the solid phase, fine sta-
bility of the freezing process in pipe flow was also analyzed, ©zisik awd Mul-
ligan? indicated that their transient results were applicable only when the rate
of change of the thickness of the solid layer was small, and were not accurate
during the initial and final times. Epstein et al? provided clarification of
the differences between conduction limited^ and steel ablation controlled bulk
solidificationl® processes in the context of their application to oxide fuel
freezing in UMFB'R safety analysis.

Standard numerical technique can be seen in Beaubouef and Chapman's p
Murray and Landisl2 suggested two generalized methods: the variable space net-
work and the fixed space network. Propagation of melting, freezing and reloca-
tion of fuel debris responded in reactors during failure conditions was partly
described in a few computer programs such as $ASl3, ©OMPPl*, and lS

©until recently only limited •experiments have been carried out on melting
and freezing. Seban and London^ measured the times of complete freezing of ve-
getables of hi©fa water content. Zerkle and Sunderland^ carried out observations
on phase change and measured the pressure drop and the rate of iheat transfer
within a circular tube as a function of flow. Recent experiments on fuel freez-
ing in the fast reactor subassembly structure were performed by ©stensen et al.
Cheung and i&ateer̂  investigated the transient freezing of water, Wood's metal,
napthaleae, paraffin wax, and ©live oil in copper coil. They further interpre-
ted tne empirical correlation to transient flow and freezing of molten core de-
bris to coolant channels in LMFBR.

The analytical approach is handicapped in application because of various
assumptions inherent in finding a closed-form solution, the complex geometry
associated with reactor accident models can only be approached satisfactorily
by the numerical solution, of the basic momentum and energy equations. It is
also desirable to provide experimental verification to the theory.. Thus, the
objectives of the present paper are to: '(1) experimentally simulate the motion
of molten stainless steel by a Pb^Sn alloy amid observe its solidification pro-
cess in a channel, (2) theoretically model the transient heat transfer to des-
cribe the freezing of the moving liquid and plugging ©£ tne channel.

EXPmMESRTAL SMUIATW8

Iw© sets of experiments were carried out concerning the behavior of molten
cladding descending into the blanket region of the fuel lattice, assuming a
complete loss ©f flow situation. A qualitative test using multi-rod subassem-
blies simulated the annular flow pattern formed by the flowiag cladding from
tne core. A quantitative test with single tubes was used for a parametric



study and verification of the theoretical model. The cladding and the spacers
surrounding the failing rod roost probably have been melted in the core region.
The molten debris has little superheat when it enters the cooler blanket region
where the fuel and the intact cladding are calculated at 1650 C <3000 F) and
57? C (107© F), respectively, based on the Imp-parameter technique. Wullite
C&UQ* and SiCL) is substituted for U-Pu©, tflueIL a n d SOPb/S'OSn for stainless
steel cladding. Table I shows their thermal properties used in the simulation.

IWBUE I

o f iUOj, w a © , S , S , 3H<6, «na $0Jb'/50Sn

TOj MC30 S.S.3W SOW/SOSa

Properties

120 331* 76,7

latent Jw«t « i tost-on

It i('catl//«ni»se«»rC5 T3-.'OT1̂ TI iO, jO062

P' (gm/«m 3 ! ) »,5 2,«

'0,'05'O00 O)

1375 J83

UQuidas

Tf('Ci 2V60

•meltifcng

0,0096 'O.W-TO '« 0,25
1 CD

«^ if or ^sure

1IT maximum ̂w

Ira these experiments the following observations will be made:

1, The extent to which molt-en cladding passes through the blanket assea-
bly and grid spacers to 'exit the bottom of the core,

2, The extent t*o which coolant channels are blocked by solidified clad-
ding, and the location of the blockage.

Experiment 1 with irailti—rod subass«£mblii&s, /

It was assumed that the flowing cladding would enter the blanket region in
annular flow patterns around each fuel rod and t':at its entry voliicnxy would be
near zero. The assumption was als-i mad-e that the grid spacer at the lower part
of the core had been melted away at the time flow began, and that the cladding
on the fuel rod above this interface had been bared as the result of clad mel-
ting from within. The amount of molten material to be poured was taken to be
the total volume of cladding and grid spacers initially present in the active.
core region of the fuel bundle. Each "fuel11 rod was '60.96 -cm '(2V) long with
an outside diameter of S.35 mm '(©.25111) clad over the lower -45.72 cm (IS") by the
Pb,/Sn at a thickness of 0.889 mm ('OJQiS'*}, The equivalent diameter of the chan-
nels is 7.01 mm ('Q.27611) in the rod bundle and 2.05 mm {!0.08'07") at the grid
spacer. The upper 15.24 cm W) of the rod was left bare to represent fuel in
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the core region. The 37 rods were assembled in a hexagonal array bound together
by two grid spacers located 17.78 cm (7") and 43.18 cm (17") from the top of the
rods. The experiment was operated at temperatures of 265 C (509 F) and 370 C
(698 F) of the molten Pb/Sn using pouring mass of 3 kg (6.6 lb) and 1 kg
(2.2 lb), respectively.

The descending molten cladding stripped away most of the blanket cladding
above the top grid spacer, but the cladding below this spacer appeared totally
undamaged. The molten cladding backed up above the grid spacer forming the
original grid structure was melted by the intruding molten material. Close in-
spection of the top spacer, in cross section, indicated that the flowing clad-
ding had clogged the spacer in most locations without melting the grid itself.
The molten solder plugged 15 cm (5.9") of the bundle and to an average depth of
0.8 cm (0.315") into the grid spacer.

Since there are many variables interfering with one another in a complex
system, only a qualitative result can be obtained from this experiment. It was
necessary to revise and confine the experiment to single tubes in order to ob-
tain a measurable result.

Experiment II with single tubes-*-

Superheated molten alloy was poured into the preheated alloy tubing (Fig.l)
and the penetration length and the descending velocity were measured by the fol-
lowing techniques. An electronic circuit was implanted in the tube. Three
pairs of wire were connected with batteries and inserted into the tube wall a*,
different levels. As the hot liquid alloy was poured down into the test tube,
each pair would shortcircuit in succession so that the voltage input to a Wave-
tek Generator collected from batteries changed. This provided a change in the
output frequency which was recorded on a multichannel sealer (MCS). Date were
viewed from the oscilloscope and typed onto paper tape. The time at which each
shortcircuit occurred was taken and an average velocity was calculated on divid-
ing the penetration length by the time. Finally, the tube was cut longitudinal-
ly and the uncertainty in measurement of penetration length was marked. The
cross section showed that if the fluid had low superheat, solidified material
started to form from the inlet downward. However, with higher superheated flow,
the entrance region of the tube wall was melted. Solidification started later
only when the liquid temperature was lowered. Data on velocity were difficult
to obtain. The average velocity was measured ranging from 48 cm/sec to 141 cm/
sec. An average velocity 100 cm/sec predicted from a free fall in a distance
50 cm with zero initial velocity fits within the experiment category. The time
to plug was obtained on dividing the penetratidn length by the average velocity.

THEORETICAL MODEL

The analysis is based on the energy balance in the liquid-, solid and at
their interface during transient phase change. A full flow of molten alloy en-
ters a circular channel made of the same material-. The axial velocity compo-
nent of the molten fluid is described by^

i

~2+t S* j V*'*'^ 0 < r < 6 (1)
where u z is the falling velocity Of the melt-, 5 is the radius of the fusion
interface measured from the center of the channel-, and the subscript 1 repre-
sents liquis. The transient heat conduction equation for the solid phase is



lit

where w is the thickness of the channel wall, and R is the channel inner radius,
the subscript, s represents the solid. The coupled energy equation at the
liquid-solid interface is

3T 3T

^ s f tt = ks ~9r " kSL "§7 r = 6 O)

For the initial and boundary conditions, the following assumptions are
made:

(1) " Before the melt enters the channel, the channel is assumed to be
everywhere at the freezing temperature. This condition is necessary to
start the numerical solution without affecting the accuracy of the result.

T (r.z.U) = T (r,z,t) = T t < 0 (4)
a jo i-o —*

(2) The wall temperature drops to the ambient condition instantaneous-
ly as soon as the liquid enters the channel.

T (r.z.O) = T (5)
O W

(3) The channel outer wall which simulated the fuel-cladding interface
is insulated.

(R + w.z.t) = 0 t > o (6)

(4) The fusion interface always stays at the freezing temperature.

Ts(6,z,t) = T^ (6,2,t) = T f s t > 0 (7)

(5) Liquid enters at the top of the channel at a constant superheated
temperature

V'.°.t) = TsuP
 t>0 (8)

where TSUp is the initial temperature of the superheated liquid, and T w is the
initial wall temperature.

The Crank-Nicolson finite differencing scheme-" is used to solve equations
(1) through (8). A matrix form is illustrated in Eq. (9) for a case where
there are 3 nodes in the solid cladding wall and 3 nodes in the flowing zone
of molten cladding:
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j indicates the node distributed axially. It is omitted whenever the current
noce is referred. And r. is the radial position of the ith node.

The axial velocity is assumed to be constant 100 cm/sec. The specific heat
for alloys with a freezing temperature transition is taken a s "

C(T)»

fs

T -T
l£l T

h -
sf

T £ T
fs

— T
fs fs

RESULT AND CONCLUSION

The result of the computer program shows temperature distributions in the
solidified and the fluid region as well as the fusion interface location at any
instantaneous time for any specific radial and axial position. Adjacent to the
inlet, the heat flux tt t:he wall is larger than downstream due to the supply of
superheated liquid. Therefore, the solid temperature may be raised to the tnel-
titig temperature. While in the downstream of the channel, both the wall arid
liquid are relatively colder creating conditions more suitalble for freezing.
The profile of the li^uid-sOlid interface is illustrated in Fig. 3-. TwO charac-
teristics are revealed f*0m Fig. 3: (1) The thickness Of the Solidifying alloy
grOws faster at succeeding aiial locations as the liquid front moves downward.
This occurs because at each previous location some heat is absorbed by the wall-,
and the average tettperature in the liquid is reduced-. (-2) there is a continu-
ing melting bf the BOlid in a radial direc'tidn behind £he mOvihg iFrOht as inOre
liquid 'ehteri thfe cOOl'er region-. Thfe rate of melting becomes slower since the
continuing flow iricreaises the average "wall" temperature toward its solidus



value. It finally reaches an equilibrium as the fusion interface approaches
the center of the channel.

If the liquid superheat is low, freezing starts to pi .g the entrance of the
channel prior to any significant melting of tha wall. On ihe other hand, with
a superheated temperature above 350 C in the single tube experiment, melting
preceded solidification at the channel entrance. Evidentally the blocking lo-
cation will be shifted toward the bottom of the channel. This agrees with the
experimental observation.

Depending on the channel dimensions and the degree of superheat in the li-
quid, there is a competition between the melting of the wall and the freezing of
the liquid. If melting predominates, the channel may plug, at the moving liquid
front or at an intermediate location. Otherwise, the plugging occurs near the
entrance. The calculated and measured penetration lengths versus the superheat
in the molten alloy are compared in Fig. 2. The penetration length is not a
sensitive function as related to the initial superheat temperature. This may be
expected if one considers that after the superheat is removed by melting the
walls near the entrance, the rest of the history of freezing will be similar.
Melting will occur near the entrance due to the high heat transfer rates in
liquid merals and to the large latent heat of fusion on phase change compared to
the sensible heat contained in the superheated liquid.

The theoretical model is extended to predict the freezing of stainless
steel cladding. This result is shown as the dotted line in Fig. 2. In reality,
the molten stainless steel cladding possesses very little superheat as it first
enters the lower blanket region at the early stage of the accident phase. By
using 100 cm/sec as average falling velocity, stainless steel at 1650 C would
plug off the coolant channel at a distance '',3.25 cm downward from the core-blan-
ket interface.
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DYNAMICS OF SOLIDIFICATION OF FLOWING FLUIDS
WITH APPLICATIONS TO LMFBR POST-ACCIDENT FUEL RELOCATION

M.H. Chun, R.D. Gasser, M.S. Kazimi, T. Ginsberg, and O.C. Jones, Jr.
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Upton, New York 11973, U.S.A.

ABSTRACT

The process of solidification of a flowing fluid has been
studied both analytically and experimentally. A series of tests
was performed, using paraffin wax and Wood's metal as flowing hot
fluids, to verify the model as well as to investigate experimentally
the effects of various .parameters on the process of transient
flowing and freezing through a vertical channel. Preliminary
experimental results for plugging times and the total mass of molten
fluid displaced through the channel before plugging are presented.
Effects of important parameters on the transient freezing process
have been examined experimentally. A preliminary evaluation of the
model is made based on comparison with the «xperimental results.

INTRODUCTION

Assessment of the dynamics Of molten fuel relocation following hypothetical
core-disruptive accidents in LMFBRs is of importance in studies of accident
energetics and Of post-accident heat removal. The energetics of a molten core
recriticaiity event Is dependent upon the quantity of fuel remaiftlftg in the core
and, hence, on the extent of material relocation by the streaming and freezing
processed. The potential for safe containtnent of t:he core 'materials of an LMFBR
following a hypothetical accident depends to « great extent On the post-accident
distribution of fuel and Other iore materials,, and oh the time scales for
material relocation-. Upward fuel relocation may be driven by sodium vapor
pressure in a transient overpower accident (TOP), and by fuel or steel vapor
pressure in a loss^-of-flow (LOF) accident. Molten fuel relocation in the
downward direction would be driven by static head pressure in ̂ addition to vapor
pressure. In either case, if coolant Channels are not plugged-, ejection of the
molten core debris can occur within a few seconds. However-, deposition Of the
molten debris by freezing on cOld structures leads to plug development atid the
formation ot a "bottled" core region. In fetich a case-, fuel dispersal could only
occur atter the leather slow melt-out of tihe plug or t'he lover assembly structure
jl 3. The real core material relocation will -depend upon the composition and on
the phase distribution <of the flowing material. These, in tarn, will depend on



the flow regimes existing within the core region. This report is directed
towards the processes involved in the flow of single-component, single-phase
molten fuel through the cold lower structure of an LMFBR under relatively low
driving pressures.

The freezing of a flowing fluid falls Into a general category of "Stefan"
[2] type problems. These problems involve heat transfer between multiple regions
with phase changes occurring at the moving region boundaries. Those works
reviewed by the authors could be grouped into a few broad categories: (a) the
exact closed form solutions of stefan [2], Carslaw and Jaeger [3], and Rosenthal
[4], which exist for some special cases where conduction is the sole mode of
heat transfer, (b) approximate analytical solutions to problems of freezing
and melting, which take into consideration the effects of convective heating,
such as the work done by Libby and Chen [5], and Lapadula aiid Mueller [6],
(c) those works offering finite-difference solutions, among which those by
Lendau [7] , Bilenas and Jiji [8], and Beaubouef and Chapman [9] are outstanding
(d) a parametric study which results in an empirical correlation of the
transient freezing data as the work done by Cheung and Baker [10], (e) Several
ad hoc models 11-13 that have been proposed for treatment of the fuel reloca-
tion problems. On the dynamics of the solidification process, In particular,
two experimental results, those of Hirschberg [14] and the work done at Argonne
National Laboratory [10, 13] have been reported.

The objective of the present work was to study the process of freezing of
a liquid in transient flow inside a cooled cylindrical tube. A simulation
experiment was designed to evaluate a mathematical model developed at BNL 15
which describes the solidification of single-phase molten fuel flowing through
cold channels with non-melting boundaries. The mathematical formulation is
briefly outlined. The experimental apparatus and techniques are described and
experimental results are described. A preliminary evaluation of the model is
presented.

ANALYTICAL MODEL

A two-dimensional transient freezing model in cylindrical geometry has
been formulated [15] to study the phenomenon of solidification of flowing fluid
inside a circular channel, the walls of which are cooled below the freezing
temperature of the flowing fluid. The model is discussed in Ref. 15, and is
not presented here in detail. Rather, the model is outlined as applied to
the experimental test section. The test section shown schematically In Fig. 1,
was in an annular co-axial counterflow heat exchanger configuration. The molten
simulant fluid flowed downward through the inside tube. Cooling water flowed
upward in the annular region. The model determines the thickness of the
solidified shell on the inside wall of a vertical channel in terms of time and
axial location. Since exact solutions are not feasible for the coupled
nonlinear partial differential equations that describe the heat transfer and
fluid dynamics of 'the solidification process, a number of simplifying assumptions
and approximations were introduced which include:

(a) A quasi-steady state radial temperature field exists in the
frozen layer.

(b) A quasi-steady flow exists in the liquid region.

(c) Heat transfer from the flowing fluid to the solid-liquid inter-
face is assumed to be a quasi-steady state process which is
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Independent of the changing radius and solidification
occurring at the interface.

(d) Axial heat conduction in the solidified shell and in any
surrounding material is neglected.

(e) No melting of wall material occurs.

(f) No heat generation in the simulant filuid.

(g) The temperature of the coolant flow in the test section
annulus (t^) is constant.

With the above assumption, the model is formulated by incorporation of
steady conduction equation for the solidified shell and for the inner tube wall.
The steady Bernoulli equation, which includes friction losses and the acceler-
ation term due to channel area change, is applied to the molten fluid flow.
The pressure drop across the test section length is assumed held constant. The
molten fluid energy equation is written as

dT 2h.

PCP
V "df + H T <Tm - Tf> = ° (1)

with inlet condition T (x = 0) = T . The boundary condition at the moving
interface is m

Heat transfer from the inner tube to the coolant (at T^) was assumed to
occur across a film with conductance h . The model equations were nodalized by
dividing the axial length into a number of equidistant nodes. The method of
solution is discussed in detail in Ref. 15. The interior heat transfer coef-
ficient (h.) fdr the laminar regime Is obtained from the Sieder-Tate equation
[16], while those for the turbulent regime and the exterior heat transfer
coefficient (h) are obtained from.the Dittus-Boelter type equation. The
interior heat transfer coefficient (h^) used in the analysis of the Wood's metal
case, however, is evaluated from the correlation developed for liquid metal by
Seban and Shimazaki [17].

EXPERIMENTAL METHOD

Apparatus Description

Two series of experiments were designed* one using paraffin wax,, the other
Wood's metal as fuel simulants. The major components and the experimental
system, shown in tig. 2, Were: a reservoir tank, the test section and a catch
tank. The reservoir tank was a cylindrical Vessel, where the molten fluid Was
stored at a controlled initial temperature and pressure. The two identical test
sections were single-pass cduntercurrent heat-exchaffgers. Soth inner and <b'uter
tubes were made 6f brass-. Dimensions are shown in Table 1 below. Molten fluid
flowed tihrOugh the inner tdbe, Whith was eddied by water fibwitig Vertically
upward through the cooling jacket formed by the annulus between the inner and



TABLF I

Test Section Geometry

O.D. (cm)
I.D. (cm)
Length (cm)

Small Test Section

Inner Tube

0.635
0.472
68.2

Outer Tube

1.270
1.107
60.5

Large Test Section

Inner Tube | Outer Tube

1.270 1.905
1.107 < 1.575
68.8 ' 59.0

outer tubes. The catch tank received the molten fluid leaving the vertical
test section. The mass of fluid collected was monitored using a load-cell and
associated recording equipment.

Test Parameters

The experiments were designed to measure, for each set of initial and
boundary conditions, the time required for complete channel plugging, the mass
of molten fluid displaced as a function of time, and the transient molten fluid
exit temperature. These quantities were chosen in order to provide a direct
comparison with the mathematical model. Plugging times were measured using an
electrical timer. Fluid displacement and fluid exit temperature were measured
by a load-cell and with an exposed thermocouple, respectively. Also measured
were the molten fluid inlet temperature, reservoir pressure, water coolant flow
rate and inlet and outlet temperatures.

The controllable test parameters were: (a) fluid type, (b) initial molten
fluid temperature, (c) internal diameter of inner tube, (d) coolant water flow
rate through test section annular space, and (d) the driving pressure behind
the hot simulant fluid.

As stated above, two fluids (paraffin wax and Wood's metal) were chosen
based primarily on their respective Prandtl numbers. The Prandtl number of UO,
at 3000 C is about 0.86. For paraffin wax and Wood's metal, the Prandtl numbers
are 43 and 0.018, respectively, within the range of experimental conditions.
Thermo-physical properties of the two simulant fluids are shown in Table II.

TABLE II

Properties of Simulant Fluids

Paraffin Wax
Solid

(16 - 52°C)
Liquid

(52 - 100°C)

Wood's Metal

Melting Point (C)
Heat ot Fusion (cal/g)
Density (g/cm )
Thermal Conductivity

(cal/cm-sec-°C)
Specific Heat (cal/g- C)
Viscosity (poise)

52
42

0.91 - 0.81
5.3 x 10 ~*

0,5 - 0.55
0-.06

0.797 - 0.
4.8 x 10 ~

0.58 - 0.6
0.036 - 0.031

73
11.1
9.2

3.2 x 10

3.6 x 10
1.6 x 10

-2

-2
-2

Test Procedure

The reservoir tank was charged with the molten fluid to be tested. Power
was then applied to the heater coil Surrounding the reservoir where a mechanical
stirrer maintained a uniform fluid temperature distribution. At the same time,
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the coolant water flow rate and the pressure in the reservoir were set at the
desired levels. When the temperature of the molten fluid reached the desired
value, the heater power was turned off and a 4-way air-valve was opened by
means of a push-button. This triggered on the recording systems and pulled the
plug (Fig. 2) instantly upward; the molten fluid at this point began to flow
into the test section. The displaced molten fluid was received inside the
catch tank located immediately below the exit of the test channel. At the
completion of the test, the monitoring and recording systems were terminated by
means of a push-button as soon as the molten fluid stopped flowing as a result
of either complete plugging or exhaustion of the entire initial mass of fluid
in the reservoir. After all the appropriate quantities were measured, the
inside surface of the test section was cleaned with the flow of steam.

EXPERIMENTAL RESULTS AND COMPARISON WITH MODEL

Results have been obtained for both paraffin wax and for Wood's metal
under a broad range of experimental parameters. Included among the experiments
were a number of runs directed towards evaluation of the reproducibility of
the experimental system. Representative experimental results are presented
here. For paraffin wax, these include data for the plugging time and transient
molten fluid displacement. For Wood's metal, experimental results for plugging
times are presented and discussed.

Paraffin Wax Results

Representative results for transient molten fluid displacement are shown
in Figs. 3-7. In the data of Figs. 3-5, all parameters were held fixed
except for the Inlet molten fluid temperature. The experimental results
presented in Fig. 3 are reasonably reproducible. The experimental results fall
about 20-25% below the model predictions for times up to about 150 sec.
Computational difficulties were encountered at about 80 sec, and the dashed line
is an extrapolation from earlier times. The apparent discrepancy between
theory and experiment subsequently increases. For the results of Fig. 4, the
mathematical model prediction lies within the apparent data scatter-. The
agreement is to within roughly +40% for times greater than '10 sec. In Fig. 5,
the prediction lies well below the experimental data, the data shown In
Figs. 4 and 5 reveal a degree of uncertainty concerning the reproducibility of
the experimental data.

Figs. 6 and 7 present data for experiments in which the driving pressure
and flow channel diameter were varied. A comparison of these data with those
of Figs. 3-5 indicate that the molten fluid displacement tacteases rather
significantly with increasing driving pressure and increasing channel diameter.
In both Figs. 6 and 7, predictions lie well below the experimental data. In
Fig. 7, theoretical results for T. * 75 C and T, - 65 C were almost
indis tinguishable.

Experimental data for plugging time are presented in Fig. 8. Good agree-
ment between theory and experiment are apparent for small C :(T> - '%*)'/\-. The
results for larger C (Tj - Tp/X are inconclusive at this time (computations
have not been perforfied for latger vlues of C (H± - T f)A).

Wood's Metal Results

Experimental results for plugging titte are shown in Fig. 9. The data
scatter is relatively large. Agreement between the mathematical «iodel and the
data is-, generally, within + 602. While the model predicts 4. twd-fdid
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variation of plugging time over the range of C (T. - Tf)/X considered, this
trend is not apparent from observation of the Experimental data.

Summary of Parametric Effects

The effects of various parameters observed on the paraffin wax and the
Wood's metal freezing process may be briefly summarized as follows:

(1) Effect of the Molten Huid Inlet Temperature:

Results of the tests with paraffin wax showed that the plugging time as
well as the total amount of fluid displaced through the channel prior to the
plugging increased as the molten fluid temperature level increased when other
conditions were held constant (the maximum superheat used in the paraffin wax
test was 43°C). On the other hand, Wood's metal test results did not reveal
that both the plugging time and the total mass displaced we're appreciably
affected by the difference in superheat alone for the test conditions used in
the present work (the maximum Wood's metal inlet temperature and the superheat
were 145°C and 72 C, respectively).

(2) Effect of Cooling Rate:

The effect of the change in cooling rate (by changing the coolant flow
rate from 18.93 lit.ers/min to 11.35 liters/min, thereby reducing the exterior
heat transfer coefficient, h , by 30%) on the paraffin wax transient freezing
process was not appreciable. This was partly due to extremely low thermal
conductivity of the paraffin wax which could, in effect, act as a thermal
insulator when its frozen shell thickness was appreciably large; the ratios of
thermal resistances to the solidified shell (when shell thickness is 0.1 cm),
to the tube wall, and to convective heat transfer (for 11.35 liters/min coolant
flow rate) were 245:2'0.4, respectively. With respect to the Wood's metal,
the present experimental data did not offer a conclusive evidence.

(3) Effects of Driving Pressure and the Channel Diameter:

The amount of fluid displaced is extremely sensitive to the driving
pressure for the case of the molten paraffin wax whose density is very small.
The effect of the driving pressure on the Wood's metal, however, was far smaller
than that for the paraffin wax.

The effect of the channel diameter has been examined with paraffin wax
only ifby changing the test section iiiside diameter)• Thp total displaced mass
for smaller test section (D. • 0.47 cm) was between 35g and 165g (at
T. = 55 "- 75°C) for flowing time of 23 ~ 57 seconds, while for larger tert
sections it took between 24 ~ 31 seconds to displace all the initial mass charge
(~ 1610g). Thus, there was an order of magnitude difference in the total amount
of displaced mass (for approximately ci:e same flowing time) when the ratio of
the cross-sectional area of the two sections was only 5.6. This was mainly due
to increase in average flow velocity for the larger test section.

CONCLUSIONS

The process of solidification of a single-phase flowing hot fluid in a
cylindrical tube has been studied both experimentally and analytically. Effects
of several parameters such as initial fluid temperature, coolant flow rate,
driving pressure of the hot fluid, and the internal diameter of the tube have
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been examined experimentally and analytically for two fluids characterized by
widely varying Prandtl number. Preliminary experimental results are presented.

A comparison of the preliminary experimental data with the mathematical
model of the freezing process has been presented. This comparison has indicated
that the molten fluid displacement transients can, generally, be predicted to
within + 40-50%.

In the case of paraffin wax, the plugging time results indicate good
agreement between experiment and prediction for small C (T. - !I,)/X. In the
case of Wood's metal, the plugging time can, generally,^be predicted within
+ 60%. The trend of increasing plugging time with increasing C (T - T-)/X is
apparent from the experimental data of paraffin wax, whereas th'E same trend is
not apparent for the case of Wood's metal.

The ret-sons for the discrepancies between tTie model prediction and the
experimental data ate not clear at this time. Sources of random and systematic
error are currently being reevaluated.

NOMENCLATURE

C • specific heat
P

D. = tube inside diameter

h = exterior heat transfer coefficient between channel wall and
coolant water

h. * interior heat transfer coefficient between flowing fluid and
solidified shell

k = thermal conductivity

p = pressure

r -= radial coordinate

R = radius of liquid-solid interface

t = time

T = temperature field within the frozen layer

T- = fusion temperature

T = inlet fluid temperature

T = fluid bulk temperature
m

T = wall temperature
w

T = sink temperature

v = fluid velocity

X = axial coordinate



6D • solidified shell thickness

6 = tube wall thicknessw

A = heat of fusion

p = density
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A CRITIQUE OF THE BOARD-HALL MODEL FOR
THERMAL DETONATIONS IN UO -Na SYSTEMS

D. C. Williams

Sandia Laboratories
Reactor Theory and Analysis Division 5425

Albuquerque, New Mexico 87115

ABSTRACT

The Board-Hall model for detonating thermal
explosions is reviewed and some criticisms are offered
in terms of its application to U02-Na systems. The
basic concept of a detonation-like thermal explosion
is probably valid provided certain fundamental condi-
tions can be met; however, Board and Hall's arguments
as to just how these conditions can be met in U02-Na
mixtures appear to contain serious flaws. Even as
given, the model itself predicts that a very large
triggering event is needed to initiate the process.
More importantly, the model for shock-induced frag-
mentation greatly overestimates the tendency for such
fragmentation to occur. The shock-dispersive effects
of mixtures are ignored. Altogether, the model's
deficiencies imply that, as given*, it is not applicable
to L'MFBR accident analysis; nonetheless, one cannot
completely rule out the possibility of meeting the
fundamental -conditions For detonation by other
mechanisms.

INTRODUCTION

In 19 74 the British workers S. J. Board and R. W. Hall [1]
proposed a model for the rpropa^ation of vapor explosions, which
was based upon a close analogy with -chemical detonations. Since
the model predicts that-, under certain conditions, very powerful
explosions can occur in molten UO2-Na mixtures, it is of obvious
interest to the LMFBR safety community. In this paper we r&viev
the model and its theoretiOai foundation, and then offer some
criticisms Which suggest that 'Board 4nd fiall may have over-
estimated the possibility that such explosions could occur in
LiMFBR accident situations. We cofrciu^e with some addition&l
discussion> including some cautionary remarks against Over-
interpreting the results offered here.



SUMMARY OF THE MODEL

Since the Board-Hall model is based upon shock and detona-
tion physics, we briefly review this topic, omitting many refine-
menis and qualifications that are required when dealing with
solid materials [2].

Consider a severe stress wave propagating through a medium
ior which the sound speed tends to increase as the material is
compressed; most materials satisfy this condition. The high-
pressure portion of the wave then tends to overtake the leading
edge, so that the compression phase of the wave steepens into a
near-discontinuous jump in the pressure called a shock. By
applying the equations of mass, momentum, and energy conservation,
it may be shown that the material properties before and after
shock passage must be related by the well-known Rankine-Hugoniot
jump relations:

U = V1 [(P2 - 'PiJ/tVj. "
 v

2
) •

u = [(P2 - P^)(V1 - V 2 ) ]
1 / 2 , (lb)

Here U, u, E, V, and P are the shock propagation velocity, shock-
induced material velocity, specific energy, specific volume, and
pressure, respectively; subscripts 1 and 2 refer to conditions
before and after shock passage, respectively.

In addition, the material obeys an equation of state of the
form P = P(E,V). For a given set of initial conditions, we have
four equations in five unknowns (U, u, P2, V2, E2;. Specifying any
one of the latter in effect specifies the other fo ir. In particular,
for any two of these quantities (Q. and Qj, say) a plot of the
states which may be obtained (from1given initial conditions) by
shocks of various strengths lies along « curve in the Q^ - Qj plane
called the Hugo'niot. For many 'fully-dense (non-porous) materials,
it has been found experimentally that the U-u Hugoniot approx-
imately follows an especially simple form,

U = c + su , (2a)
o

where s is an empirical, non-dimensional constant which usually
lies between 1 and 2; co is also basically an empirical constant
but it is generally quite close to the normal sound speed and
we shall take it to be equal to the sound speed here. By combining
Eq. (2a) with Eq. (la) and (Tb), it may be shown that the P - V
Hugoniot will then be of the form:

P = c2 e/fVQ (1 - s e)2] = KQe/(l - s e )
2 , (2b)

mz I
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where the subscript o refers to the uncompressed reference state,
e is the volumetric strain (1 - V/VQ), and Ko is the isentropic
bulk modulus. It is also worth noting that the difference between
the Hugoniots and isentropes is slight for small e; in some of
what follows, this difference is ignored.

The detonation of chemical high explosives is more complicated.
It involves the following sequence of events:

1.

2.

3.

The detonation subjects the unreacted explosive to
a severe shock.

As a result, the explosive undergoes energetic decom-
position on a time scale, t, so short that the
reaction zone thickness Ut is usually < 1 mm, often
<< 1 mm.

The hot reaction gases expand with a substantial
conversion of heat energy to work, which supplies
further energy to continue driving the detonation
wave.

§
v

V)

0.

RAYLEIGH LINE

REACTION PROOUCTS

SPECIFIC VOLUME »*•

Figure 1. Schematic P-V Diagram for a Detonating Explosive

The system is diagramed in terms of the P-V Hugoniots in
Fig. 1. The lower curve represents the Hugoniot for the unreacted
explosive initially in the state (Pi,Vi). The upper curve repre-
sents the Hugoniot for the high-temperature, gaseous reaction
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products. It can be shown that the detonation wave will
propagate steadily, without attenuation or growth in amplitude,
if and only if the line connecting the initial state with the
state existing at the completion of the reaction is tangent
to the reaction product Hugoniot. The point of tangency,
<PCJ»VCJ)* gives the conditions at the end of the reaction
and is called the Chapman-Jouget point, or CJ point, and is a
characteristic constant for a given explosive at a given (Pi,Vi).

From Eq. (la), the slope of the line connecting (Pi>Vi) and
the CJ point, called the Rayleigh line, is equal to -U2/Vi- Since
the shock initially propagates through unreacted explosive, the
initial pressure must be given by the intersection of this line
with the corresponding Hugoniot at P2V2- This still higher
pressure, PVN, is called the Von Heuman spike; it is so narrow,
however, that it attenuates very rapidly in a non-explosive
material and the CJ pressure is normally tha quantity of interest.

The basis of the Board-Hall nodel was its authors1 observa-
tion that thermal explosions can proceed with an essentially
identical structure if the following three fundamental assumptions
are valid:

1. The liquid-liquid system is initially in the form
of a mixture that is too coarse to permit significant
heat transfer on a time scale comparable to the
time required for the detonation wave to traverse
the system.

2. A strong triggering shock is supplied.

3. A shock having the CJ amplitude will fragment the
coarse initial mixture into a much finer mixture
permitting extremely rapid heat transfer, with the
total time required for fragmentation and thermal
equilibration being much less than that required
for the detonation wave to traverse the system.

Given these three assumptions-, Board and Hall show that the
explosion can propagate with a structure identical to that of
the chemical explosion, with the zone of rapid fragmentation and
heat transfer corresponding to the reaction zone for the chemical
case. They also show that such a detonation can actually generate
pressures considerably higher and work potentials somewhat higher
than those calculated by Hicks and ftenzies [3]. The reason is
that, here, the mixture is first compressed by the shock and heat
is then transferred to the volatile component at above normal
densities; Hicks and Menzies aBsumed h%at would be transferred
at a constant volume corresponding to the normal density thereby
leading to a pressure approximately equal to PH^ in Fig. 1.

The author knows of no flaw in the basic argument, but it is
much more debatable as to whether the model's three fundamental
assumptions are valid in practice. The third assumption is the
crucial one in terms of the model's internal structure; the first
two are actually assumptions about the presumed initial conditions.



Board and Hall argue that this third assumption will be
met by roting that, due to the large U02-Na density difference,
the shock will accelerate the two phases to quite ditferent
velocities and the resulting velocity differential, v, will tend
to induce OO2 fragmentation due to Vaylor instabilities. drawing
an analogy with the data which Simpkins and Bales [4] obtained
for shock-induced breakup of liquid droplets in gases, they
concluded that the time, t, required for fragmentation of a UO2
drop of radius, ri, is given by:

vt/n = 44 B~ 1 / 4 , t3a)

where p and p' are the Na and UO2 densities and the Bond number,
Bo, is defined by:

BQ = P' grf/cr = 3pv
2r! CD/{8a) , (3b)

where g is the acceleration imparted by drag forces, o the surface
tension, and CJJ the drag coefficient. It is then assumed that
the drop fragments down to a final size r2 governed by a Weber-
type criterion, pv2r2/a % 8; r2 turns out to be so small (microns
or less) that heat transfer is essentially instantaneous compared
with the time required for fragmentation.

On the other hand, Board and Hall indicate that the relative
velocities of the two fluids should tend to equilibrate during
a characteristic time t1 given by:

f % 8p' n/(3pvCD) . (4;

This estimate was evidently obtained simply by taking t1 = v/g,
where, the acceleration, g, is given by the drag force, F =
%pvzC A divided by the droplet mass, 4TT/ri3/3, and A is the
cross sectional area irrj2. Based upon the results for liquid
droplets, the drag coefficient, CD, was taken to be about 2.
Board and Hall then argue that the third fundamental assumption
will be satisfied if t' is greater than the fragmentation time, t.

Board and Hall consider the case of UO2 at 3550 K, Na at
700 K, a U02/Na ratio of 10 by weight, and a 50 percent void
(vapor) fraction by volume. They find that the fragmentation
criterion is indeed met and calculate U = 1.9 x 10s cm/sec,
P = 15 kbar, and u = 2.3 x 101* cm/sec at the CJ point; if vapor
is absent, they state that P increases considerably.

The authors also note that the reaction zone thickness,
Xr = Ut, is very much greater than for chemical explosives, of the
order of 10 cm or more if n = 0.5 cm, as they assumed. The model
is one-dimensional and cannot apply without substantial modification
unless the dimensions of the system, Ls, are much greater than Xr.
Thus, the phenomenon is predicted to be possible in full-scale
LMFBR accidents but not in much smaller scale experiments. In
particular, no such explosions would be expected in any U02-Na
experiments performed to date, both because of their relatively
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small scale and also because of the absence of a strong trigger.
Thus, the fact that almost all of these experiments yielded benign
responses is not very relevant to the question of whether the
model is valid.

Indeed, these facts point to a singularly vexatious aspect
of the Board-Hall model from the point of view of LMFBR safety
analysis: the model predicts that extremely powerful explosions
are possible in full-scale LMFBR accidents, yet the model also pre-
dicts that it will be virtually impossible to give the model any
rigorous experimental test in an actual U02-Na experiment of
reasonable size. Before attempting an experimental test, it is
therefore worthwhile to review some features of the model a
little more carefully.

SOME CRITICISMS OF THE MODEL

As noted earlier, a crucial feature of the Board-Hall model
is the question of shock-induced fragmentation of the initially-
coarse mixture of the two liquids; it is this question that we
shall emphasize in the present section. Board and Hall noted
that the calculated value of u at the CJ point is adequate to
cause breakup according to Eqs. (3) and (4); they also assert
that, in the fragmentation zone, the differential velocity, v,
will be greater than this value. The latter is true if we can
assume that v is of the same order of magnitude as u, as given by
Eq. (lb) in the fragmentation zone? we shall accept this assumption
in what follows.

To evaluate u (or v) as a function of the shock amplitude
P requires an approximation for the Hugoniot of the unfragmented
mixture through which the shock initially propagates. This is
actually a very complex problem which we can treat here only
with the following simple approximations. We assume that, for
Na and UO2, the Hugoniots can be expressed by Eq. (2) with
s = 1.27 and 1.5, respectively (results that follow are insensitive
to s). For the composite, we assume the P-e curve can be constructed
by evaluating e individually for the two constituents at a given
P and taking a volume-weighted average. This assumption is clearly
not precisely correct, but it is unlikely to have any order-of-
magnitude effects upon the results to be given. /

If void space (i.e. , vapor or gas) is present, we let Vo

represent the mean specific volume of the mixture without void
space and represent the specific volume including voids as
Vi =VO/(1 - a), where a is the void fraction. We assume any
reasonable final pressure completely collapses the voids and that
the final volume,. V2, is independent of a. Again, there ate approx-
imations involved here, but refining them would decrease calculated
values of v and actually strengthen the conclusions that follow.

We next estimate the magnitude of the triggering event required
to initiate the BOard-Hall process, Which turns out to be quite
large; we then go on to apply a correction to their analysis,
which raises serious questions as to whether fragmentation can be
induced even by shocks considerably greater than the CJ amplitude.
We conclude this auction with a brief discussion of the possible
influence of the shock-dispersive effects of mixtures-.



Initiating Events

Initiation requires a shock above some minimum value Pm of
duration at least t. The magnitude of Pm is set by the need to
meet the fragmentation criterion. By inserting numerical values
for U0 2 and Na material properties [5] into Eqs. (3) and (4), we
obtain :

710
3/2

t' 13.1 r i /v (5)

For shocks below some limiting amplitude, v will be low enough so
that the fragmentation criterion, t < t', will not be met; if
ri = 0.5 cm, for example, Eq. (S) implies v > 4000 cm/sec is
required.

A computer code, ba:3d upon the assumptions discussed above,
was written to estimate the value of Pm sufficient to give a
velocity u, as calculated from Eq. (1b) ,• to meet the fragmentation
condition. Equations (la) and (lc) were then used to estimate
the corresponding values of U and E. Since the initiating
pressure must be applied for at least a time t, the initiation
zone must be of a thickness Xr = Ut. If the initiation region
must be an order of magnitude greater in lateral extent than
the thickness in order to preserve one-dimensionality, the volume
of the initiation region is of the order 100 Xr

3 and the total
energy, E t o t , imparted to it is i< 100 Xr

3 E(l - a)/Vo. The latter
may be an overestimate if the lateral extent of the initiation
region need not be as great as assumed; on the other hand, we
have only attempted to estimate the energy imparted to the initia-
tion region by virtue of its being subjected to the triggering
shock. The total energy available to the triggering event itself
must be considerably larger.

Results are summarized in Table 1, where P and a r e

given for various values of a and rj. For rj = 0.5 and a = 0, the
"trigger" needed is extremely massive, hardly less destructive
thar. the fully-developed reactor-wide explosion would be. The
more realistic cases with a > 0 have lesser triggering requirements
but they are still very large. If r\ = 0.05, total trigger energy
needed is considerably less, but still substantial and P is actually
increased considerably.

TABLE 1

Magnitude of the Initiating Event Required
for Various Parameter Values

a

0
0.1
0. 33
0. 5

ri = 0.5 cm

Xr(cm)

180
60
18
13

P (bars)m

3 x 103

700
200
80

Etot<J)

3 x 109

8 x 107

2 x 106

4 x 10 s

ri = C.05 cm

X (cm)

7.0
4.0
1. 7
1. 3

P (bars)

io-
5 X 103

2 x 103

800

Etot < J >

1.5 x 106

3.0 x 10s

1.9 x lO11

4.0 x 103
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Thus, even when taken at face value, the model itself predicts
that the initial conditions required involve a combination of a
rather idealized mixture and a strong initiating event that seems
unlikely to be realized in practice.

UO2/Na Mass Ratio*

Even more serious to the model, Eqs. (3) and (4) would, at
best, be valid for an isolated drop of UO2 in an infinite sea of
sodium, yet they were applied to a situation with a UOz/Na mass
ratio of about 10. The interfluid drag force applies equally
to each component and the acceleration of the sodium is therefore
about 10 times that of the U02- Both velocity changes are, of
course, in the direction to decrease v, so that the rate of
velocity equilibration was seriously underestimated, and t* is
correspondingly overestimated, by Eq. (4).

We estimate the importance of this effect by assuming the
interfluid drag force per unit volume, FD, for a mixture of two
fluids, a and b, to be:

FD = Pv
2CD A/2 , (6)

where A is the perpendicular fluid-fluid litterfacial area per unit
volume and P" is the average density faPa + fbPb' where f's and p's
are the volume fractions and densities of the two fluids, respectively;
for the moment, we let Eq-. (6) be the effective definition of Cp.
Since the drag force acts equally on both constituents, the
differential velocity decays at a rate given by:

b"b / a a b"b

If we let fm be the volume fraction of the less abundant fluid
(i.e., fm = Min (fa,ffa)) and assume this is in the form of spherical
drops of radius rj dispersed in the more-abundant fluid, A = 3fm/4r"i ,
and

The corrected value of the characteristic equilibration time, t1,
becomes :

t̂ , = v/(dv/dt) = 8 Paf^0bfbri/(3?
2vCDfin) . (9)

1t

S. George Banfcoff, "Northwestern University, has independently
points similar to those to be dlsctissed here [S].



If one fluid overwhelmingly predominates, Eq. (9) is easily shown
to reduce to the same as Eq. (4); hence, the value of CD defined
oy Eq. (6) reduces to the value appropriate for an isolated
spherical drop of either fluid moving in a sea of the other fluid,
as it should. Of course, Cp may also depend upon the U02/Na
ratio for intermediate cases, as we]1 as upon the other usual
parameters.

Inserting numerical values for the case of interest with
fa = fjj = 0.5 gives:

t^ * v/Cdv/dt) = 0.45 n/(vCD) , (10)

which implies t̂ . << t' as given by Eq. (5), unless CD << 1.
As a cross check, we may estimate tc by approximating the

flow of sodium relative to (JO2 as a flow through a packed bed.
Starting with a correlation due to Ergun [7] for the resistance
to such a flow,and omitting terms that are small in the present
case, we obtain:

f ^ v/Uv/dt) = 0.52 ri/v , (11)
c

which is very close to (1) with Cp ^ 1. Though we are applying
Ergun1s relation to values oi v considerably higher than those
for which it was established, this result suggests our estimate
for t,i is of the right order of magnitude.

Evaluating tc from Eq. (10) with CD = 1 and still evaluating
t from Eq. (3) shows that, with a shock amplitude of 30 kbar, tc/t
ranges from about 0.05 to 0.16 for all cases considered in Table 1.
That is, even for an initiating shock with an amplitude equal
to that of the fully-developed Board-Hall detonation, the fragmen-
tation criterion fails to be met by about one order of magnitude.
Hence, there appears to be no way that a detonation-like explosion
can propagate in just the way proposed by Board and Hall unless
t is also an order of magnitude or more shorter than those workers
proposed. This is conceivable, but it is worth noting that either
Eq. (10) or (11) implies that the relative velocity will decay to
less than 10 percei.t of its initial value before the total relative
motion reaches the order of the mixture scale, which we may take
to be the drop diameter, *v> 2ri . Since fragmentation implies
liquid-liquid interpenetration, which presumably requires liquid
relative motion at least of the order of the mixture scale, it is
legitimate to raise the question a:> to whether the shock-induced
velocity differential can cause complete fragmentation by any
mechanism.

As the Na/UO2 ratio increases toward infinity, t£, as given by
Eq. (9), increases toward t1 as given by Eq. (3), but the amplitude
of the detonation wave decreases. It seems very questionable as
to whether one could find any mixture ratio such that, for a shock
of the CJ amplitude, the necessary condition t^ > t would be
satisfied; however, this question has not been investigated in
any detail.
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Throughout this discussion, we have assumed that the relevant
shock amplitudes for evaluating fragmentation should be P Cj,
not the higher value P-yj|. Actually, PVN is not nearly high enough
to reverse our conclusions. More fundamentally, the Von Neumann
spike would be narrow compared with the fragmentation zone, and
the pressure wave causing fragmentation will have to be of at
least the width of the latter.

In principle, fragmentation might be induced by applying an
initiating shock very much greater than the CJ amplitude. Since
tc/t varies only as v~l/2 and v generally varies only as something
between P and pl/2f a shock in the megabar region is likely
necessary (though our simple approximations no doubt would fail
in innumerable ways for such extreme conditions). In any case,
detonation theory itself tells us that such an ultraatrong
initiator would die down to the CJ amplitude, whereupon the
detonation would snuff out due to the lack of continued fragmentation.

Shock-Dispersive Characteristics

Board and Hall did not take into account the shock-dispersive
characteristics of composites. Speaking roughly, a sharply-defined
pressure wave undergoes multiple, partial reflections at the
interfaces between the two constituents. The wave profile
therefore spreads and becomes rounded; it also attenuates unless
backed by a sustained driving pressure. These effects become
very important when there is a large acoustic impedance mismatch
between the two constituents, as is the case of U02-Na mixtures.

L. M. Barker [8] has analyzed composite response to stress
waves. He showed that composites, to a good approximation, could
be modeled as a stress-relaxing material. Details cannot be
given here, but the key point is that such materials cannot
support a steadily-propagating, sharply defined shock at all Witless
the amplitude exceeds a certain minimum value; lesser-amplitude
steady waves must have a rounded profile. Above the minimum value,
part (but not all) of the pressure rise may appear as a near-
discontinuous jump or shock.

The author applied Barker's model to 002-Na mixtures, using
simple stress-strain relationships based upon Eq. (2), and it was
found that the minimum value of the pressure permitting partial
shock formation probably lies between '2 5 and 50 kbars. This
is at least as high as the CJ pressure suggested by Board and Hall,
and it is therefore questionable as to whether even the fully-
developed detonation could propagate as a sharply defined shock.
Failure to achieve a sharp shock would reduce still further the
driving force for fragmentation, which has already been shown to
be inadequate. It would also require careful re-examination of
the entire analogy with chemical detonations.

The analysis just summarized would apply directly only when
there is little or no void space. With a substantial void fraction,
the situation is more complicated and a relatively sharp pressure
front cannot be ruled out if the voids consist primarily of
condensible vapor rather than non-condensible gas; even then, it
is not clear how the pressure front can be much more sharply defined
than the mixture scale. In any case, shock-dispersive effects are
still expected and they must be considered. If nothing else, they
probably rule oat formation of a clearly-defined Von Neumann spike.
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supporting still further the use of the CJ pressure in the frag-
mentation analysis, as was done here.

SUMMARY AND CONCLUSIONS

If the criticisms offered here are valid, the Board-Hall model,
in its present form, cannot be treated as a significant factor in
LMFBR safety analysis. When the Board-Hall approach is refined
along the lines indicated, the third of the three fundamental
conditions for detonation-like behavior (shock-induced fragmenta-
tion) fails to be satisfied by rather wide margins and the effects
of shock-dispersiveness and the need for very large triggering
events case further doubt upon the model's practical utility
in safety analysis, even if the idealized mixture considered could
be achieved in practice, which is itself questionable [9].

On the other hand, this rather negative conclusions should
not be over-interpreted. The present work was basically limited
to refining certain aspects of the original study and showing
that, with these refinements, the conditions essential for internal
self-consistency are no longer satisfied. It is, nonetheless,
conceivable that quite different mechanisms could cause the
rapid fragmentation required to generate detonation-like behavior.

Since fragmentation is a purely mechanical effect in the
Board-Hall approach, there is no need to study it with hot-cold
liquid pairs. Thus, it could prove useful to perform experiments
subjecting mixtures of highly dissimilar liquids (e.g., mercury
and water) to strong shocks, either with or without vapor present.
Care must be taken to ensure that such experiments are consistent
with the model's requirements. For example, the input pressure
pulse must be relatively long in duration, not only because the
Board-Hall mechanism requires such pulses, but also because short
pulses could induce fragmentation by mechanisms that would not be
present in the long-duration pulses of interest here. If
fragmentation is observed, it would then be necessary to establish
that it was a prompt effect rather than a delayed effect.

Finally, even if the Board-Hall approach could be shown to be
totally invalid, this would not necessarily mean that the possibility
of large-scale, coherent interactions between molten UO2 and Na
can be laid to rest. There is considerable experimental evidence
[10] that both triggering and scaling effects are indeed important
in vapor explosions, whatever the underlying reason. Unless major
advances in the theoretical understanding of vapor explosions are
made in the near future, it may eventually be desirable to conduct
large-scale UO2-Na experiments with strong triggering pulses provided.

ACKNOWLEDGEMENT

This work was supported by the United States Nuclear Regulatory
Commission.

1831



REFERENCES

1. S. J. Board and R. W. Hall, Propagation of Thermal Explosions -
Part 2: A Theoretical Model, Central Electricity Generating
Board Report No. RD/B/N3249 (December 1974).

2. For more details see, for example, G. E. Duvall and E. R. Fowles,
"Shock Waves," Chapter 9 in High Pressure Physics and Chemis.try,
R. S. Bradley. Ed., Academic Press, New York (1963).

3. E. P. Hicks and D. C. Menzies, Theoretical Studies on the Fast
Reactor Maximum Accident, Proc. Conf. on Safety, Fuels, and
Core Design in Large Fast Power Reactors, October 11-14, 1965,
p. 654, Argonne National Laboratory Report No. ANL-7120.

4. P. G. Simpkins and E. L. Bales, "Water-drop Response to Sudden
Accelerations," J. Fluid Mech-. 55, 629-39 (1972).

5. M. G. Chasanov, L. Leibowitz, and S. D. Gabelnick, "High
Temperature Physical Properties of Fast Reactor Materials,"
J. Nucl. Mater. 49, 129-35 (1973/1974).

6. S. G. Bankoff and J. H. Jo, On the Existence of Steady-State
Fuel-Coolant Thermal Detonation Waves, Northwestern University
Technological Institute Report No. NV-2512-8.

7. W. M. Rohsenow and H. Y. Choi, Heat, Mass, and Momentum Transfer,
Prentice-Hall, Inc., Englewood, New Jersey, p. 81, (1961).

8. L. M. Barker, "A Model for Stress Wave Propagation in Composite
Materials," J. Composite Mater. 5, 140 (April 1971).

9. H. K. Fauske, "LMFBRs and Vapor Explosions," Trans. Am. Nucl. Soc,
22, 411 (1975).

10. L. D. Buxton and L. S. Nelson, "Steam Explosions", Chapter 6 in
Core Meltdown Experimental Review, Sandia Laboratories Report
No. SAND-74 0382 (August 1975).

M



MECHANISMS OF VAPOR EXPLOSIONS

b. C. Bsr.koff, J. H. Jo, and A. Ganguli

Chemical Engineering Department
Northwestern University
Evanston, Illinois 60201

ABSTRACT

This paper consists of two parts: 1. A recalculation of the Board-Hall
theory of thermal detonation waves, taking into account the fuel-coolant mass
ratio in determining the velocity equilibration time constant. The required
peak pressure is now*-10 bar, so that fast droplet breakup by Taylor instabil-
ity cannot be visualized. 2. Crust breakup times of — 10 - 10"^ sec. are cal-
culated for a fuel drop entering the sodium coolant due to bubble growth and
collapse, followed by jet penetration of the crust. Coarse premixing of the fuel
and coolant is therefore difficult to attain. Taken together, these calcula-
tions imply that the probability of an efficient fuel-sodium explosion is very
small.

INTRODUCTION

We consider here the steady propagation of a plane wave in a coarsely pre-
mixed fuel-coolant mixture'-, in which the fuel droplets are shattered behind the
detonation front by a Taylor instability mechanism^;3^ with breakup times of the
order of 10"' to 10"* s. Such rapid breakup leads to detonation velocities of
the order of 10*+ cm/s, with peak pressures of the order of 10^ atm for an equal-
volume mixture of Na and UO2. These pressures are somewhat higher than the
Hicks-Menzies* pressures, in view of the compression of the mixture as it enters
the shock front before breakup takes place. If realizable, they would require a
new containment concept.

In the present work it is shown that they are not realizable, at least by
the proposed mechanisms, for two reasons: 1. Velocity equilibration takes place
much more rapidly in a dense liquid-liquid dispersion than for a single drop.
2. The estimate of the initial relative velocity as the equilibrium mixture
velocity relative to the shock is not conservative for a dense dispersion.

THEORY
2

Harper, Grube and Chang analyzed the break-up of a single liquid drop due
to passage of a shock wave in the surrounding gas, and predicted rapid breakup
due to Taylor instability on the upwind face of the drop for Bond numbers
greater than 10 . Simpkins and Bales^ verified this prediction experimentally
for water drops in air, resulting in the following equation for the breakup time,

-^-k- - 44 Bo"4' (1)
rd

where v is the velocity of the drop relative to the surrounding medium, 0,3 and
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r are the drop density and radius, and the Bond number is given by:

Here CR is the drag coefficient, taken to be approximately two; a is the inter-
facial tension; g is the initial acceleration of the drop due to drag forces
only; and We is the Weber number. No similar data are available for droplet
breakup in liquid-liquid systems. In these experiments the acceleration of the
drop due to compression in the shock is negligible compared to that due to drag
by the gas flow. For Bo < 10^, the cutoff wavelength for Taylor instability
becomes comparable to the drop diameter, so that breakup occurs by aerodynamic
stripping, which is a relatively slow process.

Board and Hall^ have considered the analogous case of the breakup of a
single, hot heavy drop suspended in a cold, volatile, less dense fluid, which
may consist of a liquid or a liquid-vapor mixture. To estimate the initial
relative velocity after the shock front passes the drop, the mixture velocity at
the Chapman-Jouguet point is used.

We begin by recalculating the velocity equilibration time constant, taking
into account a dense liquid-liquid dispersion.

A momentum balance between a single drop and the associated surrounding
fluid yields:

2
dvd d vf CD A Of Vr „ ,

m d ^ = ~ m f - ^ = 2 P )

where of and mf are the fluid density and mass, respectively; m, and v, are the
drop mass and velocity; and A is the projected area of the drop. Eqs. (3) can
be combined to give:

2 dt
v
r

subject to the initial condition: v = v at t = 0, corresponding to the time
when the shock front passes the drop. Assuming a spherical drop of radius r ,
an estimate of the time for the relative velocity to fall to a small fraction
of its initial value is then given by:

4o,rJ m,
d d a ,,.,

For Y = 0 th is reduces to the single-drop case treated by Board and Hall. Defin-
ing a breakup number N = t / t , the requirement for fast breakup i s N « 1.
From Eqs. (1) and (5):

N = 33 ^ J Bo"* (1+Y) (6)

The breakup number is thus a weak function of tht- initial relative velocity
(N cc v " % ) . Assuming equal pressure jumps across the shock front, one obtains:

ro

An examination of the boundary conditions in the Harper, et al. analysis
indicates that for a liquid-liquid mixture, a modified Bond number, Bo1,
should be used in Eq. (1), where Bo1/Bo = (Q^ - jĵ ) OJ/H^(C^ - Cf), and
the liquid-liquid interfacial tension,. ff<jf, ̂ a s bfe€in approxiitiaied by
(a, - g,). This correction is seen to be quite small-.
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N = Nm s

where N and N are the multiple- and single-drop numbers, respectively, and
b = v m /v s i s the ra t io of the i n i t i a l r e l a t ive ve loc i t i e s ,ro, m r<_,s

Consider now the examples treated by Board T e t a l . For an equal-volume
mixture of t i r at 1000°C and water at 100°C, with 1 cc steam/g mixture present,
the pressure jump across the fragmentation zone i s estimated from the C-J con-
di t ion to be AP ~ 800 atm., corresponding to Bo = 4 x 105 . This leads to
N = 0.63, so that sufficient fragmentation to sustain a s teady-sta te
thermal detonation wave may be possible. However, th is estimate uses the dense-
mixture thermodynamic propert ies in determining the C-J point , with single-drop
breakup theory. When multiple-drop breakup i s taken in to account, we find that
N = 5, since y = 6.8, indicat ing the absence of fast fragmentation. Similarly,
for 10 g of UO2 a t 355O°K and 1 g sodium at 700°K, with 0.5 cc. vapor/g mixture
i n i t i a l l y , AP ~ 1.0 x 10^ atm. a t the C-J point , corresponding to a Bond number
of 1.9 x 106 . For th i s case N = 0.5 , Y = 10 and Nm = 5.5, so that rapid break-
up again appears to be unlikely. In both cases the estimates of Ng are those of
Board ,• e t a l . . Sol id i f ica t ion further adds to the improbability of fast frag-
mentation by Taylor i n s t a b i l i t y .

In order to obtain some feeling for the sens i t iv i ty of th is simple calcula-
t ion, one can estimate the pressure jump required, in order for N i l , corre-
sponding t< droplet breakup before the ve loc i t i e s become equalized. For th i s
one has recourse to the jump shock re l a t ions :

2 2
P1u1 = o2u2 ; o 1

u
1 + P1 = 0 2

u
2 + P2 (8a,b)

where

u = w - v = w ; u« = w - v2 (9a,b)

Here w is the shock velocity, the subscripts 1 and 2 refer to quantities imme-
diately ahead of and behind the shock front, and u and v are velocities referred
to the shock front and laboratory coordinates, respectively. Then

v = AP ( ~ - — J ; AP = P? - P (10)
2 VDi °2/ 2 1

Applying this relationship to the coolant phase surrounding the droplets, one
obtains

v£ = AP

where (3 is the initial volumetric ratio of vapor to cold liquid, Ofi is the cold
liquid density ahead of the shock, and er is the liquid compressibility. A
similar relationship holds for the drops, but a conservative assumption ignores
the acceleration of the drops by the shock. On this basis one can calculate the
(unsteady) pressure jump r. quired to maintain N = 1. These are 6 x 10 atm. for
the UCU-Na mixture, and 2.7 x 10^ atm. for the tin-water mixture. No physical
mechanisms for attaining these pressures can at present be visualized.

We turn now to the modifications of the classical Chapman-Jouguet theory
which must be introduced when the detonation shock medium is an initially coarse
mixture of phases of differing densities 2nd compressibilities. Strictly speak-
ing, the Chapman-Jouguet condition can be applied only to homogeneous two-phase
flows. The sonic mixture velocity is uniquely defined for equal phase velocities
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as the minimum shock velocity on th* detonation branch of the equilibrium
Hugoniot^ (Fig. 1). In this case the pressure jump at the front corresponds to
the intersection of the Rayleigh line with the shock adiabat (von Neumann spike).
The pressure at this point is maximum, and likewise the velocity relative to
laboratory coordinates; as the reaction proceeds, the state of the system moves
along the Rayleigh line to the C-J point, where the velocity relative to the
shock front is sonic.

With unequal phase velocities, however, a third coordinate must be added to
the p-v diagram, such as the phase velocity ratio, S = Uf/u^- Upstream and far
downstream of the shock front, S = 1, but elsewhere S < 1. The von Neumann
spike may or may not exist. Thus, for a normal shock wave in a particle-laden
gas, Kriebcl has demonstrated that the pressure increases, and the gas velocity
relative to the front decreases behind the shock. This is opposite to the
behavior of a shock proceeding around a single drop, where the drop velocity is
essentially unaffected by the shock, but the gas velocity at the von Neumann
spike is minimum relative to the shock, and thereafter increases. In this case
the initial relative velocity is supersonic, with v^ remaining practically con-
stant and Vf decreasing through the shock zone. For a dense dispersion, how-
ever, v is subsonic.initially, and decreases rapidly thereafter, as both v* and
v, increase. The assumption that the initial relative velocity is the equilib-
rium sound speed''- thus over-estimates the potential for drop breakup in a drop-
let-laden mixture. In addition, the relative velocity, and hence the accelera-
tion imparted to the drops, is not constant, as implied in the derivation of
Eq. (1), and realized in the Simpkins-Bales work -, but decreases rapidly behind
the sl.ock front.

Thus breakup by Taylor instability does not appear to be fast enough to
support a steady (Chapman-Jouguet) detonation wave. One would therefore expect
that slower mechanisms, such as aerodynamic, boundary-layer stripping, would be
even less effective. Experimentally it is found that Eq. (1) holds for this
mode of breakup also if the right-hand side is set equal to 8, compared to about
1.4 for the examples treated above. Hence the breakup time is increased by a
factor of 5-6. Furthermore, an empirical relation for the amount of mass
stripped from a drop, m , as a function of time is given by

mg/mo = 0.5 fl - cos (nt/tb) ̂  (12)

where m is the original drop mass. Hence most of the mass is stripped towards
the end°of the breakup time. Thus, less than 5% of the droplet mass is stripped
away by the time the drop and fluid velocities effectively equalize. On this
basis one can state that no mechanism has been identified to support a steady-
state Chapman-jouguet detonation wave f&t these cases.

MIXING DUE TO BUBBLE COLLAPSE

We turn now to the jet penetration hypothesis which has been advanced in
several quarters^, 10-,ll to. explain the sensitivity to water temperature observed
iii experiments with tin* > !•*> •̂ .aluminum-'--' and other metals. It is assumed that
bubbles form due to subcooled nucleate boiling at the liquid-liquid interface.,
grow to some maximum radius-, and then collapse. The jet penetration hypothesis
is basid on analogy to the gavitatioh bubble collapse at a solid surface, Which
has been shown numerically^ to result in a high-velocity jet directed normally
to the surface. In this case, however, the bubble was tangent to Or quite hear
the rigid surface, so that the liquid was everywhere in contact with the sta-
tionary surface as the bubble collapsed. Oh the other hand, vapor blanket col-
lapse abound a hot drop, jet or foil appears to be only a partial contraction in
a rhythmic oscillation; the three- 'far -fdu*--) phase bubble-like -region is every-
where in contact With the hot surface and the curvature of the 'bubble-like sur-
face remains Small,'s*6 that the asymmetry responsible for jet forrftiatidh is very



weak. Furthermore, with cryogenic materials, such as LNG. vigorous vapor explo-
sions occur when the cold liquid is in the saturated state, such that bubble
collapse is not possible. For this reason the bubble collr ,se mechanism is
difficult to justify when the hot liquid is surrounded by an unstable vapor film,
aad a different approach, centering on random contacts in film boiling17;18, may
be preferable.

On the other hand, with the UC^-sodium system, the contact temperature is
too low to maintain film boiling, and subcooled nucleate boiling may be expected
if UO2 drops are introduced into a larger mass of sodium. In the next section
we examine the stability of the growing UO9 crust to bubble collapse and jet
penetration, and show that fragmentation indeed occurs very rapidly.

BREAKUP OF U0 2 DROPLETS INJECTED INTO LIQUID SODIUM

Suppose that a molten UO2 droplet is injected into, or moves towards a sub-
cooled liquid sodium region, whose dimensions are large compared to the drop
diameter. We assume that initially there is an intervening gas film separating
the two liquids. This film, however, is quickly swept away, allowing liquid-
liquid contact. The droplet might originate from the prior breakup of a gassy
fuel jet penetrating the interior of a sodium pool, or from some other source.
Assuming the UO2 is at its melting point, the hot oxide fuel will freeze and
form a crust at the interface. For sodium temperatures of 400°C, 600°C and
800°C, this interface temperature is found to be 1170°C, 1370°C and 1570°C,
respectively. This is well bflow the homogeneous nucleation temperature of
sodium, as well as the minimum steady state film boiling temperature. Subcooled
nucleate boiling will therefore take place on the front face of the sphere. The
growing bubbles, however, col Lapse alter reaching far enough into the cold sodium
and cause the formation of a nrcrojet of liquid sodium. By estimating this im-
pulsive force one can determin whether the UO2 crust, which is growing contin-
uously, will collapse or not. It may be noted that the growing sodium bubbles
are held onto the crust surf ic : by the relative motion of the drop and the sur-
rounding liquid. This is contrary to the usual situation in subcooled nucleate
boiling where the bubbles detach themselves from the heated surface shortly
after they cease to grow, on account of the inertia of the surrounding liquid.

Since the scale of this ph -lomenon is about two orders of magnitude smaller
than a typical drop size, the p. blem will be treated in rectangular coordinates
with infinite extents of both liquids. When UO2 solidification occurs, the crust
growth occurs according to

X(t) = 2 \ .f~W^t (13)

where the growth constant \ is given by the solution of the following transcen-
dental equation for UO2 initially at its melting point:

kl ^ ( Tm ' T 1 0 )

k2 ,/ » 1 + k^ ,/ ni2
 e*P (\)

where T is the melting temperature; the subscripts 1, 2, and 3 refer to the
sodium, solid UO2 and liquid U02J respectively; and T^Q is the initial sodium
temperature. The liquid temperature, T.(x,t), is given by:

Tm " T"L0 k2 v/~«^ + k JH^ • erf X
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from which the interface temperature is found to be independent of time:

T = T +
erf

( 1 6 )

The thermal boundary layer thickness is then defined implicitly by:

T (-fi(t), t) - T
i

l
= 0.01 (17)

Incipient boiling superheats for sodium vary widely, depending upon the amount
of inert gas in the system. For steady convective saturated boiling the wall
superheat typically ranges from 17 to 117°F over a pressure range of 8-24 psia.
If one chooses AT = 70°F this is probably conservative, since subcooled tran-
sient boiling requires larger superheats than steady saturated boiling. From
the Laplace and Clapeyron equations, one obtains for the critical bubble
diameter, dndn:

v,. T
fR Vdn - hfg(V y - Wx

where a is the interfacial tension, v. and h are the changes in specific
volumes and enthalpy due to vaporization, T is the mean vapor temperature,
and Ap is the excess bubble pressure over" ̂ he ambieot.

Bubbles of this size will be formed after an initial waiting period deterr
mined by the requirement that the nucleating bubble lie entirely within the
thermal boundary layer. Thus, the waiting period or nucleation time, t , is
found from Eq.(15) as the time at which the liquid temperature attains n the
d

(
desired value T
solving: i

T + AT at distance x
s s = -d

n.
Thus tn is obtained by

IT (T
1 ET + AT

8 8
= T

- T )
12 1 - erf
e r f

( 1 9 )

At time t = t , the bubble starts growing according to the Rayleigh equation,

For the initial growth period, Ap = Ap and one obtains

(20)

Ap remains constafit until the bubble protrudes from the thermal boundary layer,
and then begins ftd decrease. Hence we assume that the constant-pressure growth
stage contittues until Rj/5 = I, 2h 3, 4, or 5 , and henceforth <ise each of
these values «S a parameter. The second stage is assumed to start at t = t.
When ft = IL and CohtinUe until t = t When R = •R..flfc» R . = 0, Signifying
the maximum size attained by the bubDle». At tide ̂ r^CdlSnEiqald surrounds the
Bubble, so dhat Af> ™ -$m . the first integral Of Eq. (20) is readily fdUtid to
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and R is found by setting R * 0 in Eq. (22). An exact calculation of t ,
involves evaluation of an elliptic integral or recourse to numerical methods.
However, calculations show that the second stage is very short compared to the
first stage. Therefore, a reasonably good approximation can be made by assum-
ing the second stage is completed with an average velocity of R./2, and finding

2 (R,_ , maxt = t, + :—max 1
Rl (23)

From time t onwards, the bubble collapses, forming an axisynmetric jet of
liquid directed towards the wall. The collapse time is small, and can be ap-
proximated by the spherical bubble collapse formula:proximated by the spherical bubble collapse formula:

t = t + 0.915 R /— (24)
c max "w* ' n \'̂ '

24A numerical simulation of this situation shows that the velocity,
length and diameter of the jet when it strikes the fuel surface are:

(25)

L = 0.493 R (26)
o max

d = 0.237 R (27)
o max

25According to Buchanan the two principal mechanisms for target breakup are:

1) High velocity jet penetration (slow breakup)
2) Low velocity mechanical failure of target (sudden fracture). The

former holds when the pressure exerted by the jet is very much greater than the
yield stress pf the target, iiei

\ Pf Vo > > °y (28)

For cases of interest here, oyis at least an order of magnitude larger, and
hence breakup does not occur by this mechanism. To investigate the second mech-
anism we follow Buchanan in assuming that the target is in the form of a flat
circular disc which is neither clamped at the edges nor simply supported. The
maximum bending stresses at the center of a circular disc for the case of
clamped edges, o , and a simply supported body, ° , are given by "

c s

L »+ ^ J
J_n V 1 + p 4(1 + y) 4 a2j

a = 1 (1 + U) q b 2 I „„ ,a, A 1 _ (1 - V) _bl | (30)
s 2 X2

where |i is Poisson's ratio; b is the jet radius; and it is assumed that the
target radius, a » x, the target thickness. The target radius is determined
by the distance from the center where the effect of the jet can be felt. The
pressure q exerted by the jet is either the waterhammer pressure, a., or the
stagnation pressure, q where
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Sl Vo

qs = 2 pf Vo <32)

and s. and s are sonic velocities in the liquid and solid. For low velocity
jets, q, > q , but the duration of q. is much shorter than that of q . Buch-
anan assumessthat q, causes penetration only if s2l>/s]_

 >:> X(i.e., thi effect
can be felt simultaneously throughout the target thickness) and q. > a . Other-
wise, the effect of q is investigated. Thus, the values of a to Be inserted in
Eqs. (29) and (30) are S2L /V and s.b/s., corresponding to q and a respec-
tively. The jet radius, b° is found from Eq. (27) and the crust thickness, X,
is found from Eq. (13) at time, t , for bubble growth and collapse. If o > a ,
jet penetration and crust breakup takes place, while <?g < (^signifies no-pene^
tration. It can be readily shown from Eqs. (29) and (30) that as

>a
c^

 b < 2 a »
which is satisfied in all applications considered here.

Table 1 shows calculated values of the jet velocity, bubble growth-and-
collapse time, crust thickness, and maximum clamped and supported bending
stresses, for sodium temperatures of 400, 600 and 800 C. It is seen that the
estimated yield stress of a «*»8x 10 dynes/cm is easily exceeded in all cases,
giving fragments with a mirrimum dimension of 10"^ cm. One would expect these
fragments to be rapidly displaced by boundary layer stripping, turbulence in-
duced by subcooled boiling, and blowouts occasioned by entrapment of sodium is
the UG, surface layers. Other fragmentation mechanisms, such as thermal stress
cracking and Taylor instabilities, will add to the rapid dispersion.

CONCLUSIONS

1. Because velocity equilibralion in a dense fuel-coolant mixture (UO--
sodium or tin-water) takes place very rapidly, Taylor instability does
not appear to be a viable mechanism for supporting a steady-state (Chapman-
Jouguet) thermal detonation wave. Boundary-layer stripping also appears to
be too slow.

2. Molten U0~ fragments rapidly due to bubble collapse upon being mixed
with a larger volume of subcooled eodium. Hence the coarse pre-mixing required
for a detonation wave is not attained, and continuous violent boiling occurs.
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Table 1. Calculated Maximum Bending Stresses for UO, Crust due to Hubble Collapse

Rl Tl
(cm/sec)

X(tc)
(cm.) (dynot;/cni') (dynes/cm )

1

3

5

1.5 x 10

1.5 x 10

1.5 x 10*

6.0 X 10-5

x 10-4

1.2 x 10-3

8 8 x io"*

2.4 x 10

4.0 x 10

-3

-3

7.5 x 10

6.4 x 1010

1.8 x 1011

1.8 x 10
10

1.6 x 10

4.4 x 10

11

11

600°c

1

3

5

1.55 x 10

1.55 x 10*

1.55 v 10*

3.7 x 10

3.1 x 10

8.7 x 10

-5

-4

-4

6.7 x 10

1.9 x 10

3.2 x 10

6.2 x 10

5.5 x 10

1.5 x

10
1.5 x 10

1.3 x 10

3.7 x 10

1

3

5

5.3 x 10

Fig. 1.

V

10
1.3 x 10

1.2 x 10

3.3 x 10

Pressure-Specific Volume Plot for Thermal Detonation Wave.
The curved line AN represents the shock adiabatic for isen-
tropic compression from the initial state A to the von Neumann
spike N. The curved line CO represents the equilibrium llugon-
iot , where temperature and velocity equilibraLion have been
achieved., The straight line AON is the Rayleich line, and
the tangency condition at 0 implies that the mixture velocity
is equal to the local sonic velocity relative to the shock
front (Chapman-Jouguet condition)-.

For a dense dispersion, with unequal phase velocities, an
extra coordinate must be added, such as S • u./u,. The shock
adiabat then becomes a surface in (P,V,S) space, and the system
follows a curved path to rite equilibrium state. The pressure
is generally not a maximum immediately behind .the shock front,
but rises, as the fluid is slowed down by viscous drag from the
drops. The von Neumann spike, H, is thus replaced by a point
on the shock adiabat surface, shown symbolically as Nl.
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LIQUID-LIQUID CONTACT IN VAPOR EXPLOSIONS

M. Ochiai and S. G. Bankoff

Department of Chemical Engineering
Northwestern University
Fvanston. Illinois 60201

ABSTRACT

A self-mixing theory for initiation and early propagation of
vapor explosions is presented. Random contacts are postulated to cause
local regions of high pressure at the contact interface, which result
in annular jets tending to mix the fluids. The criterion for success-
ful initiation depends upon the minimum Weber number for coalescence
being exceeded over an area at least equal to the original contact area.
Experimental free-fall droplet data are presented fiom which the minimum
Weber number correlation is determined. Satisfactory agreement is, shown
with oil-Freon mixing data of peak pressures due to Henry, et al.

INTRODUCTION

A self-mixing theory for tho initiation and early'propagation of a vapor
explosion is proposed herein, which is consistent with the known characteris-
tics of film boiling near the transition point. The theory is probabilistic,
since a spectrum of liquid-solid contact areas and times is observed, pre-
sumably due to tongues of liquid which momentarily bridge the vapor gap between
the two liquids. It assumes that the time scales for new vapor formation are
too long, and the process too incoherent, unless t conditions for spontaneous
nucleation are met. It then focuses on the consequences of the formation of a
thin, high-pressure layer at the contact interface, resulting in a coherent
splash, or annular jet, of the hot liquid directed towards the cold liquid. A
conservative approach to the early propagation stages states that the new con-
tact area between the annular jet and the cold liquid must at least equal the
original contact area of the cold liquid tongue in order for the process to
escalate. It is known from experimental correlations, determined in the present
work, that a minimum approacli Weber number must be achieved in order to obtain
sustained liquid-liquid contact between a hot and a cold liquid. This experi-
mental correlation is incorporated into the theory, and determines the probabi-
lity of a successful propagation step. The calculation is quite conservative,
since it does not take into account irreversible penetration of the cold liquid
by the annular jet. In the falling-drop experiments upon which the experimental
correlation is based, buoyant forces separate the drop after penetration into
the hot liquid. Such forces are not present, in gener;il. in the early mixing
stages of a vapor explosion. For this reason, onu can expect the present
theory to apply only to the initiation and early propagation stages, after
which the propagation zone becomes three-dimensional: rather than two-dimension-
al.

The present theory is based on three additional assumptions relative to
the peak pressure generated by the fuel-coolant interaction:

1. For liquid-liquid interfacial temperatures bolow the spontaneous nuc-
leation temperature, negligible peak pressures result. This is consistent with

Visiting Scholar, Permanent address; Japan Ship Institute, Tokai-Mura,
Ibaraki-ken,Japan.
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2
the hypothesis of Fauske that the time scales for vapor generation are too
long for significant pressure shock waves if the instantaneous liquid-liquid
contact temperature, T., is below the threshold for nucleation by statistical
density fluctuations, T . Supporting evidence is found in extensive experi-
ments on the lower hydrocarbons in contact with water, which conclude that the
water bulk temperature must lie in a narrow range above the homogeneous nuclea-
tion temperature of the hydrocarbon in order for a vapor explosion to occur. On
the other hand, vigorous interactions have been observed with tin drops in water
at calculated interfacial temperatures somewhat below the homogeneous nuclea-
tion temperature of water. ' However, as demonstrated in the classical experi-
ments of Briggs ' on the tensile strengths ot water and organic liquids, it is
extremely difficult to prevent heterogeneous nucleation of water vapor bubbles,
due to the strong hydrogen bonding and hence unique wetting properties of water.
With poorly-wetting liquids the vapor-free heterogeneous nucleation temperature
may be lower than the homogeneous nucleation temperature by 20°C or more. With
temperatures in this range it is indeed difficult, and probably unimportant, to
distinguish between spontaneous nucleation and nucleation from extremely small
pre-existing gas traps.

2. Peak pressures become negligible in the free-contac'ting mode when
T.> T , the critical temperature of the cold liquid. This is based on the idea
that ffie vapor film is stable to small perturbations under these conditions.
However, the present theory does not take into account the effect of the con-
tainer walls and bottom in enhancing liquid-liquid entrapment. »

3. The maximum pressure observed in the vapor explosion is the vapor pres-
sure of the cold liquid at the instantaneous contact temperature. This is in
accord with experimental observations,» and presumes that the propagation
ceases when the pressure is too high to allow vapor formation.

Before proceeding to the development of the theory, some experimental re-j^
suits are reviewed which are used in formulation of the propagation criterion.

LIQUID-LIQUID SURFACE IMPACTION EXPERIMENTS

Small drops of a cold volatile liquid were dropped onto a free surface of
a hot, non-volatile liquid by Waldram, and the results have been interpreted
by Fauske and by Waldram, et al. The drops either rebounded smoothly, re-
sulting in film (or Leidenfrost) boiling, or coalesced with the hot liquid de-
fending upon whether or not the impact Weber number was greater than some mini-
mum value, We . . If coalescence occurred, the droplet would either evaporate
smoothly or spatter explosively after some delay time, depending on whether the
hot liquid temperature was below or above the homogeneous nucleation of the
cold liquid. If the initial interface temperature, calculated from conduction
theory, was above the homogeneous nucleation temperature, a fine spray of a few
spattered droplets would form immediately, but the bulk droplet would usually
remain in film boilihg. The critical role ot the mode and condition of liquid-
liquid contacting was thus verified. Some additional experimental work has been
carried out with Freon - 113 and pentane as the volatile fluids, and with Dow-
Corning 710 Silicone oil and glycerol as the hot fluids, extending the ranges
of diameters and temperatures for Wem^n. Markedly different behavior for the
two hot liquids is observed. We . for silicone is higher at all temperatures
than for glycerol by a factor ot i-4> increasing with temperature and with drop
diameter. For glycerol We . is nearly independent of both T, and d; moreover.,
spattering does not occur after wetting, but only isolated, fairly weak centers
ot vapor formation. The data were correlated by a least squares routine (Figs.
1 and 2) by an 'equation 6't the form:

We = A + BT| :mxn
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where T and T^ are the saturation and critical temperatures of the volatile
liquid ;S As=2Tn[5/p g ) ^ is the capillary v. avelength of the cold liquid; and T^ is
the calculated initial interfacial temperature. Since n> 0, the form ot the
temperature dependence implies that wetting is not possible if T.i T . At
low temperatures the second term becomes small, indicating that vaporization
from the approaching droplet plays a minor role. The empirical constants are
different tor dirferent liquid pairs, and depend upon physical properties and
surface wetting effects. Thus, tor silicone oil, n = 0.25 - 0.75 ,indicating a
temperature dependence which is weak far from the critical point, but becomes
dominant as the critical point is approached.

SPLASH THEORY FOR VAPOR EXPLOSIONS

We shall now formulate an unstable film-boiling model for vapor explosions
in spontaneously-nucleating liquid-liquid systems. We begin with the assumption
that locally a hot non-volatile liquid is separated from a cold volatile liquid
by a film of vapor. Assume that a random contact is made between the two liq-
uids, due to capillary instability or the vapor film. The contact radius is of
the order ot the capillary wavelength

h • 2"l/l<^77

where j = 1 for cold fluid, and j = 2 for hot fluid. In this case the appro-
priate mean vapor.tilm thickness is given by the modified Taylor stability ana-
lysis ot Berenson for film boiling:

b = 2.35
hfg«v8(ofl (3)

18
As pointed out by Henrv and Fauske, homogeneous nucleation cannot occur

until sufficient heat has been absorbed by the cold fluid to stabilize the
existence oi a bubble of critical radius, r , with liquid at the homogeneous
nucleation temperature T, . The spontaneous nucleation time is given approxi-
mately by:

T. - T,
1 I hn

-9

This time is typically ~10 s. Likewise, from the Rayleigh equation for in-
ertia-dominated bubble growth, the time, t , for the radius to increase by
three orders or magnitude is *-10 s. On EKe other hand, the acoustic relief
time is ta=2&/c where & is the mean distance to a free surface and c is the
sonic velocity in the liquid. In the Henry-Fauske theory,£=^d where £<! is
a shape factor related to the degree of spreading of the drop on the hot liquid
surface. In the present theory a tongue of liquid, rather than a drop, contacts
the opposite surface, and the contact radius, a, is related to the. Taylor in-
stability wavelength, by a = yX. ; j = 1,2, where Y is a random variable. From
Eq. (7), since a ~ I and A = 0.5 cm,ta~l(r= s>>tgp + t b g . For Freon 22 at

* For transient film boiling with relative velocity between the liquids
the film thickness may be an order of magnitude less than the Berenson
value. We have not used the Henry l' correlation here, since this de-
pends on enhancement ot heat transfer by surface contacts.
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atmospheric pressure , homogeneous nucleation theory predicts the spontaneous
nucleation rate J = l.J x 10 cm s , (r, = 40 8) at T. = 54°C, and 4.2 x
1022 cm"3B " (r, = 29A) at T. = 60°C. At foie latter temperature this^you^d
imply one critical-radius bubfcle for each surface element of area 10 cm in
the therm; L boundary layer by the time, t , has elapsed. Clearly, therefore, an
explosive growth and coalescence of the vapor bubbles occurs, resulting in a
high-pressure vapor layer at the liquid-liquid contact area. This amounts to an
impact pressure applied to the free surface over the region r <a, with a result-
ing velocity distribution obtained from potential flow theory. The normal velo-
city of the surface for r > a is given by

2
where y =•%• - 1 >0 and g = — . Here U is the impact velocity of a cylinder
of radius a which produces the same total impulse, I, given by

4 3 itL\

I = | pf a U <6>

The splash velocity determined by Eq. (5) produces an annular jet which
crosses the vapor space and impacts upon the opposite liquid surface. If liquid-
liquid contact is made over an area at least equal to the original contact area,
the propagation step can lead to exponential growth of the interaction zone.
The relevant area is thus an annulus, with inner radius, a and outer radius,
a T/2. The average velocity over this region is v = / vdy , and from Eq. (5) one
finds that v = B., j = 1,2.

The impulse due to the vapor layer is approximated by

where p is the vapor pressure oi the volatile liquid at the spontaneous nuclea-
tion temperature. Acoustic pressure relief occurs through radial expansion of
the free surface of the cylindrical tongue ot liquid making contact with the
hot liquid surface. During this acoustic relief period an impact velocity
is transmitted to both liquid surfaces, so that the lateral displacement of the
adjacent surfaces of the vapor film is given by 2Ut . Since the thickness of
the heated zone is 2 \^t , the ratio N = U /ta/adetermines the time scale for
radial expansion Of the High-pressure vapor layer into the adjoining free vapor
space. For T. = 60°C, U ~400 cm/s rroin Eqs. (10) and (11); t.a~10"

5 s;so that
N>»40. Hence the pressure falls quickly after the acoustic relief period. The
.pressure within the bubbly layer rises quickly during the heating and growth time

From Eqs. (5)-(7) y, = 3(p - P»)/of4
c> which is similar to the water

hammer equation, except Jor the numerical coefficient. Note that the impact
velocity, and mean splash velocity, is independent of a, and is hence determin-
istic, while the impulse is a stochastic variable. Defining now an impact Weber
number by We. = &fjVja (JF -\)la:t we see that the probability distribution for
We. Is the same as for the contact radius, a. The data were taken Only with j =
1 xcold liquid drops impacting the bulk hot liquid), but it is assumed here that
the correlation holds also for j = 2. This states that the relative normal vel-
ocity of the two liquids determines the minimum vapor film thickness between
them, and hence the probability of coalescence. In any case the predicted pres-
sure curves are not very different for j = 1 and 2. Unless olEherwise stated,
we employ We =-Wê -. It is known that the probability distribution for the
small-size range of fragmented material follows a log-normal distribution, and
if we assume a similar distribution for Y , one obtains
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if -tP (We >We . ) = - = e dt (8)
min /— JX .>/" mm

where

X « | log-*- (9)

Here S and v~ a^e the standard deviation and mean, and X = X . when We = We .
min m m

The mean time for one successful propagation step is thus

t + t. + t + t
t sp bg a s

* m P(We> We . ) (10)

min

where the splash time, t , given by

t - b / V ~ 10"
4 s

is the rate-limiting step at any one contact point. However, there will be a
23 large number of random contacts on a macroscopic scale, and the maximum de-
~tected pressure p , can be approximated by

P j = ep ; e = mt /t <; 1 (12)
rd v. am

where m is the average number of pressurized contact areas at any instant. For
T. £ T , t • • for a well-wetted system, so that no pressure wave is predicted.
Wnen T. increases slightly above T , s~l, since mutual pressurization ensures
that tfte detected pressure can never exceed the maximum vapor pressure within
the system. However, as T. increases beyond this point, p, begins to decrease,
in view of Eq. (1Q), and eventually approaches zero at the critical temperature.
Using the parameters for Eq. (1) from Fig. 1, Fig. 3 shows a typical comparison*^
of the predictions of Eqs. (12)-(15) with data for 100-300 ml. Freon-22 poured
into discolored (through standing in open containers) and pure mineral oil '

Depending upon the choice of S and Y , one obtains predicted curves which
form a fairly good envelope for all data, but follow the impure oil data more
closely. In agreement with the data, there are no energetic interactions with
this mode of contacting for T.<T, . The maximum pressure rises rapidly towards
its theoretical value when T. exceeds T, , independent of choice of parameters.
Parametric effects appear only after the peak is reached. If one assumes a
broad distribution of random contacts (S = 2), which physically seems to be
likely, the resulting curves are quite insensitive to the mean value of the con-
tact area, which is proportional to y . It should be noted that these curves
were calculated using the empirical correlation for the critical Weber number,
Eq. (1), but using the physical properties of the oil, which forms the first
splash, to determine We . If We had been used instead, quite similar curves
are obtained.

CONCLUDING DISCUSSION

We have focused here on a new mechanism for preliminary mixing of the two
liquids in the initiation and propagation stages. This consists of the annular
splash resulting from rapid vapor generation at random liquid-liquid contact
areas under film boiling conditions. The evidence for this mechanism is sparse,
as it is indeed for other detailed mechanistic theories. It is consistent with
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peak pressure data obtained in the Freon-oil system, which exhibits autocataly-
tic explosivity over a fairly narrow range of interfacial contact temperatures.
At the low side of this range the spontaneous nucleation theory is invoked; at
the high side the vapor film becomes quite stable. Many other systems show simi-
lar properties, such as the light hydrocarbons and water-^, and tin-water.20 The
theory attempts to quantify the destabilization of film boiling In a liquid-
liquid system when the interfacial contact temperature, T., reaches some mini-
mum value for stability. Solidification is not taken into account-, nor are en-
ergetic triggers, such as the acceleration of the two liquids towards each other
(shock tubes") or the arrival of a strong pressure pulse. Entrapment of the
cold liquid within or by the hot liquid in close proximity to the container
walls "or bottom, leading to strong local pressure pulses, is also not con-
sidered. Energetic events of this sort can lead to intimate contact even when
the interfacial temperature exceeds the coolant critical temperature. The form
of the minimum Weber number correlations is not suitable for systems where T. >
T , and, indeed, no data exist in this range. The physical properties of
the hot liquid are shown here to have a strong influence on vapor film stability,
and are taken into account through the constants in Eq. (1), which must be de-
termined experimentally. Data of this sort must be acquired for liquid metals
with water before the theory can be applied to these systems. Finally,
it has been observed prior to tin-water, aluminum-water, and to a lesser extent,
lava-water explosions that a multi-phase interaction zone is formed., consisting
of molten and solidified droplets in a water-steam bubble-like region, in-
creasing pressure oscillations are observed as this region overexpands and con-
tracts fairly periodically, growing with each oscillation and tearing more
molten material loose from the main body of the melt. A bubble collapse model
has been invoked to explain this predispersal, but the region does not collapse
completely, and the surface curvature remains small. On the other hand, random
contacts should be induced during the contraction portions of the cycle-, which
can then lead to dispersal by the mechanism proposed herein.
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SOME ASPECTS OF MIXING IN LARGE-MASS, ENERGETIC FUEL-COOLANT INTERACTIONS

D. H. Cho, H. K. Fauske, and M. A. Grolmes
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Argonne, Illinois 60439, U.S.A.

ABSTRACT

Certain aspects of mixing involved in large-mass fuel-coolant
interactions are examined, considering the energy required as well as
the dynamics of mixing. It is observed that: (1) an energetic,
coherent interaction involving large masses of molten fuel appears
extremely unlikely, unless the molten fuel is coarsely premixed with
liquid coolant prior to the interaction and the interaction propagates
rapidLy throughout the entire system, (2) the premixing that is likely
to produce an energetic interaction is one in which molten fuel is
initially separated from liquid coolant by a vapor layer, and (3)
while details of the fine-scale intermixing leading to an energetic
interaction are not fully understood, it would appear to be a one-step
process. The observations along with consideration of accident situations
seem to suggest that the possibility of a large-mass, energetic interaction
is extremely remote in oxide-fueled LMFBR systems.

INTRODUCTION

Since Hicks and Menzies [1] first demonstrated the thermodynamic work
potential of molten fuel-coolant interaction (FCI), a number of calculational
models have been developed to investigate the severity of FCI in hypothetical
LMFBR accidents [2, 3, 4]. The basic approach used in these models is similar.
All assume intimate mixing between molten fuel and coolant and calculate the
consequences of the resulting heat transfer in terms of transient pressure
generation and mechanical work done. It is generally assumed that the mixing
zone consists of finely fragmented fuel particles dispersed in a finite volume
of liquid coolant. The mixing is parametrically characterized by the fuel
particle size and the time constant for fragmentation and mixing. Because of
the very nature of the mixing assumption, the models describe a single, coherent
interaction. While such models have provided a framework for a scoping, para-
mPtric investigation of LMFBR accident energetics, their usefulness seems quite
limited. It has not been possible to extract in a meaningful way the model
parameters from quantities measurable in experiments. Moreover, for the UO2-
sodium system, there is no experimental evidence for such a large-mass, ener-
getic interaction as can be calculated with the models. It is thus necessary to
consider what is physically required to produce an energetic interaction,*

*An energetic interaction means that the interaction efficiency (in terms of
the conversion from thermal to mechanical energy) is of the same order of
magnitude as the thermodynamic upper limit or at least a substantial fraction of
It.
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especially for the case when large -nasser of ,r,. ten fuel a,.d coolant* ar<; involved.
This paper examines some aspects of mixing -hat are invc.' zed in a l.-irge-mass,
energetic interaction.

MIXING REQL .:•:•;..NTS

The interaction between molten fuel and coolant becomes energetic when the
time scale for heat transfer between the two fluids is small compared with that
for overall expansion of the fuel-coolant mixture. The limiting process for
such a rapid heat transfer appears to be the fine-scale mixing of the two fluids
which provides .1 large heat-transfer surface area.

Energy Requirement; An order-of-magnitude Estimate

Consider a mixing process as shown in Fig. 1. A fuel volume V is broken up
into particles of radius R and intermixes with an equal volume of coolant. The
breakup and intermixing is assumed to occur in one step. An order-of-magnitude
estimate of the energy required for mixing may be made by considering the fuel
surface energy for breakup, the kinetic energy for fuel particle movement, and
the energy dissipated (friction) during the movement of the fuel particles
through the coolant. The various energy contributions are as oliows:

Surface Energy = N(4TIR^)O = —• a (1)
K

7 ">
p _ U "

Kinetic Energy = Nt-nR1);^ - ~ = V - 2-
m (2)

Frictional Dissipation = N.C iRy(4ir').l, = V(4 cu')(—") (3)
jj I m m o m R

where N = number of fuel particles, c = fuel surface tension, u = mixing
velocity, L = mixing distance, p = fuel density, (, = coolant density, and
C = drag coefficient (taken to be unity in Eq. (3)). Tn situations of practical
interest, the mixing energy is due mainly to the frictional dissipation and
other contributions may be ignored. We now take the mixing velocity, u ,
to.be equal to L /t where t is the mixing time and approximate L by
V1 \ The one—step mixing energy is then given by

m one-step 8
r' K
m

The mixing energy depends on the mode of breakup and intermixing. It can
be considerably less than given by Eq. (4) if the breakup and intermixing occurs
progressively, involving a number of steps. We shall derive the energy required
for progressive mixing, assuming that the fuel size is reduced in geometrical
progression and that the mixing velocity is identical for each step (see Fig.
2 ) . If the energy dissipation is the only contribution, the mixing energy in-
volved in going from the ith to the (i+l)th stage is given by

(E>i , i+1 =
 v(i f'KA r (5)

* No attempt is made here to define precisely what is meant by a large-mass
interaction. For practical purposes, a large-mass interaction may be con-
sidered to involve a non-^negligible fraction of the total reactor fuel
loading.
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Now, by assumption,

L... = YL. (7 < 1) and u . = u = constant (6),(7)

l+l 1 mi m

Y is the reduction factor of fuel particle size in each step and is related to
the initial and final sizes by

where n is the number of steps. The mixing energy for the entire process
becomes

E = V > 1 pu2.
n £_4 8 mi

i=0
^ • V (I »<)(?)

The mixing time, t , is the sum of the individual mixing times involved, viz.
m

n-1 T n-1

t = > -i-»i- > Y
AL = -^ M-^- (10)

Elimination of u from Eqs. (9) and (10) gives
m

En = V § p ^ - ( £ H ^ (11)

For n = 1 (one-step process), Eq. (11) is identical to Eq. (4). The minimum
value of E occurs at n = (1/1.74)ln(Lo/R) and is given by

h2/\( R2\ / V 1 / 3 \
(E ) progressive, min = 1.81 pV l-j 1(1 Z7Tlln (~5—) (12)

Vm i\ V ' f \ R /
1/3

where-L • has been taken to be equal to V as before,
o

From the foregoing consideration of mixing energy requirements, we make the
following observations. (1) The energy required for mixing must be considered
in relation to the available thermal energy of fuel. For a given t and R (i.e.
for about the same FCI efficiency), the smaller the mixing volume, the smaller
fraction of fuel thermal energy is needed for mixing. To illustrate this,
consider the one-step mixing process and suppose f is the fraction of fuel
thermal energy used for mixing. Then, we have

fVc,p,AT = | p - L or f <\. V (13)
r r o c K

m

where cf is the fuel specific heat. Clearly, f is proportional to V. This
means that as the mixing volume increases, it becomes difficult to achieve an
efficient, self-driven* interaction. Thus, the energy consideration suggests
that the concept of premixing and rapid propagation, such as used by Board and
Hall [5], would provide a better explanation for large-mass energetic inter-

*self-driven because no external forces are available for mixing.
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actions than the concept of escalation (snowballing effect) proposed by Colgate
[6] and also by Buchanan [7]. (2) For a given mixing energy, Kq. (4) or (12;
defines the maximum mixing volume of fuel (or coolant) as a function of t and
R. As an illustration, suppose \7_ of the fuel thermal energy corresponding to a
temperature difference of 3000°C is used for mixing (say, the thermal to-mecha-
nical conversion efficiency is 10% and 10% of the mechanical energv produced is
used for m'xing). For t = 1 msec and R = 100 iim, the maximum mixing volume is
found to be 32 ml from Eq. (4) and 950 ml from Eq. (12). (3) In the progressive
mixing, the surface area for heat transfer increases with time exponentially.
In the one-step mixing process, the surface area increases linearly with time
(this linear increase is implied in the concept of one-step mixing). For the
progressive mixing with minimum energy, it can be shown that the surface area
produced following the ith stage, A., is

k. = A 7— I n = A [7—1 e
1 n V v n \ 0/

(1A)

where A = A_ = final fuel surface area. The corresponding time, t. (measured
from the beginning of fuel breakup and intermixing), is

t. = t = t — (15)

'o 'o

A plot of A./A, vs t./t is shown in Fig. 3. The progressive mixing is seen to
consist of several steps of coarse mixing (area generation being insignificant)
followed by 1-2 steps of fine-scale mixing. This behavior is no surprise.
Actually it is exactly the way the progressive mixing was defined. The progres-
sive mixing concept implies some sort of coarse pro-mixing preceding the final
fine-scale mixing. Thus, the fact that the progressive mixing requires much
less energy than the one-step mixing may be viewed as another indication that a
coarse premixing between molten fuel and coolant would be needed prior to a
large-mass, energetic interaction. Fig. 3 also suggests that the rapid heat
transfer leading to an energetic, interaction would occur in the final one-step
mixing process. (4) Using the one-step mixing, we shall examine the idea of
escalation, such as proposed by Colgate [6]. Consider -in arbitrary initiator of
volume V and suppose f is the fraction of the fuel thermal energy used for
mixing (t is assumed to be constant throughout the entire escalation process).
The mixing energy provided by the initiator is then E = f V e where

e , = c. p^AT (thermal energy unit). The volume of mixing brought about bv this
tn 1 t, „ ,, >

energy is, from Eq. (4),

fVth (16)

where t is the mixing time involved in the first escalation. For the
i th escalation, we have

If we assume t . = t = constant for each step of escalation, we have
mi m

t2 R f e
V ? = V* V1_1 where V* = | — — (18)
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(V* corresponds to the maximum volume that can be mixed in a one-step, self-
driven mixing process). Using the above recurrence formula, it can be shown
that the mixing volume for the n jth stage of escalation, V , is given by

Vn = (~) * V* (n = 1) (19)

Clearly, V -• V* as n -• °°. There is no snowballing effect such as indicated
by Colgate. The way in which V approaches V* depends on the value of (V /V*),
as shown in Kig. 4. A similar conclusion is obtained when the mixing velocity
(rather than the mixing time) is assumed to be constant for each escalation
step. The above observation indicates that an initiating event cannot escalate
indefinitely in an initially unmixed system, i.e. when masses of molten fuel and
coolant are initally separated. From a dynamic point of view, an indefinite
escalation would seem even more untenable, since in an initially unpremixed
system, the optimum mixing leading to an efficient interaction is not likely.

Simple Mixing Dynamics

Consider a one-dimensional system in which a number of flat layers of
molten fuel are interleaved with coolant layers, as shown in Fig. 5(a). We
assume a sudden pressure generation Ap to- occur at one end of the premixed
system and examine the resulting flow of coolant and the breakup of molten fuel
caused by the flow. Let L represent the length over which Ap occurs. The
sudden application of Ap over L causes the fuel and coolant masses to acceler-
ate, the acceleration, g, being given by g = 2Ap/[L(p + p.)]. At the interface
where the light coolant accelerates into the heavy molten fuel, one expects
intermixing due to Taylor instability. The scale of intermixing, X , may be
considered to be half the Taylor wave length of the fastest growing instability,

A = 4 [2TT«/ , , ] = ntfr thr1 \—— (20)*

Eq. (20) has been derived assuming that there is no gas/vapor volume in the pre-
mixed region. In this case, L is at least equal to the overall length of the
premixed system. If, however, there is a preexisting vapor layer between molten
fuel and coolant, L could be as small as the scale of the initial premixing.
Suppose there is a collapsable vapor layer between the molten fuel and coolant
layers, as shown in Fig. 5(b). In such a case, the mass to be accelerated by Ap
would initially consist of one layer of molten fuel and one layer of coolant
rather than the entire length of the premixed system. That is, the inertial
length would correspond to the scale of the initial premixing, L . The non-
linear interpenetration following Taylor instability grows as ^(I/2)gt2 (t =
time). Thus, if the thickness of the vapor layer is of the same order of magni-
tude as the. thickness of the fuel (or coolant) layer (i.e. the scale of the
initial premixing), the intermixing between the two layers of molten fuel and
coolant would be complete before they collide and merge with the next layers of
fuel and coolant due to the collapse of the vapor layer. If the vapor layer is
too thin, it would collapse before the intermixing is complete and the effective
inertial length would be greater than the scale of the initial premixing. The
above consideration suggests that the existence of a vapor layer between molten
fuel and coolant reduces the effective inertial mass to be accelerated and,
consequently, the intermixing between fuel and coolant (for a given pressure
input) would be finer with a pre-existing vapor layer than -without it.

*A similar expression can be derived by considering spherical drops of molt.n
fuel dispersed in the coolant.
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A similar observation may bo made for a shock wave of magnitude Ap pro-
pagating through a coarse mixture of molten fuel and coolant (compressible
flow). It is assumed that the molten fuel drops dispersed in the coolant are
stationary and do not interfere with the shock propagation. Tn the absence of
gas/vapor volumes, the coolant velocity behind the shock may be approximated by
u = Ap/pCn where C, is the speed of sound in the liquid coolant. When the
premixed system contains void volumes such as vapor layers surrounding fuel
drops, an estimate of the coolant velocity may be given by up = /ex/(1-a) x
/Ap/p where a represents the void fraction. It is seen that unless the shock
wave magnitude is very large (say, Ap - 100 bars), the coolant velocity is much
larger with a pre-existing void volume than without it. Since the larger the
coolant velocity, the finer would be the breakup of fuel drops, it may be con-
cluded that the existence of a vapor layer promotes fine-scale intermixing
between molten fuel and coolant.

Thus, we have observed that the existence of a vapor layer between molten
fuel and coolant promotes fine-scale intermixing by reducing the effective
inertial mass. Another role of the vapor layer would be to stabilize the pre-
mixing condition until the interaction is initiated. Without a stable vapor
layer, the premixing configuration may be disrupted due to local, violent boil-
ing and the molten fuel would tend to freeze rapidly, resulting in a solid crust
which would prevent fine-scale intermixing between fuel and coolant.

The above considerations of the role of a vapor layer suggest that the pre-
mixing configuration for an energetic interaction would involve stable film
boiling of the coolant prior to the initiation of the interaction. When masses
of molten fuel and coolant are initially separated, the premixing would require
stable film boiling upon contact. This contention seems to be supported by
certain observations made in aluminum/water [8,9] and Freon 22/ water experi-
ments [10]. Also, an examination of the SPERT-ID test [11] indicates that the
fuel plates (which had initially been premixed with water because of the nature
of reactor design) were blanketed by a layer of water vapor prior to the obser-
ved steam explosion. It is estimated that at the time of the explosion, 1.5 mm
thick molten fuel plates were interleaved w.'.th 3 mm thick water layers with a
0.6 mm thick intervening vapor layer between them. Tn view of the premixing
requirements discussed above, this core condition appears to be ideal for the
occurrence of an energetic interaction. It is quite probable that a similar
premixing condition existed in the BORAX-1 destructive test [12] and in the SL-1
accident [13].

The observations made in this section are consistent with the concept that
a large-mass, energetic interaction involves three stages in a manner resembling
that of a chemical explosion. The three stages are (1) premixing" in which
molten fuel and coolant are coarsely interdispersed on a scale small compared to
the overall dimensions of the interaction system, (2) local initiation of the
interaction (triggering), and (3) rapid propagation throughout the premixed
system. The possibility of triggering and propagation in a premixed system had
been suspected'when attempts were made to explain the SPERT-ID destructive
pressure pulse [11]. It is rather recent, however, that the three-stage concept
received renewed attention and was further elaborated [14].

PROPAGATION IN A PREMIXED SYSTEM

A large-mass interaction is likely to involve propagation in which a local
interaction initiated at one point produces interactions nearby. Recently,
Board and Hall considered such a propagation mechanism in a premixed system and
suggested a detonation model by analogy with chemical detonation [5], Assuming
that a stable, self-sustaining detonation has been established, Board and Hall

*The role of premixing is analogous to the preparation of chemical explosives
in which energy-rich fuels and oxygen-rich compounds are uniformly intermixed.
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calculated tin- limiting steady-state propagation ve] or i t ie.s and shock pressures.
It is doubtful, however, that such a detonating interaction could develop from a
physically realizable initiating event.

A question of major interest conc.-rns the development of a high-energy
event from a local event of low energy during the propagation. Some injight
into this question may be gained by considering propagation in the one-dimen-
sional system of interleaved molten fuel and co.jlant layers with an intervening
vapor layer between them, as shown in Fig. 5b. To do this, it is assumed that:
(1) the fuel, coolant, and vapor layers have the same thickness of I, (2) the
sudden application of Ap causes a coolant layer to impact on the adjacent fuel
layer and accelerates the composite layer of coolant and fuel of length 2f. until
the composite Layer collides with the next layer of coolant, (3) the intermixing
between coolant and fuel during the acceleration is described by Taylor insta-
bility, (A) the effect of coolant vaporization during the intermixing is ignored,
and (5) the heat transfer between molten fuel and coolant is controlled by
thermal conduction on the fuel side so that the coolant temperature may be
considered to be uniform. Based on these assumptions, one can make an order of
magnitude estimate of the heat transferred during the intermixing and the result-
ing pressure. If it is assumed that the pressure generated corresponds to the
vapor pressure of the heated coolant, a calculation for the UO?-Na system would
indicate that the pressure level does not increase with each impact of a coolant
layer upon the adjacent fuel layer. Under these circumstances, a low-pressure
triggering event can be escalated into a high-pressure event only by continuous
heat transfer after completion of the intermixing between the coolant and fuel
layers, which is controlled by the scale of intermixing. It appears unlikely
that the maximum pressure that can be achieved by the continuous heat transfer
would exceed the. vapor pressure of the coolant in thermal equilibrium with the
fuel.

The effect of coolant vaporization during the intermixing may be ignored
for the UO2-Na system where the contact interface temperature is close to the
coolant bulk temperature and is much below the- homogeneous nucleation tempera-
ture of the coolant, The assumption, however, is very questionable for certain
other systems. For the Al-Hj.O system, for example, the contact interface
temperature is close to the aluminum bulk temperature and is much above the
homogeneous nucleation temperature of water. In this case, the concept of
continuous explosive boiling based on spontaneous nucleation, originally
suggested by Fauske [15], may be useful. If explosive boiling occurs upon
impact of a water layer on the adjacent aluminum layer, a mechanism such as
Taylor instability need not be invoked (in fact, may not apply) for the inter-
mixing of the two layers. The explosive boiling would immediately generate a
sufficiently high pressure to cause fine-scale mixing of the two liquids. If
the explosive boiling continues, as Fauske suggests, due to repeated contacts
between the cold and hot liquids, the high pressure can be maintained. Then,
the escalation of a triggering event into a high-pressure event would not be
controlled by any particular heat transfer mechanism such as thermal conduction
in one of the two liquids and might occur after one or two impacts. In this
situation, a propagating interaction could readily occur in a premixed system
provided a proper triggering mechanism is available. A question of interest
here concerns the magnitude of the impact pressure or energy that is required to
produce significant explosive boiling (a simple contact between water and molten
aluminum would merely result in film boiling without explosive violence).

CONSIDERATION OF LMFBR ACCIDENT SITUATIONS

As mentioned earlier, it would appear that a large-mass, energetic inter-
action Involves three stages, namely, premixing, initiation (triggering) and
propagation. Failure to achieve any one stage would tend to make the inter-
action nonenergetic. Also, the energetics of the interaction wouirl depend on
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the extent Co which the individual stages are completed. Consideration of the
three-stage concept for l.MFBK accident situations seems to suggest that the
possibility of a large-mass, energetic- interaction is extremely remote in oxide-
fueled LMFBR systems.

When large masses of molten fuel and coolant that are initially separated
come into contact (e.g. molten fuel mass being ejected into a sodium pool), the
question is, how do the two liquids premix in smaller masses prior to the
initiation of the interaction. If local interactions occur immediately upon
contact, producing a large amount of vapor, they would fend to separate the fuel
mass from the coolant. Such premature interactions would be avoided if stable
film boiling of the coolant occurs upon contact. For the UO-Na system, nucleation
and boiling considerations suggest that stable film boiling upon contact is very
unlikely as long as the sodium wets molten UO? . Available experimental infor-
mation seems to support this contention. For example, in laboratory dropping
experiments (16,17] and in the TREAT E4 and H2 tests [18], it is believed that
sharp pressure pulses and fragmentation occurred upon initial contact between
molten fuel and sodium, and there was no indication of stable film boiling upon
contact. Therefore, if the sodium has initially been separated from the molten
fuel mass, it would appear that local, nonenergetic interactions (similar to
those observed in laboratory dropping experiments) would occur upon contact,
thus preventing the development of premixing condition necessary for a coherent,
energetic interaction.

If masses o^ molten fuel and coolant are initially premixed, one needs to
examine the question of initiation or triggering as well as possible propagation
mechanisms. If it is assumed Lhat some sort of triggering mechanism producing
local pressure pulses is available, the question becomes one of propagation of
the initiating event. In a short-period overpower transient in a nearly un-
voided LMFBR core, the molten fuel ind sodium are seemingly premixed because of
the nature of reactor design. The situation, however, is different from that of
the SPERT-JD case mentioned earlier in that the molten fuel is separated from
liquid sodium by a solid layc (cladding plus unmelted outer layer of fuel), not
by a vapor layer. This difference appears to be fundamentally important. No
energetic interactions between molten U0-, and sodium were observed in the TREAT
S-series tests [19], where clad fuel pins were melted down in stagnant sodium in
very energetic transients. Similarly, in the SPKRT Capsule Driver Core tests
[20]. single rods of UOv clad with stainless steel or Zircaloy-2 were encapsu-
lated in stagnant water and subjected to short, energetic nuclear transients.
There were no indications of energetic interactions between molten VOy and
water. These tests were of a very limited scope in terms of the number of fuel
pins employed (the maximum number of fuel pins used in the S-series tests was
seven). Nevertheless, the results cf the tests seem to support the hypothesis
that the solid cladding acts as a barrier to the intimate mixing of molten fuel
and coolant [19,21]. The presence of the solid cladding will undoubtedly have
an impeding effect on the initial mixing between molten fuel and sodium follow-
ing pin bursts. More important, however, will be the effect on propagation of a
local interaction if it should occur. Tn the presence of the solid cladding,
rapid propagation of an interaction is extremely unlikely, since the solid
cladding would prevent fine-scale intermixing between molten fuel and sodium.
As a result, the interaction following pin bursts would be highly incoherent and
tend to be nonenergetic. In this case, reactivity effects associated with
combined fuel and coolant motion should be the primary concern.

ACKNOWLEDGMENTS

This work was performed under the auspices of the U. S. Energy Research and
Development Administration.

1859



REFERENCES

1. E. P. Hicks and D. C. Menzies, "Theoretical Studies on the Fast Reactor
Maximum Accident," Proceedings of the Conf. on Safety, Fuels, and Cove Design
in Large Fast Power Reactors, ANL-7120, pp. 654-670 (1965).

2. A. Padilla, Jr., "Transient Analysis of Fuel-Sodium Interaction," Trans.
Am. Nuol. Soa., r3 (1), 375 (1970).

3. D. H. Cho, R. 0. Ivins, and R. W. Wright, "Pressure Generation by Molten
Fuel-Coolant Interactions under LMFBR Accident Conditions," Proc. Conf. on
New Developments in Reactor Mathematics and Applications, Idaho Falls,
March 29-31, 1971. USAEC Report CONF-71O3O2, pp. 25-49.

4. L. Caldarola, "A Theoretical Model for the Molten Fuel-Sodium Interaction
in a Nuclear Fast Reactor," ttucl. Eng. Des., n (2), 175-211 (1972).

5. S. J. Board, R. W. Hall, and R. S. Hall. "Detonation of Fuel Coolant
Explosions," Nature, 254, 319-321 (1975).

6. S. A. Colgate and T. Sigurgeirsson, "Dynamic Mixing of Water and Lava,"
Nature, 244, 552-555 (1973).

7. D. J. Buchanan, "A Model for Fuel-coolant Interactions", J. Phys. D: Appl.
Phys., ]_, 1441-1457 (1974).

8. P. D. Hess and K. J. Brondyke, "Causes of Molten Aluminum-Water Explosions
and their Prevention," Metal Progress, 9j>. (4), 93-100 (1969).

9. A. J. Briggs, "Experimental Studies of Thermal Interactions at AEE Winfrith,
Presented at the Third Specialist Meeting on Sodium Fuel Interactions in
Fast Reactors, Tokyo, March 22-26, 1976.

10. D. R. Armstrong, R. P. Anderson, and R. H. Gebner, "Experimental Study of
Vapo'r Explosions in a Refrigerant-22/Water System," Trans. Am. Nucl. Soc,
22, 371-372 (1976),

11. R. W. Miller. A. Sola, and R. K. McCardell, "Report of the SPERT-I Destructive
Test Program on an Aluminum, Plate-type, Water-moderated Reactor," IDO-1688Z,
(1964).

12. J. R. Deitrich, "Experimental Investigation of the Self-limitation of Power
during Reactivity Transients in a Subcooled Water-moderated Reactor-B0RAX-I
Experiments," 1954," AECD-S668 (1965).

13. SL-1 Project, "Final Report of SL-1 Recovery Operation," ID0-193U (1962).
14. S. J. Board and R. W. Hall, "Recent Advances in Understanding Large Scale

Vapour Explosions," Presented at the Third Specialist Meeting on Sodium
Fuel Interactions in Fast Reactors, Tokyo, March 22-26, 1976.

15. H. K. Fauske, "Some Aspects of Liquid-liquid Heat Transfer and Explosive
Boiling," Proa. Fast Reactor Safety Meeting-, Beverly Hills, California,
April 2-4, 1974, CONF-740401-P2, pp. 992-1005.

16. D. R. Armstrong, F. J. Testa, and D. Raridon, "Interaction of Sodium with
Molten UO,. and Stainless Steel Using a Dropping Mode of Contact," ANL-7890
(1971).

17. T. R. Johnson, L. 3aker, Jr., and J. R. Pavlik, "Large-scale Molten Fuel-
Sodium Interaction Experiments," Proc. Fast Reactor Safety Meeting, Beverly
Hills, .California, April 2-4, 1974, CONF-740401-P2, pp. 883-896.

18. R. C. Doerner et al., "Final Summary Report of Fuel-dynamics Tests H2 and
E4," ANL-76-16, (1976).

19. R. W. Wright et al., "Summary of Autoclave TREAT Tests on Molten Fuel-coolant
Interactions," Proc. Fast Reactor Safety Meeting, Beverly Hills, California
April 2-4, 1974, CONF-740401-P1, pp. 254-261.

20. Annual Report SPERT Project (October 1968 - September 1969), IN-1370, June 1970.
21. H. K. Fauske, "LMFBRs and Vapor Explosions," Trans. Am. Nucl. Soc, 22,

411-412, (1975).

1860



00

1 V
/
f

/

J

/ (

y*
/

y

/

/
/

FUEL COOLANT BREAKUP MOVEMENT MIXING
UNMIXED OF FUEL OF PARTICLES COMPLETE

Fig. 1. One-step Mixing

i/// W//, V/A ft ft ft

1
,1/3 Ln=R

Fig. 2. Progressive Mixing

AP — * -

(a)

4 P - ^

c Y/

cIci •••• cj
* L fc

C V1V c V1 ••
(b)

Fig. 5. Simple One-dimensional Premixed
System (C=Cool3nt, F=Fuel, \teVapor).
(a) No vapor Layer Between Fuel and Coolant Layers.
(b) Vapor Layer Between Fuel and Coolant Layers.

1.0

0.8

06

0.4

0.2

6

- MIXING

/ FOR R/L0=l62

MINIMUM-ENERGY
PROGRESSIVE
MIXING FOR.
R / L o = I 0 ' 4

0.2 0.4 0.6 0.8 1.0

Fig. 3. Surface Area Increase During Mixing;
Solid Curves for Progressive Mixing with
Minimum Energy and Broken Curve for One-step
Mixing.

1 2 3 4 5n
Fig. A. Escalation of an Initiating Inter-
action in an Initially Unpremixed System.



VAPOR EXPLOSION EXPERIMENTS
WITH SIMULANT FLUIDS

by

R. E. Henry, H. K. Fauske, and L. M. McUmb^r

Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

A wide variety of simulant fluid vapor explosion experiments
have be.?n performed to test the predictions of the interface
temperature, spontaneous nucleation model. All experiments
conducted to date have been in agreement with the model.

INTRODUCTION

Vapor explosions have been shown to occur when two liquids, at greatly
different temperatures come into intimate contact. Analyses of hypothetical,
unprotected accidents in liquid metal fast breeder reactors have demonstrated
that molten core conditions must be considered for such events. Consequently,
the possibility of explosive vapor formation upon contact between molten fuel
and sodium must be included in the spectrum of events to be analyzed. Several
parametric models have been formulated l j 2> 3 along with various mechanistic
models S 5> & for analyzing the energetics of sodium-fuel interactions. The
mechanism proposed in refs. 4 and 5 differs from the parametric models and the
proposed mechanism in ref. 6, in that a specific thermal threshold is predicted,
for a given fluid pair and initial conditions, below which no large scale ex-
plosive interactions will occur. This threshold is encountered when the
interface temperature upon contact between the two liquids is equal to the
spontaneous riucleation temperature of the liquid-liquid system. Large scale
experiments7 with Freon and mineral oil have demonstrated the existence of
this threshold, and for this particular system, because of the affinity between
Freons and oils, the spontaneous nucleation temperature is equal to the homo-
geneous nucleation value. The prediction of this trodel for an oxide fuel-
sodium system is that the interface temperature upon contact is several hundred
degrees centrigrade below the threshold value required for explosive interac-
tions. Consequently, large scale explosions are not predicted for such systems.
Given the importance of tMs conclusion, additional simulant fluid tests have
been conducted to study other aspects and ramifications of this mechanistic
explanation in order to test the viability of the proposed model.

*Work performed under the auspices of the U. S. Energy Research and
Development Administration
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NONCONDENSIBLE GAS TESTS

Aluminum-water shock tube experiments8 have shown that small partial
pressures (̂ 1 kPa) of noncondensible gas can dramatically change the explosive
behavior in such a system. Freon-water systems differ from the aluminum-water
behavior in that neither a shock tube configuration nor contact with a con-
tainer wall" are required to initiate explosive vapor releases. By comparison,
one would consider a Freon-water system, which satisfies the necessary thermal
requirements to be more naturally explosive than aluminum and water.

The role of noncondensible gases and initial void fraction within the
liquid phase, for a system which explodes in a free contact mode, was investi-
gated for the dropping contact mode of Freon-22 into water. The experimental
apparatus, Fig. 1, was essentially the same as that employed in ref. 7 with
either argon gas or Freon-22 vapor injected at the base of the interaction
vessel and a liquid level indicator to determine the system average void frac-
tion. Experiments were conducted for initial water temperatures of 81°C and
85°C with average void fractions as high as 0.30. The results of these tests,
in terms of maximum explosive interaction pressures, are shown in Fig. 2.
While the maximum interaction pressures are somewhat lower than the highest
values reported in ref. 7, they are in good agreement with the previously
reported results. However, the most striking feature of the data is that non-
condensible and condensible initial void fractions up to O.J. mich is the
limit of bubbly flows, appear to have no significant effect in the maximum in-
teraction pressures developed. Given these results one ca>- conclude that if a
system will explode in a free contact mode, the presence r large quantities
of noncondensible gas will not prohibit the explosion.

CONSTRAINED SYSTEM TESTS

One of the intriguing aspects of the explosion energetics model presented
in ref. 5 and the experimental data of ref. 7 were the maximum interaction
pressures of 20 to 30 atm. for a free contact mode with Freon and water. It
is of major interest to perform these experiments in a constrained geometry to
determine if the values indeed represent a maximum. A system similar to that
shown in Fig. 1 was used for the dropping contact mode with the addition of an
orifice plate on the top of the interaction vessel. These orifice plates had
a central hole of either 2.5 or 5.0 cm. The water temperature was varied from
A0°C to 90°C, and the Freon-22 initial temperature was constant at -40.8°C
(normal boiling point).

The respective results for the various openings in fhe dropping contact
mode are illustrated in Fig. 3. Qualitatively, the behavior for the various
constraints is identical as a function of water temperature, but the maximum
interaction pressures decrease with increasing system constraint, (the over-
pressures shown in Fig. 3 all have rise times of <1 msec from atmospheric to
the indicated value). As illustrated by the Freon results described in ref.7,
the contacting mode definitely affects the energetics of a given interaction,
and the data shown in Fig. 3 illustrate that, for the same contacting mode,
the energetics of the interaction are definitely affected by tue system con-
straint. It is also interesting that increasing the system constraint in-
creased the interaction time, so that if the impulse of the entire interaction
is calculated, a greater impulse is obtained for the more constrained system
with lower pressures than for the less constrained system with the higher
explosive interactions.

In addition to the dropping contact mode, a subsurface injection of Freon
into a water pool was conducted under the same system constraints utilized for

1863



the dropping mode. For these tests, the initial Freon temperature was again
-40.8°C and the water temperature was varied over a range from 30 to 100°C.
Measurements of pressures within the interaction vessel and force on the base
of the vessel were recorded, as was the pressure within the Freon injector.
The injector was a piston-type system in whjch the Freon was contained at its
normal boiling point until immediately prior to the injection, at which time
it was pressurized with argon gas from above which increased the pressure
within the injector chamber rupturing the diaphragm and allowing the Freon to
be injected into the water pool. The experimental measurements for these
tests are shown in Fig. 4 for maximum interaction pressures as a function of
the initial water temperature. For the 5- and 10 cm openings, the qualitative
behavior of the system is the same as previous explosive studies carried out
with Freon-22 and water, and indeed in the range of maximum pressures the rise
times are less than a millisecond and the interaction is indeed explosive. It
is interesting to compare the interaction pressures with the measured Freon
injection pressure as illustrated in Fig. 5, which shows that even though the
interaction is explosive,the maximum interaction pressure is always less than
or equal to the. Freon injection pressure. For the subsurface injection with a
2.5 cm dia. relief at the top of the vessel, the interaction pressures do not
demonstrate the same qualitative behavior as the other interaction experiments.
The measured interaction pressures essentially achieve a constant level as a
function of water temperature. For this level of constraint a noted difference
is achieved in the pressure-time characteristics of the interaction, in that
explosive interactions are not indicated because the rise time of the pressure
is many tens of milliseconds, as illustrated in the small insert of the 2.5 cm
orifice data shown in Fig. 4. In this case it merely appears that violent
boiling occurred and the system achieved an equilibration between the rate at
which it could generate Freon vapor and the rate at which it Was expelling
water through the 2.5 cm dia. relief. It appears that for this particular
contacting mode there is a system constraint for which an explosive interaction
cannot be obtained, even though the necessary criterion described in ref. 4 is
satisfied.

SUBCOOLED FREON EXPERIMENTS

To investigate the importance of the interface temperature, vapor explo-
sion experiments were conducted with subcooled Freon-22 and mineral oil.
These experiments were conducted in an A frame apparatus like that shown in
Fig. 1. For these experiments, the interaction vessel contained the Freon and
the oil was poured into the vessel. This contact configuration provides a
better resolution of the initial freon temperature when the liquid is initially
subcooled. Initial Freon temperatures were varied from -41°C to -140°C and
the initial mineral oil temperatures ranged from 80°C to 220°C.

The experimental results,in terms of explosive and nonexplosive events,
are given in Fig. 6, and these are compared to the predicted threshold value
(60°C) for the interface temperature, spontaneous nucleation model5. While
there is some scatter in the immediate vicinity of the prediction, the results
are in good agreement with the interface temperature model. Some discrepancies
are expected in the immediate vicinity of the prediction as a result of changes
in the subcooled Freon temperature when several hundred millisecond delays
occur before the onset of explosive events. A change of 40°C can be expected
in the bulk temperature of a 1 mm diameter drop as a result of film boiling
heat transfer for 500 msec. Figure 7 compares the maximum interaction pressures
as a function of interface temperature for data accummulated for varying oil
temperatures at a fixed Freon temperature and varying Freon temperatures at a
fixed oil temperature. The agreement between the two is an additional con-
firmation of the dominant function of the interface temperature in vapor
explosions.
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SMALL DROP EXPERIMENTS

A result of the physical model proposed in ref. 5 was a drop diameter
stability prediction which governed the degree of prefragmentation required
before an explosive event could begin. This stability limit determined whether
a drop wet the surface or remained in the film boiling state. An experiment
was conducted to determine the viability of the above drop stability criteria.
In this experiment, small drops of Freon-12 were impinged upon a mineral oil
surface and high speed movies (5,000 pps) were taken of the resulting inter-
actions. A schematic of this apparatus is shown in Fig. 8. The drops were
generated from an acoustically oscillated hypodermic needle and fell through a
heated collimator tube onto the target area on the mineral oil surface. The
collimator tube temperature was sufficiently hot so that the drops were in
film boiling during their transient time through the tube and this also insured
the drops were saturated at atmospheric pressure when they impinged upon the
mineral oil surface. A small wire ring was utilized to raise the mineral oil
surface, which formed a concave region of the target area and hence kept the
drops centrally located. The experimental variables were drop diameter and
mineral oil temperature.

For interface temperatures less than the homogeneous nucleation value,
all sized drops wet the surface and proceeded to vaporize in thin film vapori-
zation or by entrapment and incoherent nucleation (small scale explosive
interactions). For interface temperatures greater than the. homogeneous nuclea-
tion value large sized drops penetrated the surface and developed their own
protective vapor film, which was clearly evident when the drops returned to
the surface as drops floating in their own protective vapor pockets. When
these large drops either fragmented or vaporized to a small enough size, they
would become trapped on the surface and vaporizo completely within 1 to 2
msec. This requires a heat flux which is approximately 2 orders of magnitude
greater than the pool boiling critical heat flux for the Freon. Consequently,
the heat transfer rate between the liquids is enormous. While this vaporization
rate is still relatively long compared to explosive interactions, this is the
limit of resolution for this camera speed. At times less than this interval,
one can only state that an energetic event is occurring but further resolution
is impossible. In addition it should be noted that this type of experiment
inherently produces drops at the limit of stability, and these have the longest
time constants for energy transfer of all captured sizes at that temperature.

A summation of all these experimental results is shown in Fig. 9 along
with the stability criteria for Freon-12 as a function of interface tempera-
ture, and it is seen that the experimental results are in excellent agreement
with the stability predictions arising from spontaneous nucleation and thermal
boundary layer considerations.

HIGH AMBIENT PRESSURE EXPERIMENTS

Another characteristic behavior predicted by the spontaneous nucleation
model of ref. 5 and discussed in ref. 10 is the cessation of explosive inter-
actions at high ambient pressures. Separate systems were constructed to in-
vestigate Freon-mineral oil and Freon-water explosive interactions under such
conditions. This was done to simplify the progression of the experiments as
well as to prevent system contamination that would result in switching between
water and mineral oil as the hot liquids in the same system. Figure 10 illus-
trates the system configuration which was essentially the same for both sets
of experiments. The vessels were fabricated from 10 and 15 cm pipes with
electrically heated, insulated cups suspended from the upper flange. Thermo-
couples were provided within this cup to measure the liquid level prior to the
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test as well as the Initial fluid temperature. The solenoid-punch system was
utilized to rupture the diaphragm at the base of the cup and initiate the
test. The lower portion of the vessel in which the second fluid was maintained,
was outfitted with thermocouples to measure temperature distribution within
the bath and high response, piezoelectric pressure and force transducers to
monitor the interaction behavior of the two liquids. This portion of the
vessel was also outfitted with trace heaters and insulation for control of the
liquid temperature. In addition, the gas space above che interaction zone was
equipped with a pressure transducer to monitor the overall system pressure and
a rupture disc and vacuum line were mounted in this same locale. The vacuum
line was outfitted with a solenoid valve which was energized simultaneously
with the diaphragm-punch transport cylinder which shut off the line to the
vacuum system when a test was initiated.

The experimental results for Freon-22 and mineral oil are shown in Fig.
11. For an ambient pressure of 1 atm., the explosive interaction behavior is
in excellent agreement with previously published results. However, for ambient
pressures of 2.2 and 8.0 atm., no explosive events were observed at any com-
bination of oil and Freon temperatures. Figure 12 demonstrates that an iden-
tical behavior was observed for Freon-22 and water. It should be noted that
these ambient pressures are an order of magnitude less than the maximum inter-
action pressures generated for a system initially at one atmosphere. As dis-
cussed in ref. 10, it is believed that this cessation of explosive events with
increasing ambient pressure is closely related to the bubble growth char-
acteristics (inertial versus thermal controlled growth) of the system. Exten-
sive inertially controlled growth will provide further fragmentation of liquid
droplets and an incipient shock wave, whereas thermally controlled growth
should provide little fragmentation and no incipient shock wave.

This general behavior is in qualitative agreement with the constrained
system experiments presented above, i.e., a highly constrained system will
experience pressurization as a result of vapor produced by film boiling and
could force itself into a low yield or non-explosive range.

CONCLUSIONS

Several diverse experiments have been conducted to study various implied
behaviors for the interface temperature, spontaneous nucleation mechanism. All
of these experiments have been in agreement with the predictions of the model.
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HEAT TRANSFER AND PRESSURE GENERATION DUE TO A
TEMPERATURE DISCONTINUITY AT A LIQUID-LIQUID INTERFACE

Frederick M. Cooper

University of California
Los Alamos Scientific Labo "atory

Los Alamos, New Mexico 87545, U. S. A.

ABSTRACT

In the absence of a phase transition, we solve for the time
evolution of the Temperature and Pressure fields for fuel and cool-
ant in both planar and spherical geometries assuming an initial
temperature discontinuity. We solve the problem analytically using
Laplace transforms. We find the characteristic time for pressure
relaxation is (t/x)"^ where T = ot/c2. In spherical geometry the
temperature of a sphere in a medium relaxes to the temperature of
the medium in a time ~ R2/a where R is the radius and a the thermal
diffusivity of the sphere. For a sphere of fuel in coolant or cool-
ant in fuel, with the fuel freezing, we determine approxitnately the
time-dependent temperature distributions and the motion of the freeze
front by using a boundary layer approximation.

EQUATIONS OF FLUID MECHANICS AND HEAT TRANSFER

If we ignore viscosity and assume that the two liquids are in distinct re-
gions I and II corresponding to two semi-infinite half planes, or a sphere in-
side an infinite medium we have in each medium

- VP - pf (1)

|P. + p v v = 0 (2)

pT f f = V-(kvT) = PCpg-BTg (3)

9V

where c = T(~)^i $ = -y~ = thermal expansion coefficient. At the interface we
have



v = v = v P = p •= p T = T = T
1 2 if *1 2 if 1 2 if

(4)
VP VP

When there is no phase change one can simplify these equations by intro-
ducing co-moving (Lagrangian) coordinates. These coordinates are defined by

p dx = p[x(x ,t),t]dx = p(x ,t)dx (5)
o o o o

in one dimension, or p r^dr = p(r,t)r2dr in spherical geometry.

In Lagrangian coordinates

3r(r ,t) , 9A(r ,t)
j_\ O **** O e r\

If we assume 3r/9r is small, p/p w 1, we get

= - v

+ p V -v = 0 . (2a)
o o

_§!. |P = a V 2 T (3a)
pc 3t o

2 2
2 d F 1 a

where V = ~- or ^ (rF) , a = k/pc . We next assume a liquid equa-
° ox r ro or y p

o o
2 2

tion of state dP = p c (3dT + d&np) with 2, and c constants, which allows us to
combine Eqs. (la) ancl (2a) to yield the wave equation

f— - S—J - V2] P(r ,t) = $pn -i—=• T(r t) . (7)

LC2 Ot) 2 °J ° ° Ot) 2 °

Wf next ignore the effect of the induced pressure changes on the temperature
distribution and first solve for T(r t) from

o

a V 0 ) (3b)
8t o
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We then solve the wave equation with a known source for P(r t). Finally one can
determine a(x t), and v(x t) from Eq. (la) and then reconstruct x = x(x ,t).

o o o

Using the initial data that at t = 0, T = T , T = T , P = P ±, ?2 = ?2i

Vi = V2 = °' 3^ = °' af = 0> a n d 9t" = °' ° n e o b t a i n s b v solving Eq. .(3b) via

Laplace transform for the semi-Infinite case

( V f c ) " T i f .) erf

(8)

V v 0 = Tif + (T2i - Tif} erf

where T
Tlikl / a2 + T 2iV a l

-ZxT

" P 10

:1P1

()

(' \ XB0 n\
 c l / /c,t-x\ / c t-x

t _ JL\ -1 AT -J—^ L exp (_L_ ) e r f c _i
. Cl/ Y2 l C1P1 + C2p2 \C1T2 / V C1T2

+ — AT,
c,t + x

exp - erfc
x + 2c t

2/a t

(9)

I 6 X P CT

c t - x 2c t - x

erfc
1 1

x_0 LJL) Lxp - l A ) + J L l ! l
I c /1 I Tr / c.p. + c

1/1 y l / 1 1
c2p erfc

V ciTi

a
where T. = —j • The initial interfacial pressure is (if P = P2-^

ifv 32C2 (Tif " T2i:

(10)

The pressure at the interface relaxes at large times t » T , T. as
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Y2 1 c l P l + c2p2 ^ I t (11)

where X c c 2>

. ,3v.
= ( Po C

2.-1

The initial interfacial pressure Pif(t = 0) travels at the speed of sound
becomes a shock once it passes the thermal wave front which is at x.. ~ 5/cu t.

After that point we have for x>x. , v = (P.. - ?-,•)• Explicit expressions

for P., v,, v_, x,(x t), xo(x t) are found in Ref. 1 [11.2 1 2 1 o 2 o

For the spherical case one cannot obtain an answer in terms of simple func-
tions except at large and small times. Instead we get an answer in terms of an
integral along the real axis. The major difference of spherical geometry is the
existence of the time scale T^ = R2/a^ where ai is the thermal diffusivity of
the sphere. The center of the sphere starts heating up at .ITR and the sphere
is nearly at equilibrium with its surroundings by 10T^. Thus if sodium is en-
trained in UO2 the time delay for homogeneous nucleation should be proportional
to R2/OL (if the pressure relaxation time a../c2«R2/a ) .

We find that (1 corresponds to sphere, 2 to medium)

f klk2(T2i " V

OO

x/d
O 11 P

x I du exp (- u t/x )(u cos u - sin u) sin ("jr") (12)

( 2 2 2 2 \
x w k u sin u + a [k (u cos u - sin u) + k sin u] f

-1

For t < T_ - — one has approximately
R Ot-,

T l = T l i + Tr R (T2i

/if

(13)
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where E = k_/rT + k / r~\ TM = R /a o , so for t < Tc

T2i +
 2klk2

/- 2x 1
(14)

For the pressure we have

where

St
S l n h

E,(s)
sinh

rQ[s - cj/aj

(15)

A,(s) =
k2 (T2i -

/ S T R cosh / S T R +
sinh sinh /sT

R

~ S1nh - + - cosh

sT - p./s/a cosh /ST,,

Similar integrals exist for T2(r,t) [2] and P2(r0,t). We notice that ^ C )
has three poles, at s = c|/a-̂ , s = c2./oi2 and at s = Yc-i/R. The first two poles
are the pressure relaxation times in the absence of reflections. R/ci is the
time for the initial shock wave to reach the origin and then be reflected.
Y = 1.1741 for UO- inside Na.

By contour distortion one can rewrite Eq. (15) in terms of the residues at
the poles and an integral of the imaginary part of the integrand along the
negative real axis. The latter integral can be integrated numerically and
expanded to find the asymptotic behavior of P(r,t) at small and large times.

FREEZING IN SPHERICAL GEOMETRY

When freezing takes place either inward or outward, one can no longer use
Laplace transform techniques because of the nonlinear boundary conditions at the
freeze front, which is at position rs(t), T(rs,t) = T̂ j. For a freezing sphere,
one has at the freeze front, r = r
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3T
s dr

s
dt 1 3r

3 p£
dr

dt
'(t)

2
(16)

r=r r=r

where £ is the latent heat and the subscript s corresponds to the portion of the
sphere in the solid state.

In each medium 1, s, II, we convert the differential equation into an inte-
gral equation by using the boundary conditions at r = R, r = r . At r = R
Ts - hi - Tif ( t ) a n d

3T

3r - k2 (17)

Integrating the Fourier heat equation twice yields

T _T
1 M

M ^ kl V «1 / r"2 J
(18)

T.f(t)

R

- r)
rR

/ dr" /"
^ ,

If the medium starts freezing one gets exactly the same equation, however,
now 1 would be the medium region and II the sphere.

These equations define an iterative procedure for generating approximate
temperature profiles which are of the form:

The lowest approximation consists of neglecting the integral, the next being to
iterate 9To/8t where T Q stands for the lowest approximation etc. [3]. The cubic
/ r profile is given by

Tl = ATTk, r r
s

4-rrk,

,2 2.
(r - r )

s
(r - r )

s
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q'(t)
(r 2-r 2) (r - r )

+ -f (r - r ) - f
2 s 6

(19a)

- f <• - •> 4TT J

(19b)

T2 = Tif ( t )

T r ? 2 2
(R - r) ' i f | r - R̂  RZ ,
~ rR + "57 6 3r ( r "

q(t)

(19c)

where the dot (A) stands for time derivative. By making the thermal boundary
layer approximation in I and II (valid in I until the thermal front reaches the
origin) that at r^t), T± = T^, BT±/dr = 0 and at r2(t), T2 = T 2 ± ) 3T2/9r = 0
one can obtain equations of the form

fl(rlr2rs) f2(rlr2rs) f3(rlr2rs) (20)

and equations for T , q, q' as functions of r , r , r_. The solution of these

ordinary differential equations with initial data r = r_ = r = R then give the
time dependent coefficients of the polynomial approximations. A similar boundary
layer approximation holds when there is no freezing. In the "linear" approxima-
tion to the freeze problem one has for example, from T.(r ,t) = T , T,(r ,t) =
T2i' W 0 " V t h a t

q(t)
(T2 . -

Tlf(t)

4?rk r r
- S | •

(r -r.)s 1
- T )V

(21)

(21)

9T 2

Since i n t h e " l i n e a r " / r a p p r o x i m a t i o n , - k -r— = q(t)/47TR , one has
dr

- g(t) _ f (o)
2 " f3

(22)

From
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3r
r=r_

(23)

and the time derivative of

T = T +
M if 4-rrk r R

s s

(24)

one obtains

.f
q(t) (25)

From

37 = 0

lr=r,

one obtains q' (t) = q'(r , r , r ). Finally from the time derivative of

T = T +
li M 4Trk, r r,

1 si

T2i - Tif +
Lit) (R"r2>

(26)

we get

V2 = ( rl r2 r3 ) •
(27)

When there is no freezing, the "linear" approximation consists of

= T + Sltl (R-r) q(t) (R-r)
1 if Airkj rR ' 2 if Aivk2 rR

q(t) - (T2. - T1±) 4.R

i 2 2V r
k r,(r -R)

(28)

rl =
2 Tifr T

2 T
i f
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T
* if

Where q/q(rlSr-), (rn,ro) are obtained from
J- i. q 1 I

0 , 3r
= 0 that is

= 0 (29)

where i = 1, 2. The "linear" approximation [Eqs. (28) and (29)]gives excel-
lent results for q(t) and T^f(t) when compared with the exact answer. The
curvature of the temperature distribution, however, is incorrect. The latter
defect can be corrected by making the "cubic" / r approximation.

Note: Figures giving P(r,t), T(r,t), T.f(t), and q(t) for the case
of UO. inside Na and Na inside UO. are available by request from the
author.
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ABSTRACT

Various physical models have been proposed to explain fuel/coolant
interactions (FCI) and many sets of experimental data have been published.
This paper attempts to take some of the significant results for a restricted
class of FCIs and show that they are consistent with a particular cyclic
model. The experiments discussed are restricted to those in which one
substance is dropped into the other as this mode of contact is the most
quiescent. The model which is considered is a cyclic theory of bubble
growth followed by collapse. The collapse, being asymmetric, forms a
jet of coolant which can penetrate the fuel and vaporize forming another
bubble and disrupting the fuel surface.

1, INTRODUCTION

A fuel/coolant interaction (FCI) can occur when a hot liquid (the fuel)
is brought into contact with a cold vaporizable liquid (the coolant). If the
conditions are right vaporization occurs on a rapid timescale and can produce
damaging effects. Various models have been proposed to explain FCIs and
reviews of both theoretical and experimental aspects are given in references
[1,2 and 3].

In this paper we have restricted ourselves to considering FCI and related
experiments where the influence of perturbing processes is small. Hence most
of the experiments relate to FCIs which occur spontaneously when the mode of
contact is dropping one liquid into the other. In other types of FCI ex-
periment, e.g. shock tubes, large hydrodynamic forces during the contact of the
liquids will affect the course of the interaction [4j. In systems where coarse
mixing has been achieved propagation models e.g. [5] are important. We have
considered experiments which involve both simulant and possible fast reactor
materials and attempt to demonstrate that they can all be explained by one cyclic
model [6 ].

Principal Scientific Officer of the Commission of the European Communities
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2. EXPERIMENTAL DATA

2.1 The Temperature Interaction Zone (TIZ)
Many experiments have involved the dropping of small quantities of liquid

metals as fuel simulants into water or other liquids. In their experiments'
with small tin drops (12 gms) in water Dullforce et al [7] have shown that
explosive interactions take place only in a well-defined region of fuel temper-
ature/coolant temperature space (see Figure !)> which tht> call the Temperature
Interaction Zone (TIZ). The events have produced pressure peaks of several
atmospheres [4] and on occasion broken glass beakers. Similar experiments by
Bjornard [8] who used tin masses of about 1 gm also show the existence of a
coolant cut-off temperature but lower peak pressures (maximum 2 bars) - this is
due to differences in the experimental arrangement which can greatly affect the
pressure records [4].

The data of Dullforce et al show that as the diagonal cut-off boundary is
approached by increasing fuel or coolant temperature both the extent of the
fragmentation and the time between water-entry and interaction (the dwell-time)
increase. Again the experiments of Bjornard and their continuation by Bkorkquist
[9] show similar behaviour. As the latter used a tin mass of about 6 gms as well
as 1 gm, three different tin masses • ve been shown to obey the same qualitative
behaviour. A schematic TIZ with remarks on possible physical processes in the
different regions was given by Caldarola UOJ.

The presence of extremely sharp cut-offs in the TIZ is indicative of an
abrupt change in the physical processes occurring - such a change could be pro-
vided by the breakdown of film boiling as several authors have suggested or
the absence of a trigger mechanism necessary to initiate the interaction.

2.2 Fuel Surface Temperature at Interaction
Bjorktjuist [9] has estimated the temperature of the surface of his tin

drops at interaction by using published heat transfer coefficients [11,12].
It was shown that if the drop had an initial temperature higher than about
600 C it cooled to this temperature before interaction occurred (see Figure 2).
The fact that a particular temperature is of importance was also noted by
Zyzskowski in his experiments [13] with small copper masses (about { gm). He
noted that in several experiments a thermocouple, which penetrated the copper
drop when it was on the base of the vessel, indicated a temperature of about
1300 C just prior to thermal explosion. Explosions in these experiments only
occurred when the copper was heated in air and an oxide layer formed on the fuel
surface. It appears that destabilization of the film boiling state occurred
at an internal temperature above the melting point of copper when oxide was pre-
sent en tlie surface whereas if no oxide was present destablization occurred
below the melting point of copper and no explosion occurred.

It should be pointed out that the minimum temperature for stable film
boiling, T . , depends on many parameters besides the thermophysical properties
of the coofant. These include the geometric configuration of the system, the
thermophysical properties of the fuel surface and the relative velocity between
the two materials. An experiment by Farahat [14] in which a hot tantalum sphere
was quenched in sodium, showed that T . decreased as the sodium bulk temperature
was increased. An empirically based correlation [15] shows the same behaviour.
The effect of changing the shape of the heater surface was demonstrated [16]
using a copper sphere with and without a cone attached quenched in water. In
the latter case the value of T . was increased by nearly 250 C. T . can also
be increased by coating the heaEer surface with insulating materials11]117,18].
These results are consistent with Zyzskowski1s experiments [13] quoted above.
T . has also been shown to increase as the velocity of a quenched hot sphere is
increased, in both sodium [19] and water [11].

For fast reactor materials, sodium and U0_ (or possibly stainless steel),
the thermal conductivity of the coolant is more than an order of magnitude
greater than that of the fuel whereas for the simulant materials in common use
(metal/water and water/Freon) the fuel thermal conductivity will be greater.
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This inversion will affect the growth of bubbles of coolant vapour (see section
4.3). The ratio of fuel to coolant densities is also important in considering
dynamical effects in the system.

The inverted ratio of physical properties affects the interface temperature,

- a f Tf
a T
c c

where a = (kpc) , k is the thermal conductivity, c is the specific heat, p the
density and subscripts f and c refer to fuel and coolant. As can be seen from
Table 1 for UO./sodium T will be much smaller than Tf whereas for metal/water
T,. will be close to Tf. Although this will affect the details of how the inter-
action proceeds it is unlikely to change the nature of the phenomenon.

TABLE 1

Table of Physical Properties of FCI Simulant Materials

System

UO2/Na

UO2/H20

Stainless Steel/Na

Stainless Steel/H?0

A1/H2O

Sn/H20

H50/Freon
+12

^ . 1

kf
k
c

0.033

5.0

0.4

37.2

127.3

48.7

6.9

Pf

pc

9.1

8.9

8.4

8.13

2.3

7.3

0.6

K
. C

0.0076

4.3

0.10

37.7

213.8

116.3

2.6

ct

0.44

2.4

1.1

6.i

8.7

4.6

4.3

* K = k/pc is the thermal diffusivity
t Freon is the registered trade mark of Dupont

2.3 Freon/Water Experiments
Of the theories that have been put forward to explain FCIs the superheat

model, suggested by amongst others Fauske (e.g. [20] ) has been widely considered.
This theory claims that the coolant liquid does not vaporize at its saturation
temperature (T ) but is superheated until, at the spontaneous nucleation temp-
erature (T ;, thermodynamic fluctuations reach such a level that explosive
boiling tales place. T depends on the contact angle, 6, between the two
materials and has a maximum when 9 = 0 . This temperature is known as the homo-
geneous nucleation temperature (T, ) and is given by the DBring equation [21 ].
If the interface temperature at contact is below T explosive boiling will not

spon
occur.

Experiments using Freon 22 (coolant) dropped into water (fuel) have been
considered in the light of this theory [22,23], These experiments showed (e.g-.
Figure 3) that the pressure produced by the interaction increased greatly at a
particular fuel temperature. From high-speed film, Board et al [23] interpret
these results as being due to the fact that for T •< T the materials react
instantaneously so that only a small part of the coolant has entered the water
whereas for T > T stable film boiling occurs and the vapour layer inhibits
the interaction unfSl a much greater amount of the coolant has entered the water
and can react. When the Freon is subcooled, they believe that the coolant is
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h e a t e d to s a t u r a t i o n so that the r r i ! ii-al va 1 uc ol '! d e p e n d s 'inly •;!! the i u e ]
t e m p e r a t u r e {T = T w h e n I ~ 71> for 'I' ~ I ; . T h u s a c c o r d i n g to Board
et al the import aiicc'^'f1 T is thai il is' the T o w e r limit of s t a b l e film
b o i l i n g w h i c h a l l o w s iarge a m o u n t s of m a t e r i a l to r e a d and nor. that p o i n t e d o u L
by F a u r k e f'-OJ. H n w i v c r , no e v i d e n c e e x i s t s to a l l o w this r o n d j t ion to be
e>:l r/ipo i,! ted to o t h e r .systems. T h e idenlifiral i n oi the l o w e r limit of s t a b l e
f i i m bci.'ino w i t h 'l\ is a l s o stu;f,es tod by Set,ins !~24-]. H e n r y et al i n t e r p r e t
3 s u b s e q u e n t s e r i e s ' o f e x p e r imeat s ]'.' c> ] w i t h i'reon and m i n e r a l o i l , which 1 w e l
-..'ell, at e x h i b i t i n g e x e c i 1 ent a g r e e m e n t w i t h the- s u p e r h e a t t h e o r y and a t t r i b u t e
the r e s u l t s w i t h F r e o n / w a t er ;is b e i n g d u e to poor w e t t i n g . Recent e x p e r i m e n t s
by A r m s t r o n g anil Andersoi, [l'f>] w i t h this latter s y s t e m , h o w e v e r , b a v o c o n f i r m e d
the r e s u l t s and o b s e r v a t i o n s of Board et aL c o n c e r n i ni/ T -' T b u t not 1,.

I > s p o n T
a s a so Ie I unc ( 10:1 o! I .
?•_'( Sod i inr./rO , K x p e r i iiu-nts

A." p o i n t e d o u t a b o v e , for a sod i um/UO,^ s y s t e m the in ter face t e m p e r a t u r e is
m u c h lower than the fuel t e m p e r a t a r e . U s i n g H e n r y ' s c o r r e l a t i o n 127 J to p r e d i c t
T . it a p p e a r s that w h e n l i q u i d VA) and s o d i u m c o m e into c o n t a c t a s t a b l e f i l m
b o i l i n g state, is u n l i k e l y to o c c u r as T is less than I . . D i r e c t l i q u i d -
l i q u i d c o n t a c t will o c c u r i m m e d i a t e l y f o l l o w e d by t h e r m a l i n t e r a c t i o n and
i r a g m e n tat ion et '.he. s m a l l m a s s of t'O., w h i c h h a s a l r e a d y p e n e t r a t e d into the
s o d i u m . T h i s s u g g e s t s that o n l y s m a l t m a s s e s of i,CJ) will be i n v o l v e d i :i I hi.
i n t e r a c t i o n and a c o h e r e n t a'id h e n c e energetic, t h e r m a l i n t e r a c t i o n is u n l i k e l y .
K x p e r i m e i H al r e s u l t s c a r r i e d out in v a r i o u s l a b o r a t o r i e s sc-ern to s u p p o r t this
v i e w o f the d r o p p i n g conlaci m o d e tluJ.

A r m s t r o n g [ 2 H ] h a s d r o p p e d I'd., into s o d i u m and s h o w n that f r a g m e n t a t i o n
o c c u r s and p a r t i c l e s of fuel arc- e j e c t e d from the c r u c i b l e , but c l a i m s 'no e x -
p l o s i o n s w e r e o b s e r v e d ' . H o w e v e r w h e n s o d i u m is injected into I'i!.; .'iolent i n t e r -
a c t i o n s h a v e o c c u r r e d [r-'-lc'J. T h u s it a p p e a r s iliat if the s o d i u m can be held for
a time it c a n be h e a t e d sui.h that a s u f f i c i e n t l y h i g h p r e s s u r e c a n d e v e l o p so
that e v e n t u a l l y it e s c a p e s e x p l o s i v e l y . T h e i n j e c t i o n e x p e r i m e n t s s u g g e s t that
in s o m e c i r c u m s t a n c e s v i o l e n t i'ragmentat ion c a n o c c u r and it is; w o r t h ment. i oni ng
that the U0 r ) d r o p expel iments arc- not u n e q u i v o c a l as l'.ist r i s e t i m e s for the
p r e s s u r e w e r e n o t e d in r e f . L'-^J-

Tn the F r e n c h J K F e x p e r i m e n t s [iOj a fuel p i n w a s he.ili-'d e l e c t r i c a j l.y
in s t a t i o n a r y .sodium. A f t e r p i n m e l t i n g t h e r e w a s a non e n e r g e t i c FC!I, F i g u r e
4 s h o w s the mecha n i c a l , e n e r g y o b t a i n e d d u r i n g the. i n t e r a c t i o n as a f u n c t i o n of
s o d i u m t e m p e r a t u r e . A m a x i m u m w a s o b s e r v e d at 7 3 0 C. A s i m i l a r m a x i m u m w a s
o b s e r v e d by F a r a h a t [l4] in a c o m p l e t e l y d i f f e r e n t e x p e r i m e n t . Hvre a hot s p h e r e
m a d e of t a n t a l u m w a s c o o l e d in a p o o l of li q u i d s o d i u m and the p r e s s u r e d i s t u r b -
a n c e s d u e to b o i l i n g w e r e m e a s u r e d by m e a n s of a p r e s s u r e t r a n s d u c e r . T h e
pressures produced had a maximum of 750 C. These; results are comparable with the
increase of fragmentation with coolant temperature found in the tin drop
experiments [7 J.

2.5 Film of FC1 Experiments

High-speed film of the interaction between liquid metal drops and water
has been obtained by various workers. In the cases of Board ei a I [31 ], Dull force
et al [7], Bjornard [8] and Bjorkquist [9], the description of the events is
similar: an interaction of small size is seen to occur on a edge of the drop,
throwing out small particles of fuel into the coolant. There follows a series of
similar events of increasing size until all the molten metal is included; the
debris now being an approximately spherical cloud around the original position of
the fuel. In the film of Dullforce's experiments part of a presumably spherical
front can be seen expanding and contracting within the dispersed debris.

The number of cycles that can be observed is greater for the higher mass
experiments. Typically in Dullforce's film eight or nine cycles of expansion
and contraction can be seen, whereas in the films of Bjorkquist four or five
cycles is more typical. Zyzskowski's films [13] of very small copper drops in
water, however, show usually only a single event, which disrupts the whole mass.
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The series of expansions and contractions in the film of Dullfotce et al and
Bjorkquist can clearly be seen to be increasing in scale as the interaction pro-
ceeds: the interaction is clearly not a large event followed by a series of de-
caying pulses.

3. DESCRIPTION OF THE CYCLIC MODLL

Cyclic models of FCIs have been suggested by various authors e.g. [3J ];
the particular one we are considering was described by Buchanan and Dullforce [6]
and depends on the growth and collapse of vapour bubbles at or near the liquid
surface. The bubble grows until it reaches cooler coolant when collapse begins.
During the collapse phase the asymmetry in the system, in this case the presence
of the fuel surface, causes an asymmetry in the shape of the collapsing bubble.
This asymmetry becomes a high velocity jet of coolant which is directed at the
fuel surface and can penetrate it. Rapid spreading of the coolant occurs within
the fuel and the coolant is vaporized producing another bubble. Provided suffi-
cient hot fuel is available to vaporize enough of the coolant, successive bubbles
will grow to increasingly larger radii and hence produce successively greater
pressures on collapse. The ratio of pressures in successive cycles depends on
whether the coolant jet is vaporized heterogeneously or homogeneously and is
given by equation 4.5 of reference [32], for water, as

P - P
i o _ 6.673 heterogeneous

P. - P 2.899 homogeneous

where P is the system pressure. The kinetic energy of the jet produced on
collapse is 0.439 times the energy of the bubble (see equation 14.4 reference
[32J and so bigger bubbles lead to more energetic coolant jets. The synergistic
nature of this process is important as it allows the mechanism to build up from
a minor initial perturbation to a sufficiently large event in which the whole
of the fuel is involved.

However it is necessary to have an initial perturbation which allows entry
into the cyclic process and, as yet, this has not been identified. It seems
that the triggering has two very well-defined stages. Firstly direct contact
between the two liquids, without an insulating layer of vapour, occurs; secondly
some phenomenon, which we will call the TX-mechanism', takes place which pro-
vides the entry into the cyclic process of bubble growth and collapse. The
'X-mechanism' may be intimately connected with the breakdown of film boiling.
As the films indicate, it must occur at or near the fuel surface.

4. DISCUSSION

4«1 Trigger: 1st Stage - Direct liquid-liquid contact
Evidence from many experiments indicates that direct liquid-liquid contact

is necessary before an FCI can take place. The TIZ (Figure 1) itself suggests
that a different physical process is occurring above and below the diagonal
cut-off line. There are no spontaneous interactions if the experiment is carried
out with fuel and coolant temperatures that are in the top right hand region
of the two-temperature diagram (TIZ). However Board et al have shown that it
is possible Lo produce an interaction between tin and water when above the TIZ
diagonal -ut-off by providing an external trigger [33]. They demonstrated two
methods: suddenly increasing the ambient pressure or striking the reaction vessel.
The suggestion is that a film boiling state exists and the disturbance causes
breakdown of the film allowing direct contact between the liquids. The Freon/
water experiments [34], as mentioned above, showed that larger pressures resulted
from inhibiting the interaction until large amounts of coolant are involved.

The fact that a particular surface temperature is found at interaction
as was detailed in section 2.2 lends weight to the concept that different pheno-
mena occur above and below this point. Reynolds et al [35] showed that the
upper boundary of the TIZ could be accounted for by changes in the nature of
the vapour layer around the drop and in particular the nature of the breakdown
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of this layer. Using observed dwell times the theory predicts that the vapour
film breaks down at a particular fuel temperature in agreement with ref. £12].

The necessity for direct liquid-Liquid contact as the first stage in the
development of an FCI, while not proved, seems to be in accord with the observa-
tional evidence as in UCLA experiments [36] where such interactions were noted.

4.2 Trigger: 2nd Stage - 'X-mechanism'

Once the contact between fuel and coolant has been achieved the interaction
must then be triggered into the cyclic process of bubble growth and collapse.
This stage of the triggering process we are calling the 'X-mechanism1. The
system is highly unstable at this stage and different 'X-mechanisms' may be
operative in different experiments. The requirement of an 'X-mechanism1 is
that after direct liquid-liquid contact occurs it causes _"ie system to enter
the cyclic bubble growth and collapse process. It can do this in 3 ways: by
breaking small fuel particles from the fuel surface so that the contact area
.ind hence heat transfer are increased and the first bubble grows; by allowing
coolant to get beneath the fuel surface; by directly growing t^e first bubble.
Some possible 'X-mechanism' are considered below:

4.2(a) Release of Dissolved Gas. It has been suggested [37] that FCIs are
due to the explosive release of dissolved gas in the fuel on quenching. Dis-
ruption of steel due to oxygen being forced out has been observed [38] when
the temperature falls so quickly on quenching that it becomes locally super-
saturated with oxygon. The experiments with metal/water systems have been
conducted in inert atmospheres e.g. [7] with short heating times and it is
unlikely sufficient gas could be dissolved in this time as inert gases are
virtually insoluble in metals [39], It is possible however that small amounts
of gas could be dissolved, sufficient to disrupt part of the surface on release.
The local throwing out of fuel particles noted in films of metal/water inter-
actions fits well with this explanation. However this 'X-Tiechanism' is unlikely
to be operative in the Freon/water experiments as the water, which is the fuel,
will not have a large amount of gas dissolved in it.

4.2(b) Liquid-liquid instabilities. Liquid-liquid instabilities, tearing off a
small part of ttv I. jel surface or mixing a little coolant below the fuel surface
[40], have been suggested as an FCI mechanism and Flory et al [4!] show photo-
graphic evidence for Helmholtz rings on the surface of solidified liquid drops.
However the physical properties of the fuel which generally determine the size
or the instability change with temperature so tbat one would expect greater
effects at higher temperatures. In some experiments dwell-times are much shorter
than the timescale that would be expected for instabilities.

4.2(c) Stress Cracking of a Solid Shell. This model postulates that a surface
shell of the fuel freezes and in attempting to contract at a faster rate than
the liquid fuel core the shell is stressed to the extent that it cracks [42],
This results in either liquid fuel squirting out into the coolant or coolant
dribbling down the cracks into the liquid fuel core. This theory has been con-
sidered in detail by Knapp and Todreas [43] and they conclude that it is unlikely
to be effective in the case of metals as they undergo plastic rather than brittle
deformation. But for ceramic materials e.g. U0 9 stress cracking could occur
on quenching.

4.2(d) Localised Superheating. As was mentioned in section 2.3 models in which
it is postulated that the coolant superheats so that vaporization occurs ex-
plosively at a temperature above the saturation temperature have been put forward.
As pointed out by Fauske [20] this model would only be applicable when th? cool-
ant is the bulk material if small drops of coolant can penetrate beneath the
fuel surface. Thus we have to postulate some fluid-fluid instability as in
4.2(b). Local superheating would also seem unlikely if a vapour film existed
around the rest of the drop as the film would provide nucleation sites.
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4.2(e) Bubble Growth during Vapour Film Breakdown. Stevens and Witte [\2] have
noted the existence of two different mechanisms for the breakdown of film boiling
on the surface of a moving solid silver sphere in water. These they call the
progressive instability, with a timescale of 50 - 100 msecs ?nd the precipitous
instability, with a timescale of the order of { msec. The fcmer mechanism occurs
only in nearly saturated water and the latter only in sub-cooled water. Thus the
method of breakdown of film boiling exhibits a marked change as the coolant
temperature increases as is observed in FCls. It is conceivable that the pre-
cipitous instability is so violent as to disrupt a liquid heated surface leading
to an increased surface area and hence enhanced heat transfer. Reynolds et al
L35J have shown that the upper boundary of the TIZ corresponds reasonably to the
boundary separating regimes of thin and thick vapour films iround the hot fuel
drop. If we postulate that different kinds of instability are connected with the
different vapour thicknesses then it would seem reasonable to suggest that this
could be a tenable 'X-mechanism'.

A.3 Cyclic Bubble Growth and Collapse State
The existence of a syr.ergistic cyclic process is supported by the films

of Dullforce et al [7] and Bjorkquist [9] which, as mentioned above, show an
interaction increasing in time. The production of a coolant jet by asymmetric
collappe of a vapour bubble has been experimentally noted [44]. Buchanan has
also investigated the condii_ions for penetration of the jet into the fuel [45].
The film evidence of collapsing and expanding fronts within the roughly spherical
debris cloud in the films strongly suggests growth of bubbles followed by their
subsequent collapse.

The experiments with metal/water systems can adequately be explained by
this model. Depending on the region of 'two-temperature space' in which the
experiment is performed there is or is not an interaction, which defines the
TIZ. The boundaries of this region depend on Lhe nature of the heat transfer
process between fuel and coolant If a vapour film is stable for a long time
a solidified fuel surface will have formed before direct liquid-liquid contact
occurs and prevent the coolant jet penetrating. On the left hand 117. boundary
the fuel is close to its melting point and will solidify unless the trigger
can occur very soon after contact with the witer. F.;periments I 71 show that
dwell-times near this boundary are very short. The observation of less cycles
of expansion and contraction as the mass of fuel decreased can be explained
because the heat energy avaijabl" in the fuel will be dissipated after a smaller
numbc i" of cycles and further escalation will be prevented.

The decree of fragmentaLion of the fuel, and hence the energy in the inter-
action, increase as the uppir diagonal boundary is approached. This can be
explained as the number of bubble growth and collapse cycles will be smaller
as the fuel temperature decreases as the available heat energy in the fuel is less.
The smaller the number of cycles the lower the degree of rragnentation. The
increase of fragmentation as the coolant temperature increases occurs because the
size to which a vapour bubble can grow increases as the coolant temperature
increases and hence the bubble collapse will be more energetic. In fact a maxi-
mum in tliP collapse energy of a bubble is to be expected. As (.he coolant temper-
ature rises the bubble volume (V) increases whilst the difference between ambient
pressure and the coolant saturation pressure (/.P) falls. Thus the energy of the
bubble collapse (V./.!1) will have a maximum [ 10,4b] which explains the results
shown in figure 4 and may be r fleeted also in the relationship between the
degree ot ragmentat ion and the coolant temperature.

The model can also explain the apparent Jack of violent fragmi .tation in
V0.?/sodium interactions. Due to the difficulty of setting up tin- conditions fo>-
a coherent interaction as a stable film boiling stage is unlikely to be achieved
interactions between rop) and sodiui,. are likely to be localized. However the
size to which a sodium vapoc bubble can grow is probably much smaller than in
water [4'i]. Thus ihe energy in the collapse is smaller ;nd the energy of the
coolant, jet is smaller, '."nus bubble growtli and collapse is less energetic in
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sodium than in water in the sense that more cycles will be required in sodium
than in water to achieve an equal level of energy from the collapsing bubble.
Hence one expects that when sodium is the coolant a less violent interaction
will occur, although fragmentation can occur by 'chipping' at the fuel surface.
It is unclear whether or not it is possible to completely explain the Freon/
water experiments by this cyclic model; a propagation model may be applicable.

5. CONCLUSIONS

We have considered significant FC1 experiments, involving both simulant
and reactor materials for the restricted class of near quiescent contact, in
the context of the cyclic bubble growth and collapse model. Previous models
have quoted a limited set of experiments in support but in this paper it has
been shown that a larger set of experiments can be explained consistently using
this model. In particular, the model can explain the seemingly low energetic
interactions observed in experiments using fast reactor materials.

The 'X-mechanism', which is the trigger beginning the cyclic process is
still undetermined and various suggested mechanisms were considered. It is
likely that different mechanisms can trigger the process in different experiments
but elucidation of these is required to achieve a complete understanding of the
FCI phenomenon.
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THEORETICAL AND EXPERIMENTAL INVESTIGATION OF
FUEL-COOLANT INTERACTIONS IN A SHOCK TUBE CONFIGURATION

H. Goldammer and H.M. Kottowski

Commission of the European Communities
J.R.C. Ispra, I 21020 Ispra, Italy

ABSTRACT

Experiments in a shock tube configuration were performed using molten stainless steel
3nd UO2 in combination with water, respectively sodium. The following data were measured as
a function of time:

a) reaction force acting on the interaction crucible
b) pressure of the vapour in the interaction space
c) growth of vapour volume
d) ejection velocity

The experiments demonstrated that the process of "vapour explosion" in constrained configura-
tions is dominated by successive ejection and reentry cycles. A physical model and a correspon-
ding calculation code has been developed in order to simulate FCI in shock tubes.

According to the experimental results the model describes the FCI as a sequence of
cycles each of Which consists of three phases:

a) fuel-coolant-contact
b) ejection and reentry of the coolant
c) impact and fragmentation

INTRODUCTION

Spert type experiments and foundry accidents demonstrated that "thermal vapour explo-
sions" due to mixing of molten metal and water are likely to occur. Since even the experts are not
able to predict definitely the conditions met in the reactor when it runs out of control, it is rea-
sonable to assume pessimistically that a direct contact accident is indeed possible. Calculations of
the maximum mechanical energy yield due to a fuel coolant interaction revealed "unrealistic high
values". However, neither the postulated mechanisms have been observed, nor the necessary condi-
tions have been established in experiments using power reactor materials.

This statement is not in conflict with the observed violent Al-water interactions, since for
several reasons such interactions are far away from simulating power reactor FCI.

1889



EXPERIMENTAL INVESTIGATION

Test facility

The test apparatus (Fig. 1) consists
of a reaction chamber (A), a channel (B)
and an expansion vessel (C). The reaction
chamber is separated from the channel by
a fast opening three way valve. Two test
facilities of the same basic design are used
for experiments with either water or
sodium.

During the test the following data
are recorded simultaneously:

- pressure history at different
points along the channel

- reaction force acting on the
crucible

- displacement of the coolant
liquid-vapour interface

- velocity of the coolant flow
- coolant temperature
- cover gas pressure

The mechanical work can be calculated
from the pressure and ejection history.

Pnltclton rMS#(

Fig. 1: Test apparatus fuel-coolant interaction

Experimental Results

Examples of experimental results are compiled in Table I. The AI2O3 and UO2-tests were per-
formed with small quantities of hot material. It is debatable whether such experiments are representa-
tive and whether the results can be used for the analysis of full scale reactor'situations.

Furthermore, the results of the Al2 0 3 experiments might be affected by chemical processes
between A l 2 O3 and Na. The stainless steel-water experiments were performed with larger quantities
of steel so that geometrical boundary effects are less important.

Table I: Examples of test resu/ts

Hot
material

AI2O3

AI2O3
AI2O3

UO2

Steel
Steel
Steel

Quantity

1 gr
1.2 gr
1.16gr
4.6 gr
134 gr
120gr
134gr

Na
Na
Na
Na
H2O
H20
H2O

Hot material
temperature

2040°C
2040°C
2040°C
2880°C
1500°C
1500°C
1550°C

Coolant
temperature

556°C
643°C
713°C
678°C
20°C
20°C
20°C

Cover gas
pressure

1.41 bar
1.24 bar
0.3 bar
1.275 bar
1.0 bar
1.0 bar
1.0 bar

Pressure
peak

1.41 bar
1.83 bar
8.6 bar
1.85 bar
3.9 bar
9.8 bar
10.6 bar

Conversion
factor

< 1 %
< 1 %
< 2 %
< 1 %
< 1 %
< 1 %
< 1 %
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Fig. 2 shows the pressure and voiding pattern of the interaction between molten Al2 O3 and Na
of 713°C, under cover gas pressure of 0.3 bar. The interaction bursts into a pressure peak of 8.6 bar;
the coolant is ejected completely from the test channel.

The reentry is characterized by violent boiling without significant pressure generation. About
1.3% of the thermal energy stored in the AI2O3 has been converted into mechanical work.

The UO2/Na-experiment, shown in Fig. 3, was performed under the same test conditions, ex-
cept the sodium was subcooled with respect to the saturation temperature (TNa = 650°C, Ts = 764°C).
The maximum pressure peak measured did not exceed 1.85 bar. A typical feature of the interaction
was again the repeated evaporatioh and condensation with decreasing pressure peaks until thermal
equilibrium has been reached.

Fig. 2: AI2O3/Na interaction—pressure and
ejection pattern (Pt = IS cm down
stream; P4 = 150 cm down stream
interaction zone)

Fig. 3: U02/Na interaction—pressure measured
down stream the interaction zone

The stainless steel/water experiments show a similar interaction pattern, but higher pressure
peaks. The typical pattern of the interaction of molten stainless steel and water in shown in Fig. 4.
The diagram shows the reaction force measured below the crucible and the pressure in the coolant
measured above the interaction zone. The measured pressure in the coolant exhibits an oscillating
pattern with decreasing pressure peaks.
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Fig. 4: Stainless steel water interaction pressure pattern

THEORETICAL APPROACH

The experiments in the shock tube geometry demonstrated that the process of "vapour explo-
sion" in constrained configurations is characterized by successive evaporation and condensation cycles.
According to the experimental results the interaction model KAMI has been developed. The model
divides each cycle into three phases:

7. Fuel-coolant-contact

At the beginning of the interaction, intimate contact between fuel and coolant is assumed. The
heat transfer from fuel to coolant is calculated by solving the Fourier-equation, thereby taking into
account the fuel's latent heat of solidification. The hydrodynamics of the contact phase are treated
using the well known acoustic approximation.

During the contact phase, the initial conditions for the subsequent ejection are established,
namely:

- The temperature profile in the coolant, including a superheated boundary layer
- The nonzero initial velocity of the coolant column (corresponding to the momentum trans-

ferred to the coolant by the shock wave and the reflected rarefaction wave)

2. Ejection and reentry of the coolant

The ejection of the coolant starts with a finite initial velocity; the direct heat transfer is cut off
by the vapour formed between fuel and coolant.

During the first few milliseconds of the ejection phase, the coolant motion is further accele-
rated by the difference between the pressure in the vapour space and the outer system pressure. The
pressure in the vapour volume is given by the saturation pressure of the coolant at the temperature of
the coolant surface. As heat is removed from the superheated layer by evaporation and by heat con-
duction to the bulk of the coolant, the coolant surface temperature and the associated vapour pres-
sure decrease during the ejection. After a time interval comparable to that of the contact time - the
vapour pressure falls below the system pressure. The upward motion of the coolant column is decele-
rated and then inverted: the coolant starts reentering.

During reentry, the vapour condenses on the coolant surface. As a consequence, the coolant
surface is reheated and the pressure in the vapour volume increases again, resulting in a cushoning of
the falling coolant column before impact.
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A typical computed interaction pattern (pressure and coolant displacement) is shown in Fig. 5.
The boundary conditions are: 1 bar system pressure and highly subcooled coolant (678°C); shock tube
of 9 mm diameter and 2000 mm length.

ftp. 5 : U02/Na interaction-pressure and ejection history

The increase of the maximum ejection height from one interaction cycle to the next one re-
flects an important feature of the model: At the beginning of a new interaction cycle, the heat which
has been stored in the coolant during predecessing cycles has been dissipated, resulting in a flat tempe-
rature profile in the coolant coiumn. Due to the small gradients, this profile is varying only very slow-
ly; thus it can be regarded as a bias, over which the transient temperature profile associated to the mo-
mentary heat transfer processes is superimposed. Evidently, the influence of all predecessing cycles is
accumulated in the biasing temperature profile.

In the KAMI code, the described facts are treated quantitatively by the consistent application
of the Fourier-equation throughout the whole course of the interaction.

The interaction pattern shown in Fig. 6 gives a further illustration to this feature. Here, the

Fig. 6: UO-i/Na interaction—pressure and ejection history
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initial coolant bulk temperature (800°C) is fairly close to the saturation temperature (« 890°C, cor-
responding to the static pressure ^1 .15 bar at the lower end of the coolant column); The "bias
temperature" reaches the saturation temperature after only three cycles.

As a consequence, the latent heat of vaporisation which is transferred by condensation to the
surface of the reentering coolant column, cannot be dissipated fast enough to the bulk of the
coolant: the falling coolant column is completely cushioned and then reejected; finally, it approaches
the fuel rather slowly according to the rate at which the latent heat of vaporisation is dissipated.

3. Impact and fragmentation

In the proposed physical model the fragmentation of the fuel is not an arbitrary input para-
meter. The two dimensional representation of the ejection and reentry process readily entails the
fragmentation mechanism.

During ejection, the wall friction induces a radial velocity profile in the coolant flow. Asa con-
sequence, the transition from ejection to reentry motion sets on in the outer radial zones. During re-
entry, the outer zones are thus preceding the central zones.

Finally the different radial zones successively impinge on the fuel, thereby transferring a part
of their kinetic energy. The transferred energy is available to fragment the fuel and to dislocate the
particles. Evidently, fragmentation is a continuous rather than an instantaneous process. The described
nonuniform impact supplies a fragmentation mechanism which is the most likely one in constrained
configurations.

The impact of the coolant on the fuel marks the beginning of a new contact phase and thereby
the beginning of a new interaction cycle.

DISCUSSION OF THE RESULTS

Experiments with AI2O3 /Na, UO2/Na and stainless steel/H2O in constrained configurations
did not display violent interactions. The pressure peaks measured did not exceed 11 bar; the half
width times of which were in the range of milliseconds.

The interaction patterns observed were characterized by repeated ejection and reentry cycles.
The conversion factor, i.e. the ratio of mechanical work to thermal energy stored in the hot material,
was smaller than 2%.

Similar low energy yields were observed in pool type experiments (not reported here) with
stainless steel and water. The pressure peaks measured there did not exceed 1 bar.

The constrained geometry of the shock tube restrains to a certain extent the penetration of
the coolant into the hot material and the intimate mixing of the two components before evaporation,
which influences the process into the direction of a mild interaction.

A physical model has been developed to describe fuel coolant interactions in shock tube geo-
metry. A principal feature of the code is the consistent application of the Fourier-equation throughout
the whole interaction process.

The two dimensional representation of the coolant flow provides furthermore the basis for
the fragmentation mechanism, which therefore needs not to be introduced as an input parameter.

When comparing the experimental results to those predicted by the model, only very poor
agreement can be stated, as far as the pressure peaks are concerned: the calculated peaks exceed the
measured ones by about one order of magnitude.

On the other hand, Qjod agreement between theory and experiment is found in the description
of the interaction pattern and in the time intervals of the successive interaction cycles.

It is open to discussion whether shock tube experiments are representative for fuel coolant
interactions occurring in reactors.

Beyond any doubt the shock tube offers the bast possibilities to measure the mechanical work
of vapour expansion. Not known, however, is whether the preexplosive phase of impact and mixing of
fuel and coolant is representative.
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CONCLUSIONS

It is very difficult to achieve perfect mixing of large quantities of fuei and coolant in con-
strained configurations.

The fragmentation of the fuel (excluding coolant entrapment) is caused essentially by the im-
pact between coolant and fuel and transfer of mechanical energy to the fuel. The subsequent beha-
viour of the system is determined by the fraction of cold liquid that is vaporized, and which depends
on the amount of heat which can ba transferred during the contact to the coolant.

In constrained geometries the multiple ejection-pattern is a typical feature which cannot be
identified as vapour explosion.

The fuel coolant interaction model (KAMI-code) takes into account the experimental evidence.
It may indicate a step towards a more realistic comprehension of the Fuel Coolant Interaction.

Acknowledgement: The authors wish to thank Messrs. G. Grossi, M. Kergosien, J.B. Lazarus,
J.Ph. Navarre for the help in the accomplishment of the experiments.
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ABSTRACT

To simulate TOP accidents experiments are performed in an out-of-
pile sodium loop using electrically operated UO2 fuel pins. A single
pin or a seven-pin bundle is heated from steady-state operation in a
power transient of 300 to 400 ms duration so that up to 50 g of molten
UO2 penetrate into the cooling channel.

Immediately after the pin has become defective narrow pressure
pulses occur with amplitudes up to about 70 bar. They seem to be pro-
duced by collapsing of sodium vapor bubbles. Gas overpressures of
about 2 to 3 bar in the fuel pin yield the highest amplitudes. An-
other type of pressure profile was observed, above all at a very low
gas pressure in the fuel pin. It might be caused by evaporation of
sodium penetrating into the defective zone. There is relatively small
mechanical work done at the coolant during these events. A strong
blockage of the cooling channel was observed within the damaged zone.

INTRODUCTION

Transient overpower simulation tests were taken up in an out-of-pile loop
at the Karlsruhe Nucloar Research Center about one year ago. It was not our
goal to simulate the :"ufil pin behavior proper during very steep reactivity
ramps. In our experiments the power transient has to melt and overheat oxide
fuel starting from the centre line of the fuel pin and fast enough to keep a
solid shell of fuel until the molten fuel penetrates into the coolant prefer-
ably at a single spot.

We started with experiments in inert gas and in sodium capsules in the
course of which we learnt the suitable technology for the test operation, the
instrumentation, the measurement recording and processing. Then with our sodium
loop the interest has been concentrated on studying the influence of different
operating parameters, such as coolant conditions, gas pressure in the fuel
pins and cooling channel geometry, on the development of fuel-coolant inter-
action.

In the existing tests the sodium temperature and the static pressure
within the test section have been kept constant while the coolant velocity has
been varied between I and 7,5 m/s and the gas overpressure in the fuel pins
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between 0 and 32 bar. Up to now eleven experiments with single pins were per-
formed in different annular cooling channels as well as six experiments with
7-pin bundles having a reactor specific cooling channel geometry.

EXPERIMENTAL SETUP

A special fuel rod was developed for these experiments (Fig. I). The
80 mm long fuel zone consists of a single UO2 cylinder 5 mm in diameter. It is
insulated from the stainless steel cladding tube (outer diameter 7 mm ) by an
0.4 mm wide gas gap and 0.3 mm thick AI2O3 sleeves. Since the sleeves have a
good contact with the cladding tube, they are relatively cold during the ex-
periment and so the insulation property is maintained. The UO2 cylinder is e-
lectrically heated by direct current passage which has no fixed potential with
respect to the cladding. The fuel pin can be filled with argon of a given pres-
sure which is kept constant automatically until the start of the power tran-
sient.

Fig.2 shows the flowsheet of the sodium circuit. The sodium flow is di-
rected upwards in the test section. The cooling channel length is 500 mm. The
sodium temperature is set by use of an electric preheator. The maximum value
achievable is close to 700°C. The hydrodynamic resistance of the line connec-

E
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-7mm /6,4 mm*

-6,4 mm/ 5,8 mm*
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UO2

AI2O3

Fig. I Layout of the Fuel Pin
for TOP Simulation Tests

Fig. 2 Scuesatic Diagram of
the Sodium Test Loop
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ting the test section with the expansion vessel has been so rated that it
roughly corresponds to that in the upper part of a FBR fuel element. The pres-
sure in the expansion vessel can be set up to 16 bar so that also the sodium
boiling temperature can be varied. The electric device for experiments to be
performed with 7-pin bundles comprises a separate system of power supply and
control for each fuel pin / 1 /.

In the measurement recording device 28 different signals are recorded on
magnetic tape. Besides the electric and thermal operating data the following
measured values are the most significant for the experiments:

- pressure in the cooling channel measured with 3 transducers oriented

radially to the cooling channel at different levels
- pressure at the inlet and outlet of the test section
- sodium flow at the inlet and outlet of the test section

For these measurements pressure transducers are used which had been de-
veloped at the Karlsruhe Nuclear Research Center. These transducers use strain
gauges attached to a diaphragm. Their effective measurement frequency is more
than 40 kHz. The sensitivity to effects from external electrical sources is
low since the measurement system is fully insulated.

The measured analogous signals are converted by an analogue-digital con-
version system and recorded on magnetic tape by means of a processor. For fur-
ther processing of the data the computer program SEDAP (System for experimental
data processing) / 2 / is used. By this system about 60 mathematical operations
can be applied to the data files.

uoo

RUN OF AN EXPERIMENT

Prior to an experiment the sodium circuit is heated to more than 550 C.
This brings down the electrical re-
sistance of uranium dioxide to such a
level that the power generated at 270
Volt is sufficient to heat the fuel
further. Subsequently, steady-state
operation is set yielding a central
temperature of over 22OO°C at about
100 W/cm rod power.

After the desired sodium temper-
ature has been set - 52O°C in the
previous experiments - the power
transient is initiated by switching
over to the maximum voltage. During
300 to 400 ms about 50Z of the fuel
are molten and heated in the center
to more than 3000°C (Fig. 3) /3/. The
linear rod power rises to about 4000
W/cm during this process. The total
input of electric energy during the
power transient is about I kJoule/cm
fuel pin length.

R [mm]

Fig.3 Time History of the Temperature
Profile in the Fuel Pin
( calculated )

Then liquid UO2 penetrates the
insulation and the cladding at the
lower end of the fuel cylinder. This
brings the electric potential of the
lower electrode to that of the stain-
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less steel cladding. At the upper fuel end, where the full voltage difference
with respect to the cladding tube now gets effective, a short circuit general-
ly takes place so that the; heat production in the fuel becomes very low.

Immediately after the pin has become defective the molten fuel flows very
quickly into the sodium together with filling gas. Possible events of thermal
interaction normally occur in quite a short period of time. Therefore the meas-
ured data are recorded for about 1.5 s. During this interval about 2.5 million
data are recorded on magnetic tape.

In 7-pin experiments the single pins are first brought successively into
the steady-state condition of operation. By a very careful harmonization of the
individual operating values we succeeded in making largely identical the power
excursions of the 7 pins. The times of failure occurred within the period from
2j to 60 BIS.

TEST RESULTS SO FAR OBTAINED

The fuel-coolant interaction becomes apparent by the occurrence of pres-
sure pulses and flow rate variations. Fig. 4 shows the typical course of pres-
sure close to the reaction zone as well as the flow rate variations at the in-
let and outlet of the test section after the pin has become defective.

During the first contact between the fuel and the sodium a considerable
number of discrete pressure pulses can be observed both in the single rod and
in bundle tests. The coolant flow shows substantial variations caused by the
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Fig. 4 Typical Measured Data during Fuel Coolant Interaction
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Fig. 5 Pressure and Inlet Flow Rate on an Expanded Time Scale

occurence of bubbles. On Fig. 5 a 20 ras interval is plotted on an expanded time
scale, which gives a clearer impression of the profiles. In addition, small and
fast flow variations correspond with single pressure pulses, at which one has
to take into account the transition time of the pulse.

The pressure pulses have quite high amplitudes and their half width is in
all experiments about 0.1 to 0.2 ms. A possible interpretation for the origin
of these very steep pressure pulses is in our opinion the collapsing of sodium
vapor bubbles in the coolant flow with a temperature of 52O°C. In the existing
tests the static pressure within the test section was about 2 bar corresponding
to a sodium boiling point of 962°C.

We have made the following observations regarding the height of these
pressure pulses: At a very low gas overpressure in the fuel pin the maximum am-
plitudes reach 10 to 20 bar, whereas for an overpressure of about 2 to 3 bar
amplitudes have been measured up to 70 bar. One of the reasons should be the
differing volume of collapsing sodium vapor bubbles. Both the outlet velocity
of the liquid fuel and its temperature can play a part in this process. Both
values increase with increasing inner gas pressure. As a matter of fact, it has
appeared that the duration of the transient and hence the fuel temperature rise
with the inner gas pressure.

On the other hand, sucn pressure pulses were no more observed at an inner
gas pressure of e. g. 32 bar. It can be assumed that the gas escaping from the
fuel pin in larger quantities impedes the fast heat transfer between the fuel
and tho sodium.
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The number of pressure pulses depends on the mass of the fuel coining into
contact with sodium. This was clearly shown when we procreded from single pin
experiments to 7-pin bundles. The overpressure of the filling gas in the fuel
pins has an indirect influence. At very low overpressure when the duration of
the power transient is comparatively short, the penetrating quantity of fuel is
small. At about 2 to 3 bar overpressure again we find a maximum regarding the
number of pressure pulses.

Within the range under consideration the coolant velocity did not exert a
clear influence on the pressure pulses. At any rate we could not find any cor-
relation between the amplitudes of the pressure pulses and the coolant velocity.

The effect of different sodium temperatures together with the steady-state
pressure in the cooling channel still wait for an examination. We hope that our
assumption made on bubble collapsing as a cause of these pressure pulses can be
supported by these investigations.

In the experiments with low gas pressure inside the pins the observation
was made that the pressure pulses described above are followed by further
pulses having different profiles (Fig. 6). Comparatively flat pressure rises
of few bars height and several milliseconds duration occur which are overlayed
by several narrow pressure peaks. Synchronous flow oscillations can be observed.
These events perhaps could be explained by sodium entering the damaged zone and
evaporting quickly. The vapor recondenses as single bubbles in the subcooled
sodium flow.

PRESSURE P1

OUTLET
FLOW RATE

756 758 760 762 764 766

Fig. 6 Pressure Profiles and Resulting Flow Rate in a Lat ir Phase
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Regarding the effect of the pin damage on the coolant flow area in the
test section we observed the following:
In experiments with single pins surrounded by a relatively large cooling chan-
nel most of the molten material is washed away and does not cause a permanent
disturbance of the flow.

On the other hand, in 7-pin bundles having a reactor specific cooling
channel geometry relatively grave destructions take place at the fuel pins
(Fig. 7). Considerable deformations and deposits of solidified material cause
a strong blockage reducing the coolant flow rate in one case to about 20Z.

Fig. 7 View of the Damaged Region (Seven Pin Bundle)

In the course of test evalution also the energy conversion efficiency
should be determined. Mechanical work at the coolant is done both by expansion
of the fuel pin filling gas and by the pressure pulses. The contribution of the
work done by gas can be subdivided as follows:

- increase of the kinetic energy of the sodium columns
increase of the potential energy of the sodium columns

- friction work
- work to overcome the pump pressure head
- compression work at the gas plenum in the expansion vessel.

In the analytical description the coolant can be considered as incompress-
ible since the expansion of the filling gas is a relatively slow process. The
influence of the narrow pressure pulses was suppressed by filtering the pres-
sure and flow records.

The pressure pulses originating from the reaction zone propagate as pres-
sure waves within the whole sodium circuit. Besides they generate short, fast
variations in the values measured by the flowmeters since the propagation of
pressure waves is accompanied by displacement of the liquid particles. The an-
alytical description of the mechanical work of pressure pulses is based on the
theory of plane wave propagation in compressible media.
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Fig. 8 Mechanical Work versus Time for a Typical Single Pin TOP Experiment
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In Fig. 8 both Che work of the filling gas and of the pressure pulses have
been plotted versus time for a single fuel rod experiment. In the first case
the smooth plot is characteristic, whereas the discrete pressure pulses result
in an abrupt rise of mechanical work. In this example with a filling gas over-
pressure of 3 bar in the fuel pin the two contributions are about 0.5 Joule
each. The work of a single 50 bar pressure pulse of the first type is only 0.1
Joule. The second type of pressure profiles has an energy content higher by
the factor 2 to 3 due to its larger width.

By relafing the total mechanical work to that amount of energy which is
required to heat up the ejected fuel from the sodium boiling temperature to
more than the U0_ melting temperature, an energy conversion efficiency of about
0.04% is obtained. This value seems to be v;ll comparable with results ob-
tained in other experiments of this type.

CONCLUSION

We think that our out-of-pile facility can make a valuable contribution
to the study of the fuel-coolant interaction in power transients. There is
relatively small expenditure involved for the individual experiments. The in-
terpretation of the very fast events is rather difficult on the basis of meas-
ured values and post-mortem investigations. More experiments including para-
meter variations have still to be carried out and additional evaluations will
be necessary. The following statements can be made with respect to the results
presently available:

A larger number of steep pressure pulses with symmetrical shape are meas-
ured with their half widths always at about 0.1 to 0.2 ms. In our opinion there
are arguments that they are caused by the collapsing of sodium vapor bubbles.

The overpressure of the fuel pin filling gas influences the amplitude of
the pressure pulses. At some 2 to 3 bar there seems to be the maximum of pres-
sure peaks attaining about 70 bar. At 32 bar filling gas pressure no pressure
pulses of this kind could be found.

The increasing amount of ejected molten fuel enhances the number of pres-
sure pulses but not the amplitudes of these pulses.

The mechanical work done at the coolant during fuel-coolant interaction
is very small. We find values of the order of 0.1 Joule/g of molten fuel,
leav.i.ag aside the expansion work of the filling gas.

Experiments performed with 7-pin bundles reveal the generation of a strong
cooling channel blockage.
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ON THE STATE OF THE ART IN AEROSOL MODELLING
FOR LMFBR SAFETY ANALYSIS

W.O. Schikarski
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ABSTRACT

The problems of aerosol formation, aerosol transport behavior,
aerosol retention systems and (eventually) release to the environ-
ment from core disassembly accidents and other sources are of high
significance in LMFBR safety. Beginning with the early models
developed in the mid 6o's much work has been done since to improve
understanding of aerosol behavior in LMFBR containments. Present
modelling theories comprise eisentially the US code HAARM-2 and the
German code PARDISEKO-3. The status of aerosol modelling, the verifi-
cation by experimental programs and the remaining uncertainties are
discussed.

INTRODUCTION

In the case of large core disruptive accidents in a LMFBR several aerosol
sources will be formed releasing radioactive material into the inner and outer
containment space. In the early studies /~1_7 the primary aerosol source from
vaporized core materials was identified as the most important problem of
activity release. Since, according to tudayis discussion, several aerosol
sources have to be taken into account the modelling of aerosol behavior has
become more complex.

In the following the state of the art on aerosol modelling is discussed.
Emphasis is put on the problem that existing and future improved models must be
experimentally verified and must be developed consistently with theoretical
aerosol physics.

AEROSOL SOURCES AND CONTAINMENT SYSTEM

The significance of aerosol sources which might occur in heavy LMFBR
accidents and should be investigated and thoroughly understood depends on

- the course of accident
- the materials involved and
- the lay-out of the containment system.

There are essentially two processes of aerosol formation which play an
important role in LMFBR safety analysis, the accidental vaporization of core
materials and subsequent recondensation and the accidental vaporization of
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coolant material (including trace constituents) end subsequent recondensation
(Na-aerosols) or chemical reaction (Na20-/Na0H-/NagC03-aerosols). Depending on
many parameters of the accident considered the various aerosol sources will
combine and form as function of time a "mixed aerosol source" consisting of
different chemical compounds, having variable physical characteristics (density,
siae, etc.) and therefore having different aerosol behavior. The occurence of
specific aerosols can be influenced by containment system design. For example,
aerosols containing NaOH can be oppressed by avoiding in the containment water
vapor and heated concrete structures which release water at higher temperatures.
On the other hand emphasis on tank integrity would shift present assumed aerosol
releases from the primary system to other release patterns.

In the course of the SNR-3OO development four aerosol sources have been
identified which are given in Fig. 1.

FIGUBE 1

Aerosol Sources in Accident of IMFBR

Source::Origin

tiore
Aisassembly

Ha-residual
O2 reaction

Na-evaporation
from core
catcher

H20-evaporat ion
from concrete

Composition

U0a-Pu0a,
fission
products
steel,
sodium

Na2O

Na

NaOH

Time of
Formation

instantaneous

instantaneous

long term
(days)

long term
(days)

Initial .
Particle
Diameter

<0.08 jim
(increasing)

0.1 pm (in-
creasing to
ca. O.I4 jam)

0.1 um (in-
creasing to
ca. 0.3 um)

?

Remarks

high, initial
concentration

reconden-
sation aerosol
with trace
fission
products and
fuel

These sources have different chemical composition, different physical
characteristics and time functions of formation. In respect to the formation
time we have two time regimes identified namely the instantaneous sources
(minutes) and the long term sources (days). Despite the fact that all aerosol
sources represent very different activity concentrations all must be taken into
account for doae calculations due to their different formation time and con-
centration versus time behavior. Investigations on the source strength, particle
characteristics and other properties of these aerosols have been carried out at
GfK and are reported at this conference (_ 6_7, / 7_7» It should be emphasized
again that these characteristic properties might change with the change of
containment system design.

1908



AEROSOL MODELLING

In modelling behavior of these aerosol systems in closed low leakage con-
tainment systems we should bear in mind the two groups of aerosol sources
(instantaneous and long term). Studies on the instantaneous source were initiated
early in the 6o's and led to the computer code3 HAA-3 B /~8_7 and PARDISEKO-III
/ 3_/. Both dealt mainly with the instantaneous source. Both codes were tested
against experiments on aerosol concentration time function in smaller vessels.
PARDISEKO-III was tested and improved by the TUNA program /~2_7 where U02

aerosols, produced by the exploding wire technique, were investigated in a
2.2 m3 vessel with a nitrogen atmosphere of varying gas temperature. The most
important results of the TUNA program have beep reported in £~9J'. These
results led to the incorporation of essentially four aerosol processes in the
PARDISEKO code, namely

- coagulation (Brownian and gravitational)
- sedimentation
- thermophoresis and
- diffusion.

Another important result was the necessity to introduce form factors into
the PARDISBKO theory. These form factors describing the deviation from behavior
of a spherical particle in comparison to the real irregularily shaped particle
related to the aerosol process considered (f«collision form factor relates to
coagulation, Ifcdynamic form factor relates to sedimentation, thermophoresis
and diffusion) appeared to be the focal point in the aerosol modelling theory.
This is illuminated by Fig. 2. The solid curves are the envelops of the range
representing all experiments carried out in TUNA at room temperature. The best
fit was achieved by using f=8.2 and K*3.5 which is at least for < in accordance
with comparable literature data (see £~9_7)• The same form factors were also
applied to experiments in TUNA at elevated temperatures showing good agreement
between experiment and theory. Also for small chamber (0.02 m3) experiments the
same K and f values gave the best agrrement.

It should be mentioned, however, that in all PARDISEKO calculations for the
particle material the theoretical density was assumed. This is not in agreement
with the experimental findings for UOg aerosols forming usually a porous
structure. There exists, however, certainly a close correlation between particle
form factors and particle density supposing a combination of both parameters
might be more suitable to aerosol theory. Certainty the form factors are of
great importance in aerosol modelling and cannot be neglected if the behavior
of irregularily shaped particles is described.

In the US the HAA-3 B code / 8_7 was developed and improved in recent
years. The latest version, the HAARM-2 code, includes essentially the same
elementary aerosol processes and uses the same integro-differential equations.
H. Jordan /~U_7 made a comparison between HAARM-2 and PARDISEKO-III. K«e
identified three essential differences between both codes, namely

- HAARM-2 accounts for the temperature and pressure dependence of the
Knudsen number (ratio between particle radius and mean free path of
carrier gas molecules) and viscosity, PARDISEKO-III does not.

- PARDISEKO-III includes two shape- factors (* and f), HAARM-2 includes
the apparent reduced density of a porous particle only.

- HAARM-2 employs the theoretical solution for the collision efficiency
of a spherical particle in viscous motion. PARDISEKO-III takes the
collision efficiency as an input sonstant.

- HAARM-2 assumes the particle size to be lognormally distributed for the
whole period of time under consideration allowing very short computation
times. PARDISEKO-III makes no restrictions on the particle.size
distribution at the expente of long computation times.

The discussion of the advantages and disadvantages of these different
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features of both codes is beyond the scope of this paper. However, the last
point (assumption of lognormol size distribution throughout the considered time
period in HAARM-2).poses the problem of proving the validity of this assumption.
Concerning the complex aerosol system discussed in the first chapter multimodtl
distributions should be expected which then cannot be'modelled by HAARM-2. For
simple systems with one instantaneous aerosol source in relatively small
volumes, however, both codes seam to apply fairly reasonable as can be seen from
Fig. 3 (taken from Z~i+_7).

A final test whether the theoretical assumptions made in a code for aerosol
modelling are correct and lead to a description of the real accidental aerosol
system with sufficient accuracy can be made only by comparison with experiments.
la the frame of the FAUNA program, starting early 1977 at Karlsruhe, a larger
vessel (about 200 m3) will be available to make the necessary experiments to
answer that problem. Preliminary calculations applying the PARDISEKO-III code_to
the sodium burning experiments in the CEN Cadar&che (Cassandre program, see /5_7)
have been carried out. One typical result is given in Fig. h where the sodium-
oxide aerosol concentration time function is compared with a PARDISEKO-III cal-
culation /~10_7. The experiment was performed in the 1*00 m^ containment
facility at Cadarache employing the burning of Uo kg of sodium. Here, of course,
other form factors than for UOg aerosols should apply which are given in Fig. U.
It is important to note that the time dependent source as experimentally
measured was introduced into PARDISEKO-III code. It is not fully understood
whether the typical result of PARDISEKO-III curves being always by some factor
above the experimental curves relates to the form factors assumed (f=1.0 and
KJ=1.0) or to the neglection of gravitational coagulation which was not taken
into account in these calculations. Since the first comparisons between
PARDISEKO-III calculations with time dependent aerosol sources in large volumes
/~10_2 revealed differences more than a small factor much more work has to be
done on aerosol modelling. It is true, that the theoretical results lie at
higher values than the experimental oi:2s, therefore, from the safety point of
view on the safe side. However, with the increasing complexity of the aerosol
systems under considerations this might not anymore be defensible for real
LMFBR containments.

SUMMARY

Concerning the behavior of nuclear aerosols in a LMFBR post-accident
atmosphere the present state of knowledge can be described as follows:
a) The time function of an instantaneously formed aerosol concentration in a

contained system can be satisfactorily described by existing.codes
(PARDISEKO-III and HAARM-2), if some from standpoint of
aerosol physics reasonable assumptions (form factors etc.) are made.

b) Since the aerosol system in a core disassembly accident is formed of several
sources (consisting of UO2, PuOg, Na, fission products, NagO etc.) the inter-
action of these sources must be taken into account. More experimental infor-
mation on the chemical and physical characteristics of these sources and the
developing aerosol system (mixed aerosols) is necessary.

c) PARDISEKO-III is capable to calculate aerosol behavior of several timely
overlapping sources. Experimental confirmation of these results is not yet
sufficient and should be provided for large containment volumes.

d) Present existing codes have been developed on the basis of small vessel
results only. It is known that in large vessels thermal convection and con-
densation of sodium vapor plays a role. The influence of these Effects needs
to be investigated and incorporated in present aerosol modelling theories.
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FIG. 2.

Comparison Experiment: Theory.
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DEPOSITION OF AEROSOLS FORMED BY HCDA DUE TO DECAY HEAT TRANSPORT
IN LMFBR INNER CONTAINMENT ATMOSPHERES

J.F. van de Vate, A. Plomp, C. de Jong, and H.C.D. Smit

Netherlands Energy Research Foundation E.C.N.
Petten (N.H.), The Netherlanc'd

ABSTRACT

The role of heat transfer related processes governing aerosol
behaviour after core melt down in LMFBR containments is discussed.
Useful and experimentally supported equations for calculation of
aerosol decay due to thermophoresis or condensation coupled settling
are given. The important aspect of spatially homogeneous distribu-
tion of aerosol in the containment space is treated.
Commentsare made about existing computer models for safety evalua-
tion of nuclear aerosols.

INTRODUCTION

After a core disruption or core melt down of a nuclear reactor, heat transfer
by the inner containment atmosphere influences aerosol behaviour in various
ways. As aerosols comprise a very important part of the source term of radio-
logical risk of these hypothetical accidents, it is worthwhile to consider the
heat transfer related aerosol processes. These processes are:
- stirring of the containment atmosphere by natural convection leading to drag
forces on the particles,

- diffusiophoresis (aerosol transport in a vapour concentration gradient),
- photophoresis (aerosol transport in a radiation field),
- thermophoresis (aerosol transport in a temperature gradient),
- particle growth by condensation.
In this paper these processes will be treated, although some of them only
introductory. Also other aerosol processes commonly used in computer codes,
will be compared and influences of heat transfer related processes will be
discussed.

STIRRING OF CONTAINMENT ATMOSPHERE

In nuclear aerosol safety it is generally assumed that the aerosol con-
tents of the safety containments are well mixed apart from boundary layers
at the walls where aerosol deposition takes place. It is of utter importance
for the aerosol deposition rate whether in "reality" the aerosol particles are
transported to these boundary layers by thermal convective flows or other.
slower processes. When the containment atmosphere is insufficiently mixed the
description of the three-dimensional aerosol transport becomes rather complex.
Inhomogeneous spatial aerosol distribution can be either due to stable strati-
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fication of the confined atmosphere or due to aerosol particle settling veloci-
ties too large compared to the thermal convection flows.

Stable stratification arises when the heat source is in the upper part of
the containment or when the lower part is strongly cooled, two unreal cases.
However, stable atmospheres have been also observed in some cases of vessels
with a heated pool of liquid on the floor. Study of 12 different vapour/gas
systems in such vessels has revealed that stable stratification arises only
when (M(j-Mg)X(j is positive and very large. Md and Mg are the molecular masses
of the vapour and gas.resp., X<j is the mole fraction of vapour in equilibrium
with liquid at gas temperature. The complete limiting condition predicting the
stability of an enclosed atmosphere above a heated liquid can be found in [l].
From this it may be concluded that the atmosphere of inner containments of
sodium-cooled reactors is stirred under post-HCDA conditions (where material
producing decay heat will collect in the lower parts of the containment).

The second case of inhomogeneous spatial aerosol distribution (dominating
settling rate) occurs when gravitational forces on aerosol particles are larger
than the drag force from the stirring natural convection, i.e. for coarse
aerosol particles. For an aerosol filled containment heated locally with power
Q, a diameter d^x of aerosol particles can be defined which aerosol is just
well-stirred. Combination of the equations of Stokes, Blasius and Newton leads
to the following relation for dmax:

for a reactor containment under post-accident conditions dmax can be calculated
to be some hundred microns. Since such coarse particles are not expected, the
containment will be well-stirred with respect to the confined aerosol. This
means that atmospheres of containments under post-accident conditions are well-
stirred due to convective decay heat transfer.

DIFFUSIOPHORESIS AND PHOTOPHORESIS

Current reactor design aims at covering of a dispersed core by coolant,
which means transfer of a considerable part of the decay heat by evaporation.
At Lhe cold walls where subsequent condensation takes place, diffusiophoresis
may be important.

Photophoresis can become important when heat transfer is mainly by
radiation which will be the case at higher temperatures. Deposition of
radiation absorbing particles will be at cold walls viewed by the heat source.

Equations describing diffusiophoresis and photophoresis are available
([2] and [3] resp.), however, these subjects are not treated in this paper.

THERMOPHORESIS

As shown, the atmosphere of a locally heated containment is well-stirred.
Therefore, transport of heat and aerosols is mainly due to thermal convection.
At the boundary layers near the heat sinks, the cold walls, heat transfer is
by diffusion. The resulting temperature gradient gives rise to thermophoresis
of aerosols from hot to cold, with a velocity proportional to this gradient.
The aerosol will decay exponentially with a decay constant 6th d u e t 0 thermo-
phoretic deposition

From Stetter's theory [4] on the relation between o and the diffusion coeffi-
cient of the gaseous phase and from simple gas kinetic theory it may be con-
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eluded that — = 0.5 cm^ W~lsec~l [5]. The value of — is almost independent
of aerosol 8 material and particle size, and does 8 not vary with tempera-
ture.

At the last ANS conference on Fast Reactor Safety [5] evidence was pre-
sented of the validity of (2) for a wide range of containment volumes (75
litres up to 20 m3) and geometries. Recently, we performed experiments in the
SAUNA-vessel (about 150 litres, to be described later on) in order to explore
the validity of the mentioned temperature independence of equation (2). In
f\g. 1 the measuring data from SAUNA which cover the range from 90 °C up to
700 °C, is plotted together with the measuring data presented earlier. Also
these new data fit the earlier relation. In all cases of low to moderate
initial aerosol mass concentration (some 0.1 g m~3 or less) an exponential
decay is observed, which is in good accordance with the size independence of
thermophoresis. The aerosols used were all polydisperse aerosols mainly from
Exploding Wires.

Equ. (2) describing aerosol mass decay due to HCDA decay heat transfer by
the containment atmosphere is a very simple tool for aerosol safety calcula-
tions and is therefore useful in this field.

AEROSOL DECAY IN CONTAINMENTS WITH A HEATED POOL OF COOLANT

The inner containment of LMFBR's must be filled with a gas inert to sodium
in order to prevent important oxidation of sodium in case of HCDA. Therefore,
under post-HCDA conditions the inn°r containment will contain the dispersed
core immersed in hot sodium which may even boil initially in absence or failure
of core catcher cooling.

The atmosphere inside an enclosure with a heated layer of liquid on the
floor is supersaturated with vapour of this liquid. This is a general expe-
rience from studies on a large number of such liquid/gas systems. The super-
saturation, although experimentally difficult to measure, can be observed
simply from the fog formation after introduction of aerosol particles. This fog
formation also explains the increased removal rate of aerosol in condensing
atmospheres compared to the rate in dry atmospheres (fig. 2). The aerosol
particles act as condensation nuclei and may grow to sizes with relatively
large gravitational settling rates due to continuous material transport from
the evaporating liquid to the particles. This process of aerosol removal by
condensation can be quantified in the following way. The growth of the aerosol
particles due to the continuous condensation on them is given by

in which
30 Mm

4llp

where m = average mass of original aerosol material in one droplet. Increase of
droplet radius due to condensation leads to an enhanced settling rate in agree-
ment with the observations such as represented in fig. 2. In addition to this,
there are visual observations at special illumination with a laser beam on the
boundary layer near the floor which confirm this.
According to Stokes1 law the mass concentration decreases according to

dCm 2

1T=-AR cm (5)
where
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An exact solution of (3) and (5) is noc possible. An approximate solution can
be obtained using the following conservative assumptions:
- the radius of the droplets formed immediately after the initial fog formation
is equal to zero (no gravitational settling up to that point of time),

- before condensation starts, the aerosol formed by the excursion has a negli-
gible settling rate,

- Qv is no fuuction of time (Qv can be given a conservative value).
This yields „ j

m m " G t ( 7 )

with 2 _

G = \ (| E ) 5 A5 (8)
(4) and (6) give E and A.
The usefulness of (7) was explored by means of experiments with aerosols in
condensing vapour of either water or sodium. Table I gives a survey of the
various aerosol vessels used. The SAUNA-rig was specially built for aerosol
experiments in condensing sodium vapour (fig. 3). The SAUNA cylindrical aerosol
vessel of about 150 litres contains about iO litres of sodium on the floor and
is filled with nitrogen. This pool of sodium can be heated up to 750 °C; higher
temperatures, including boiling temperatures, are under consideration.
Exploding Wire aerosols can be introduced by flushing the content of the for-
mation vessel (EW chamber) into the aerosol vessel. Due to traces of oxygen and
water in this aerosol, traces of additional sodium oxide aerosol will be formed
too. The radiotracer techniques used for aerosol analysis, however, were
specific for the Exploding Wire material. The sodium oxide aerosol being of low
mass concentration has not been taken into account. No influence on the aerosol
decay ha3 been observed.
Recent experiments at E.C.N. using aerosols mainly from Exploding Wires, have
yielded measuring data showing that cm^'^ decays linearly with time (figs.4 and
5). Table II lists a number of experiments carried out in air/water or nitrogen
/sodium systems. In all cases the aerosols, produced from Exploding Wires, were
introduced into the supersaturated atmospheres and the mass concentration decay
measured by filter sampling followed by radiotracer analysis. It may be con-
cluded that the aerosol decay obeys equation (7) and that the system fulfils
the requirements of mentioned assumptions as well.

Using flame scintillation counting, the decay was recorded of
sodium oxide aerosol formed in SAUNA by flushing in nitrogen, in this
case without Exploding Wire aerosol. Also these data shows a linear decay
of Cn2'5 (fig. 6).

A typical feature of the aerosol decay in condensing vapour is the finite
life time of the aerosol, which is very interesting from the point of view of
reactor safety. A certain period of time t m a x after the aerosol is formed
in a supersaturated atmosphere there is essentially no aerosol particle left,
as has been observed visually.
t can be calculated from o , o

max _2 _3 2

* I (l E) 5 A 5 cm<°>5 <9>
Assessment of 0 is one of the problems to be solved. For the particular case
of condensing vapour <}v was calculated from the G-values obtained from a number
of experiments in various vessels (see Table II). Equations (4), (6) and (7)
were used for this computation. As shown in this table, Qv/Q (being the part of
the total heating power dissipated into the vessel and used for condensational
growth of the particles) increases for increasing vessel volume and Q. There-
fore, a safe lower limit of 0.1 % can be taken for Qv/Q from these data.
Another unknown in (9) is the magnitude of m. However, (9) in fact contains
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both cm(0) and m as their ratio which ratio is the initial aerosol number con-
centration cn(0). For cn(0) a value of 10^ cm~3 can be taken independent of the
real initial number concentration. Within a period of about 10 minutes, any
aerosol of high initial number concentration will have decayed to 10^ cm"3 due
to coagulation. This transformation is also attractive in view of the deviation
from the ^/5-th power decay observed at low heating powers (fig. 4) which must
also be attributed to coagulation. Assuming a point of time of aerosol forma-
tion later than the HCDA event, solves conservatively this problem of the ob-
served anomaly.

Using the given model it is now possible to calculate the aerosol lifetime
'max i° the inner containment building of an LMFBR after an HCDA.
The decay heat power is taken to be 5 MW (300 MWe reactor, e.g. SNR-300) of
which 10 % is assumed to be dissipated to the inner containment atmosphere and
of which 0.1 % is used for condensational particle growth. Further: ARy (Na) =
= 105 J mole"1, V = 104 m3 and h = 10 m. This yields a tmax-value of about 30
minutes. Including the coagulation period of also 30 minutes, this means that
about one hour after the HCDA essentially no aerosol particle formed by the
HCDA is present in the inner reactor containment.

MODELS FOR AEROSOL BEHAVIOUR IN CONTAINMENTS UNDER POST-HCDA CONDITIONS

Various computer codes exist describing aerosol behaviour in LMFBR safety
containments under post-HCDA conditions, like e.g. HAA-3A [6], PARDISEKO-3 [7J ,
ABC [8]. There are a number of simplifications and approximations in these
codes making their applicability to reactor safety doubtful.

Firstly, for two reasons aerosol particles are assumed to be droplets:
simplicity of calculation, and lack of knowledge about the relation between
aerodynamic behaviour and microstructure of non-spherical fluffy particles.
This neglect of the dynamic shape factor K plays a role in two important size
dependent processes of these codes: coagulation and gravitational settling.
Recently, we have found for Exploding Wire aerosols [9], consisting of aggre-
gates of more than 5 x 10 primary particles per aggregate (representative for
aerosols formed by HCDA) that the dynamic shape factor reaches a final maximum
value amounting to about 15. This means that HCDA aerosol particles have an
aerodynamic diameter considerably smaller than assumed hitherto on the basis
of the droplet model which implies the use of volume equivalent diameters. The
HAA-code uses a correction factor for nor:-sphericity which can be interpreted
as a dynamic shape factor K of /3, This is not only a relatively small K-value
but also the variation of K during coagulation is not taken into account.

Secondly, the high density, decay heat producing dispersed core will
collect in the lower parts of the inner containment. This results in heating of
horizontal surfaces which generally are assumed to be available for gravita-
tional deposition. Thermophoretic forces counteracting gravity will hamper
deposition of particles on these surfaces. In order to investigate the impor-
tance of such conditions, decay constants for aerosol removal in a vessel with
a heated floor were measured. Fig. 7 gives the results. With increasing power
of the floor heating the decay constant initially decreases (aerosol stability
increases) due to hampering of gravitational settling. At higher levels of
heating power, the aerosol deposition is enhanced because thermophoretic de-
position becomes overwhelming. From these experiments, it is clear that more
attention has to be paid to the limited availability of the floor of contain-
ments for aerosol deposition due to floor heating.

Thirdly, experiments carried out for testing computer models must be per-
formed under conditions as real as necessary. This implies among others that
experiments using high aerosol mass concentrations require additional stirring
in order to keep the aerosol spatially homogeneously distributed. Most
realistic stirring can be achieved by means of local heating of the aerosol
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containment. However, in that case long term behaviour of the aerosol will be
influenced by thermophoretic deposition.Altogether, this is another argument
for application of thermophoretic deposition or other heat transfer related
processes in models for aerosol behaviour in containments under post-HCDA con-
ditions. Computer models for aerosol safety evaluation must be tested
by experiments under conditions simulating the actual accident.

SUMMARY

1. Heat transfer related aerosol transport processes (stirring, thennophoresis,
condensation) play important roles in the fate of aerosols under post-HCDA
conditions.

2. It is shown that natural convection will keep the aerosol stirred under
various conditions.

3. It is certainly preferable to apply thermophoretic deposition to modelling
for nuclear aerosol safety because of its simplicity: absence of tempera-
ture, aerosol material, particle size and concentration effects and simple
relation to containment volume and decay heat power.

A. Condensation of coolant vapour on aerosols and subsequent settling of the
droplet mist, can be made useful for incorporation into nuclear safety
evaluation of aerosols under wet conditions.

5. Comments are made about existing computer codes based on aerosol
models closely coupled to coagulation combined with gravitatioral se'tling.
Among others incorrect assessment of the dynamic shape factor of "real"
HCDA aerosol is indicated.
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PRINCIPAL NOMENCLATURE

c * concentration
d * particle diameter
g • gravitational acceleration
h * height
AHV « latent heat of vaporisation
k * heat transfer coefficient ,
1 - characteristic length (about TV)
M * molecular mass of condensing

vapour
Q «• (decay) heat power
Qv =• heat released per second due to

condensation on aerosol
R * particle radius

t = time
V « containment volume

X = mole fraction
« » proportionality constant

according to |4| and |s|
6 = decay, constant
e = coefficient of thermal

expansion of gas
n • gas viscosity
K = dynamic shape factor
A • thermal conductivity
p = density

Subscripts
d = diffusional, vapour
g = gaseous
m = mass
th = thermophoretic

TABLE I

Survey of Aerosol Vessels used

Name

PERVEX

100

200

300

ENAK

GRACE

SAUNA

Shape

box

vertical
cylinder

box

box

vertical
cylinder

ii

n

3
Volume (m )

0.15

1.2

1.0

0.075

20

0.3

0.15

Height (m)

0.6

1.5

1.0

0.5

4.2

1.2

0.6

Wall material

Lucite, brass
floor

steel

steel

stainless steel

aluminium

glass

Incoloy
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TABLE II

0 Values calculated using (7) from Aerosol Experiments

performed in condensing Vapour in various Aerosol Vessels

Aerosol
vessel

ENAK

ENAK

ENAK

ENAK

GRACE

GRACE

GRACE

GRACE

200

200

200

200

PERVEX

SAUNA

SAUNA

SAUNA

8

4

2

2

Q(W)

x I03

x 103

x 103

103

600

300

200

100

900

600

400

200

60

x I03

103

500

G

(kg m ~ 3 ) 2 / 5 sec"1

7.

5.

4.

2.

3.

1.

1.

1.

1.

1.

8.

5.

1.

1.

2.

8 x

5 x

0 x

7 x

0 x

9 x

6 x

2 x

2 x

0 x

3 x

5 x

5 x

8 x

10'

4 x

lO"7

10"7

10"7

10"7

.o"6

.o"6

10"6

10"6

»o"6

10"6

10"7

.o"7

10"6

10"5

5

10"6

%

45

18

8

3

2

0

0

0

2

1

0

0

0

480

110

3

(W)

.5

.2

.8

.87

.57

.28

.1

.3

.82

29

.067

0

~ x 100 %

0.56

0.45

0.42

0.32

0.46

0.29

0.28

0.28

0.23

0.22

0.20

0.15

0.11

24

11

0.6

vapour .
gas

water/air

water/air

water/air

water/air

water/air

water/air

water/air

water/air

water/air

water/air

water/air

water/air

water/air

sodium/N,

sodium/Nj

sodium/N-

K?

* Uf*m<Wctr?

103

Decay oomtanu 0 of wnwoh for vtriout * y M.-JMII and twtiint
•HffKtrtw « • ftmcHoit of ̂ MCifk hMthtf powtr QTV.

Fif.2 UMMANAt i t iM*Hy <«M to n»t m~3) «f toW H t M l In pantx «f Hi *
on * • Ihtr (•) m4 un4m * y *M«tior» (o). to W flow honfe* •owar.
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FUEL PARTICLE AND FISSION PRODUCT RELEASE FROM LMFBR-CORE CATCHER

S. Jordan and Y. Ozava*
Kernforschungszentrum Karlsruhe

Laboratorium fur Aerosolphysik und Filtertechnik

ABSTRACT

During a postulated severe incident with core rupture at a
sodium cooled fast reactor major quantities of fuel particles mgy be
suspended in the liquid sodium contained in the core catcher. The
release of fuel and sodium from a contaminated pool at 500 and 900 C
was investigated by laboratory and technical experiments. Sodium
vapor was released from a boiling sodium pool into Nitrogen
atmosphere with a rate of 85 kg Na/nr-h, Decontamination factors for
Uranium release from sodium pools were measured between 103 and 10
for sodium containing 1 weight percent U02 powder. The effect was
found to be not strong dependent on temperature between 500 and
900°C.

INTRODUCTION

In case of a severe accident (Bethe-Tait) with core disrupture of a
sodium cooled fast reactor the core may melt through the reactor tank and
contained in an ex-vessel core catcher. There it is covered with hot or
boiling sodium.

During the process of core meltdown considerable quantities of fuel
particles and fission products may be suspended or solved in liqmid sodium.
Some of the fission products and presumably also fuel particles or reaction
products of fuel sodium reaction are subsequently vaporized into the gas space
and then released into the reactor containment.

For estimation of activity concentration in the containment it is
important to know what quantities of sodium, fuel and fission products are
released from hot sodium pools.

Even at core disrupture and temperatures as high as 6000°C it is assumed
that most of evaporated or molten fuel is still in oxidized state /~1;7. Some
of the evaporated fuel recondenses to particles and suspenses in the sodium,
another part of the molten fuel may be suspended in sodium mechanically.
Conservative calculations have shown that up to 7 - 8 kilograms of fuel might
be suspended in one cubicmeter of sodium.

The release of fuel from sodium into the gas phase is possible in two ways:
first, particles are ejected mechanically from sodium, for example by

•delegated from Hitachi Research Laboratory, Japsn
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collapsing bubbles or second, after fuel-sodium reaction as a compound with
higher evaporation rate than U0o.

Since several years sodium uranates are well known. The reaction product
Na^UOj, is known to be stable in the system Na-UOg-Na-UO. at oxygen
concentrations of O.h - 0.9 ppm in sodium and temperatures above 500 C / 2_7.
The theoretical density is measured to 5-6 g/cm^, the melting temperature is
1U2O°C.

There have been only few calculations in the past, on fuel release from
burning sodium pools. It was estimated_that iO~' of IV02 contained in the pool
may be released into the environment /~3_7.

To clarify this problem laboratory and technical scale experiments were
performed to investigate the release of sodium, fuel und fission products into
the nitrogen atmosphere of the inner containmen of a LMFBR reactor.

EXPERIMENTAL FACILITIES

At the laboratory scale experiments different quantities of uranium
dioxide powder (mean particle diameter 20 micron) were suspended in about
100 grams of sodium and heated up to 500 to 900 degree centigrade. The
evaporated sodium and fuel was either transported by a gas stream of Argon or
by diffusion through a heated (200°C) pipe in two cold-traps cooled with liquid
nitrogen. At the end of the open loop was a filter. The gas stream was measured
by a gas-meter. A block diagram of this test facility is shown in Fig. 1.

The technical scale experiments were performed in the U cubicmeter closed
stainless steel vessel "NABRAUS". A diagram of this facility is Bhown in Fig.2.
Metallic sodium was molten in a burning pan in nitrogen atmosphere and mixed
mechanically with uraniumoxid powder, The pan was then heated up to about
500°C. During the experiments probes of aerosols vere drawn at different places
of the vessel. The nass concentration of sodiumoxid aerosols was determined by
washing out the aerosols in water with subsequent titration. Behind the
scrubber a filter was placed to deposit particles not washed out by the
scrubbers.

The uranium content- of aerosol samples respectively the uranium content
of sodium in the cold traps was determined by fluorometric technique. By this
technique it was possible to measure an uranium content as low as 10 ng.

For both series of experiments the concentration of fuel in each
(aerosol-) sample is compared with the concentration in the initial hot sod:urn
pool and discussed in terms of decontamination factors DF which are the ratios
of the fuel concentration in pool to the released fuel concentration in sodium
aerosol:

A*
DF = -—

nu. Aerosol,vapor

EXPERIMENTAL RESULTS AND DISCUSSION

Three laboratory scale experiments have been carried out under boiling
conditions: two with Argon gas flow, one without gas flow. Four experiments
were carried out at 500°C &nd different Argon gas flow rates. Experimental
results are placed together in table 1. All experiments were performed with
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100 gram of sodium and either 1 or 10 gram of uranium dioxide suspended in
sodium.

Decontamination factors were found nearly reproducable to 1500 +, 500 at so-
dium boiling conditions. For the first three experiments initial Uraniumdioxide
concentration in reaction vessel did not change too much during experiments.No
significant change of decontamination factor was found between the destination
experiments (1 and 2) and forced transport by Argon gas flow. A comparison of
decontamination factor of experiment 1 and 2 with experiment 3 shows that the
concentration of Uraniumdioxide in sodium has no strong effect on decontamina-
tion factor.

From the experiments k to 7 it can be concluded that decontamination
factor does not change substantially with temperature.

From the experimental results it is possible to get a reference to the
vaporization rate of sodium at boiling conditions. Analysing the experiments of
table 1 the evaporation rate of sodium was found to be about 85 kg Na/»2»h at
900°C and about 300 g Na/m2«h at 500°C.

Separate experiments were performed to check the influence of oxygen
2 2 ) content of sodium on decontamination fact6r.No influence could be

measured. Sodium-Uraniumoxide suspensions were preheated at 800°C five hours
before each experiment. Longer preheating did not influence decontamination
factor.

It is interesting to note that without gas flow most Uranium was found in
the pipe and the first cold trap. With gas flow a great quantity of Uranium was
found in the filter behind both cold traps.

Results of one technical scale experiment are shown in table 2 standing for
two additional experiments with similar results. The oxygen content of the
atmosphere above the sodium pool was in the first part of the experiment lower
than 0.1 ppm. In the course of the experiment oxygen concentration was in-
creased to 0.5 % and kept constant. Decontamination factor did not change sub-
stantially and was-measured between 1000 and 5000. Later on the oxygen content,
was increased to 21 %. The decontamination factor increased to values about 1 0 .
Temperature varied during the experiment between U6o and 65O°C. Also at these
experiments a large portion of the sampled Uranium was deposited in the Filter
behind the wet scrubbers but nearly no sodium was found in the filter.

It seems to be probable that sodium and Uranium evaporate separatly from
the pool and only parts of the Uranium particles are attached to sodium aerosols
by coagulation. Therefore, it might be reasonable to calculate the Uranium con-
tent of atmosphere above a hot sodium pool. These values are evaluated from ex-
perimental results and shown in col. 5 of table 2. The airborne Uranium con-
centration is nearly constant for all samples and measured to 0.01-0.0U mgy/m3.
Increasing temperature of pool surface for example by pool burning increases
rapidly sodium aerosol formation but not as much the Uranium release as pointed
out by higher decontamination factor measured at 21 % oxygen content o-f
atmosphere.

In the range of error no significant temperature dependence of Uranium re-
leases from sodium pool was found. This points to a evaporating compound
boiling at much higher temperatures than sodium. We believe that sodium uranafee

is responsible for Uranium release from contaminated pools.

From the increase of sodium aerosol concentration above the pool sodium
evaporation rate can be estimated. At about b5O-5OO°C sodium evaporation rate
was calculated to be 200 gr' Na/m2#h. Because of proportionality of evaporation
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rate and vapor pressure this value is in good agreement with the value derived
from laboratory scale experiments at boiling conditions.

SUMMARY
o

- Sodium evaporation rate into inert atmosphere was found to be 200 gr Na/m *h
at 500°C and 85 kg Na/m2-h at 900°C.

- A hot sodium pool contaminated with Uraniumdioxide particles releases Uranium
into inert atmosphere above the pool with a decontamination factor of 1000-
5000.

- No significant temperature dependence of decontamination factor betveen 500
and 900°C was measured.

- Sodium and Uranium evaporates separately into the atmosphere.
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TABLE I

Release of Uranium from a Sodium Pool Contaminated with UO. Par t ic les

Experiment
Nr.

1

2

3

4

5

6

7

Na
g

100

130

100

100

100

100

100

uo2
g

8,48

8,68

0,76

0,84

0,72

0,95

10,25

Temp.

•c

890

890

890

500

500

500

500

Argon
Flowrate

l/min

-

-

0,6

17,0

10,0

1,0

10,0

Na
trapped

9

40,0

23,9

45,0

12,3

2,0

0,9

2,8

»U
trapped

U9

1580

1230

394

42

5

4

104

DF

2000

UOO

1100

2100

2470

1750

2450

TABLE II

Uranium Release from Contaminated Sodium Pool
(Containing 2000 gr Na, 20 gr UCL Particles)

Sample
Nr.

1
2
3
it

5
6

7
8
9

10
11

Time
min.

5
20
35
50
61
75

85
92

105

115
120

Oxigen
Cone.
%

0
0
0
0
0
0

0.5
0.5
0.5

21.0
21,0

Temp.
°C

360
470
530
550
550
480

460
460
470

610

670

Aerosol
Cone.

mgNa/m3

67
1326
2910
8560
6500
2580

32SG
3370
3900

7S00

9700

Uranium
Cone.

mgll/m3

_
-
-

0.03
0,01
0,01

0,03
0,03
0.04

0,01

0.01

DF

2800
4500
2500

1000
1000
1000

10000

10000
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Fig. 1. Diagram of Experimental Facility

1 Preheater
2 Furnace
3 Heated Pipe
4,5 Cold Trap
6 Filter
7 Gasmeter

N2~*v.
O2 • ^> I X —

VP Vacuumpump

F Filttr

P Pump

TC Temperature Control

Glovebox

V Valve

Pr Pressure Meter

O2 Oxigenmeter

SPC Scintilation
particle counter

Fig. 2. Diagram of NABRAUS Test Fac i l i ty
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DEVELOPMENT AND APPLICATION OF CAPACITOR DISCHARGE
VAPORIZATION TECHNIQUE FOR FUEL AEROSOL STUDIES*

M. J. Kelly, T. S. Kress, G. W. Parker,
J. M. Rochelle, and M. H. Fontana

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830, U.S.A.

ABSTRACT

Investigations into the behavior of LMFBR fuel as it responds to
the levels of energy deposition projected for prompt-critical excur-
sions have been limited because of the difficulty of experimentally
achieving the resultant high thermodynamic states in a laboratory.
In order to conduct "source-term" assessment and fuel aerosol behavioral
experiments, the Aerosol Release and Transport program at ORNL has been
developing a Capacitor Discharge Vaporization (CDV) technique for using
electrical energy, via the discharge from capacitors, to achieve HCDA-
like energy states in UO2. This paper reports the details of the tech-
nique, the developmental test results that have demonstrated feasibility,
and a brief description of the proposed experiments that will use the
CDV system for safety related studies.

INTRODUCTION

The defence-in-depth safety philosophy for Liquid Metal cooled Fast Breeder
Reactors (LMFBR) requires assessment of the radiological consequences of hypo-
thetical core disruptive accidents (HCDA) notwithstanding their low probability
of occurrence. Such assessment involves determination of the quantities of
radionuclides that move out of the core, escape from the primary vessel, and be-
come available for release from the secondary line of containment. The charac-
teristics and transient behavior of the released material are of interest as
well as the quantities released.

It is customary to recognize two major paths for release accompanying an
HCDA — for core material that rises up through the sodium and escapes through
the primary vessel head, and for material that falls and melts its way through
the vessel bottom. The Aerosol Release and Transport (ART) program [1,2] at Oak
Ridge National Laboratory is currently concerned with assessing the radiological
source term and transient aerosol behavior that results via the first path — the
rising HCDA bubble.

^Research sponsored by the U.S. Nuclear Regulatory Commission at Oak Ridge
National Laboratory, operated by Union Carbide Corporation for the Energy
Research and Development Administration.
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THE ART PROGRAM

The ART program is an experimental and analytical project structured to
make investigations into three main areas related to HCDA source term assessment
and aerosol behavior:

1. conversion of the core into transportable material as a function of the
amount of energy deposited in the fuel,

2. transportability and attenuation within the primary vessel sodium and
behavior in the cover gas space, and

3. transient behavior of the released radionuclides accompanied by the
burning of sodium in the secondary containment.

The program is being conducted in four separate test facilities designated
CRI-III, CRI-II, FAST, and NSPP.

In the CRI-III facility, U02 (as a surrogate for fuel) will be placed into
a variety of initial HCDA-like states. The U02 will then be allowed to flash as
it undergoes essentially unconstrained expansions into an atmosphere of argon.
The unconstrained expansions ohould provide vapor yields that approach adiabatic
maximums and the rapid quench should result in the smallest primary aerosol
sizes. The objectives wo'-ild include establishing the quantities of fuel of all
phases that are made airborne and transportable, determining the primary aerosol
sizes and distribution.0 , and determining the characteristics and transient be-
havior of the arlrborr.e material. Some of the tests would add sodium to allow
fuel-coolant interaction and would add sufficient amounts of stainless steel to
investi ate the influence of cladding in the source mixture.

Th>_ bigger, CRJ-T.I, facility is restricted to lower temperatures. However,
it is located in a confinement area and can be used at low activity levels to
investigate how traced fission product simulants are released and travel with
the aerosols, and to investigate possible effects of a radiation environment on
aerosol behavior.

The Fuel Aerosol Simulant Test (FAST) is a U02/sodium facility for investi-
gating the under sodium transport and attenuation of the expanding and rising
HCDA bubble. It is basically a 1/10 scale version of the reactor primary vessel.
Electrical energy stored in capacitors will be used to create small scale dis-
assemblies of UO2 fuel simulant samples under a substantial pool of sodium. The
objectives will be to study the source as it interacts with the sodium, the bub-
ble dynamics and growth, the transport and attenuation in the sodium, and the
transient behavior in the cover gas space.

The fourth facility, the Nuclear Safety Pilot Plant (NSPP), uses a 40 m3

vessel in which sodium pool and spray fires will accompany the simultaneous
generation of U3O8 aerosols (through burning of uranium). In the NSPP, sodium
oxide and uranium oxide mixture aerosol behavior will be established as the
aerosol undergoes transient conditions similar to those projected to exist in
the LMFBR secondary containment. Of interest will be to validate aerosol be-
havioral models including the effects on the aerosol behavior of concentration
level, relative time of introduction of the various species, pressure/tempera-
ture transients, convection currents, and the presence of moisture.

To conduct some of the ART program experiments, it appeared necessary to
have a means of placing fuel samples (or U02 as a surrogate) into the high
thermodynamic states that are projected to exist following a prompt-critical
excursion. Consequently, the early phases of the ART program have concentrated
on developing a technique based on the "exploding-wire" method of creating
aerosols from conducting metals via the discharge of electrical energy stored
in capacitors. The remainder of this paper, then, will discuss the development
of this Capacitor Discharge Vaporization system at ORNL and present some of the
preliminary results.
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CDV DEVELOPMENT

The use of capacitor discharge techniques to produce aerosols from fuel
materials was originally reported at Karlsruhe in 1968.[3] Their intent appar-
ently was to produce aerosols for behavioral studies in confined volumes — and
they were able to vaporize a fraction-of-a-percent of their fuel samples for
that purpose. A slightly different view is taken here. In the ART program, the
CDV system is considered as an experimental tool for placing samples of LMFBR
fuel into the appropriate high thermodynamic states. The laboratory samples can
then be used in a variety of safety related experiments including aerosol be-
havioral sLudies. That is, in the AFT program, the electrical energy serves as
a replacement for the nuclear energy. The design objective has been to premelt
UO2 and then deposit 'vlOOO to 2000 joules/gram over millisecond time scales.

The high electrical resistance exhibited by fuel at low temperatures and
the negative temperature coefficient (the resistance decreases about six orders-
of-magnitude when heated from room temperature up to several thousand degrees
Kelvin) has led us to choose the following operational procedures: The samples
are first preheated by means of a constant power electrical preheater until a
substantial portion of the mass is molten (ideally we would like to premelt the
entire sample). The preheater is then removed from the circuitry and a capaci-
tor storage bank with appropriate switches and inductance chokes is applied.
The CDV system can therefore be considered as having four components; the fuel
sample and holder, the sample preheater, the capacitor energy delivery system
with associated charging and discharge control circuitry, and the diagnostic
instrumentation.

Prototype Sample Configuration

Fuel simulant sample assemblies used for most of the CDV development tests
have been made up of axial stacks of fuel-sized UO2 pellets contained between
spring-loaded tungsten electrodes. The pellet stacks are enclosed by loose re-
fractory packing (UO2 powder or microspheres) that serves as thermal insulation.
The refractory packing is held in place by a surrounding quartz or ceramic con-
tainment tube. The electrodes fit into the containment tube so that structural
rigidity is maintained but sufficient clearance is permitted for thermal expan-
sions. This basic assembly is mounted coaxially in a stainless steel holder
webbed to allow the disassembly to occur generally in radial directions. One
electrode is attached to an axial copper conductor electrically isolated from
the stainless steel holder by rigid ceramic insulators. The other electrode is
spring loaded and is attached to the stainless steel holder by flexible conduc-
tors. The holder itself is flanged for mounting inside a test vessel. See Fig..l.

The use of quartz for the containment tube will allow some pyrometry obser-
vations of the sample during the experiments, will provide felectrical insulation
when the system is used under sodium, and will prevent the pressurized sodium
from penetrating into the sample prior to capacitor discharge.

Sample Preheating System

The futii'sample is first preheated to melting prior to the.capacitor bank dis-
charge by means of a constant power preheater. The ORNL design can provide any
chosen power up to 4000 watts (100 amp maximum). During a typical test, the
sample has a steady power of 50—80 watts/cm applied to it until the system sta-
bilizes. Then 200-300 watts/cm are applied for 30 to 60 sec. The latter power
period brings the sample temperature to the melting point and provides the melt-
ing energy. An auxiliary circuit is included that will allow the application of
a high voltage, low current capability to warm the sample from room temperature
where it has a very high resistivity (> 1O6S2) to a temperature where the resis-
tance is low enough OvlO1*!}) to allow the main preheater to be used.

Because of the inverse temperature-resistance characteristics of fuel, the
preheater has been designed to operate at constant power which helps provide
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stability and control. Control at constant power is accomplished by an integrat-
ing circuit that multiplies the load voltage and current signals. The resulting
instantaneous power signal is then electronically compared to a reference setting.
The firing angle of the silicon controlled rectifiers is reset to achieve a null
balance. For a 1000 watt difference, 90% error closure ?an be obtained within
0.08 sec.

The Capacitor Energy Delivery System

The capacitor energy delivery system has been designed for flexibility.
The energy storage system has four modules. Each module consists of ten capaci-
tors (rated 3 kJ each at 2500 volts), an Ignitron for firing control, and block-
ing diodes for module isolation. An internal safety resistance bank is incor-
porated to dissipate the stored energy if required. Tach module can be charged
at a rate of 35 kJ per minute to a preset voltage with a safety cutoff at 3000
V. Any combination of modules can be used and firing can be simultaneous or
sequential with preprogrammed delays.

The energy discharge rate through the samples can be varied about a factor
of three by changing sample length and module voltage. To reduce the energy
insertion rate by over an order of magnitude, we can use adjustable inductors
with each module.

Our tests have shown that we produce about a gram of airborne material from
our prototype samples for each 25 kJ of energy deposited. Consequently, we
presently have the installed capacity to produce about 5 grams of aerosol.

CDV Diagnostic Instrumentation

The instrumentation and diagnostics discussed here relate only to the CDV
system and its application and covers the time period from initial preheat
through sample disassembly. Three time periods are of interest; the high preheat
phase, the capacitor discharge phase, and the short disassembly phase.

For the high preheat phase (seconds), the sample is monitored for unifor-
mity of heating and containment integrity by a television camera. Voltage,
current, power, and temperature (by optical pyrometer) are recorded on a strip
chart and stored on data tapes.

During the capacitor discharge phase (milliseconds), the sample is moni-
tored by a color movie camera operating at 10,000 frames per second. Voltage,
current, vessel transient pressure, and the acceleration of the spring loaded
electrode are recorded on data storage oscilloscopes. These signals can be
tape recorded at high resolution and subsequently digitized for data processing.

For the disassembly phase (microseconds), we have available a two-channel
storage oscilloscope which digitizes analogue input data as rapidly as 0.5
microseconds per point. It has a 4096, 12 bit, mainframe memory with a trigger-
ing feature that allows data to be stored both before and after the triggering
event (which, in our case, may be containment failure). Its application will
be to record the transient temperature of the expanding vapor-aerosol system
during disassembly using a photoelectric device as the primary sensor.

Development Testing

The interactions between sample assembly design, thermal preconditioning,capa-
citor characteristics, and energy discharge rates have been investigated in our
development testing program prior to finalizing the system design described
above. These tests were conducted to establish the feasibility of the CDV tech-
nique, and to optimize the design for maximum efficiency. These feasibility and
development tests were conducted at an existing facility through an interagency
agreement with the Arnold Engineering Development Center (AEDC), a U.S. Air
Force facility located at Arnold Air Force Station, Tennessee.

Two capacitor bank configurations were used. One, when charged to 2600 V
(74,000 .-joules), produced a nominal 15 MW power pulse with a delivery time up to
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3.3 msec. The other, when charged to 2600 V (63,000 joules), provided a nominal
5 MW pulse with a delivery time up to 10 m3ec.

Forty experiments were completed at the AEDC facility. The parameters in-
vestigated included: (a) containment tube strength changes, (b) refractory
packing insulation changes in both material and thickness, and (c) the addition
of stainless steel as Tilings or as cladding around the pellet stack and (d)
other special purposes tests.

High-speed (20,000 frames/see) motion pictures of sample disassembly were
obtained with each test along with electrical and pressure data, serial post-
shot filter samples of the airborne material, fallout and plateout collector
samples, and grid samples for scanning-electron photomicrographs.

Table I summarizes results from four typical successful experiments. More
details of all the tests are available in the ART Quarterly Progress Reports
and a report of the CDV development now in preparation.[4]

Table I. Results of Selected CDV Tests

Energy input (kJ)

Aerosol Yield (g)

Percentage Yield

Comments

14

20.4

0.78

10.0

Normal
Disassembly

Test Number

24

23.2

0.90

8.1

Lower Electrode
Expelled-
Disassembly

Otherwise Normal

30

25.1

0.84

9.0

Normal
Disassembly

37

28.7

0.62

5.7

U02 Ejected
Around Electrode
No Disassembly

In all the tests in Table I, the packing insulation consisted of 30/50 mesh
UO2 microspheres. The ID of the containment quartz was •vl cm with wall thick-
nesses ranging from 2 to 4 mm. The aerosol yield is shown as total grams and
as a percent of the initial pellet mass (tests using ThO2 for packing insulation
have demonstrated that > 85% of the aerosol is produced from the pellet region
and the remainder from the insulation).

In the first three of these tests, the quartz containment ruptured — fol-
lowed by rapid system expansion. Test 37, however, was assembled with larger
than normal clearances between the electrodes and the quartz. This apparently
allowed the high pressure, high temperature UO2 to escape around the electrodes
without rupturing the quartz.

The observed yields (order of 10!£ of the sample mass) reported in Table I
are lower than values that are predicted from adiabatic expansion calculations.

The special tests that included stainless steel in the vaporization process,
either as cladding or as filings added to the sample, have been inconsistent.
One test with stainless steel cladding and ThO2 insulation yielded 1.8 grams of
airborne aerosol which consisted of ^65% U02, ̂ 30% TI1O2, and ^5% stainless
steel. However, two similar experiments yielded much less.

We had anticipated that packed powder insulation would provide better ther-
mal insulation (as opposed to.uT>2 microspheres) thereby flattening the radial i
temperature gradient across the pellets at termination of the preheat phase.
Flattening of this initial temperature profile before capacitor discharge was
expected to result in more uniform energy deposition and greater aerosol yield.
However, the powder insulation experiments disassembled after less energy input
and produced less aerosol than did the microsphere insulation tests. We suspect
that the greater void space available in the microsphere packing allows some
expansion of the liquid UO2 thereby providing more time for energy deposition
before disassembly.
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The packing insulation we have used is electrically conducting. Conse-
quently, some portion of the capacitor discharge can be diverted from the pellet
stack and pass through the insulation. Our limited tests have indicated that an
optimum insulation thickness to minimize this diversion of current and still
thermally protect tht quartz appears to be between 2 and •'* mm. Follow-on ex-
periments will be designed to more closely determine the fraction of energy that
is diverted through the insulation. Computer simulations and our present tests
have indicated this to ba less than 20% of the total.

In successful disassembly experiments, average power input rates from 4.6
to 15.3 MW corresponding to ̂ 0.35 to 1.15 MW per gram of sample have been ob-
tained. Times-to-sample-disassembly have varied from 0.65 to 5.5 milliseconds.
These times and powers are consistent with those of postulated HCDA's.

The CDV development test at AECD were also used to make preliminary assess-
ments of disassembly produced aerosol characteristics and behavior inside the
CDV test vessel. Electron microscope examination of plateout samples of the
aerosols have indicated that the primary particle sizes (D50) range from <0.005
to 0.02 urn. Settling rates interpreted from serial filter sample data and the
Stokes relations indicate effective mass median aerodynamic diameters of about
0.4 to 0.6 pm for the aged aerosols as they settle out under the influence of
gravity.

We believe our development tests using UO2 as a fuel surrogate have demon-
strated the feasibility of using electrical energy discharged from capacitors
to place LMFBR fuel into thermodynamic states appropriate for making safety
studies relevant to HCDA source' term assessment and aerosol behavior.

The feasibility studies were conducted at an existing facility remote from
0RNL and, thus, did not allow for complete characterization of the CDV technique.
Our follow-on experiments with the newly installed system at ORNL will be better
equipped to further develop the technique, to more precisely define the energy
deposition quantities and distributions, and to more clearly establish the
states reached by the samples.
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SOME POTENTIAL REDUCTIONS IN THE RELEASE OF
RADIOACTIVITY UNDER LMFBR ACCIDENT CONDITIONS*

by

C. T. Nelson, P.. P. Johnson, E. U. Vaughan,
C. A. Guderjahn, and H. A. Morewitz

Atomics International, a Division of Rockwell International
Canoga Park, California

I. INTRODUCTION

The reactor system and containment of a LMFBR can be expected to be

very effective in preventing the spread of radioactivity following an

accident. With current leak data measurement technology, a reactor con-

tainment building must be considered to have 0.1 v/o leakage/day. Since

this is the limit of sensitivity, this much gas leakage can be accom-

modated by flow through a single, short length hole having an equivalent

diameter of about 1 mm. Recent tests at Atomics International have

shown that holes this small in diameter are quickly plugged if aerosols

are present to any extent. Since, in addition, radioactive volatiles

will be mostly trapped in the sodium pool, there is little release of

dose producing radioactivity. The most hazardous fission product vapor

is iodine. It has a high fission yield and concentrates in the rela-

tively small thyroid gland. In a series of recent tests, we have shown

that most of the iodine vapor released under sodium with Xe and Kr gas

will react chemically and be trapped in the sodium pool before it can

escape through broken reactor head seals. Thus, neither significantly

radioactive aerosols or gases can escape the outer containment in appreci-

able amounts following LMFBR accidents.

This paper discusses in Part II the removal of iodine from gas

bubbles rising through a sodium pool. In Part III, experiments on the

plugging of small capillaries by sodium oxide aerosols are described.

•Supported by U.S. ERDA under Contract E(C4-3)-824.
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II. IODINE REMOVAL FROM BUBBLES RISING THROUGH A SODIUM POOL

Any elemental iodine produced as a fission product in a fuel pin

will tend to migrate to the gas plenum above the fuel along with xenon

and krypton gas. The iodine vapor will be a minor constituent because

xenon has a higher fission yield and probably is more easily released

frjm the fuel than iodine. Following a break in the plenum, the iodine

will be carried in gas bubbles through the sodium pool. As each bubble

rises, some of the iodine will be transported to the bubble wall where

it will be removed by the formation of Nal, which is soluble in sodium.

Sodium vapor will also diffuse into the gas bubble and form Nal aerosol

within the bubble. Removal of Nal aerosol from within a bubble is

probably not very efficient because diffusion of aerosols is slow.

Experiments were conducted to neasure the amount of iodine (either

elemental or Nal) which reached the cover gas after being released along

with Xe and Kr gas beneath a sodium pool. The tests were conducted in a

pressure-coded stainless steel vessel 43 cm diameter by 1.8 meter high.

The vessel was filled with 145 Kgm of sodium providing a 1.4 meter

sodium column. A schematic of the iodine test apparatus is shown in

Figure 1.

The head of the test vessel could accept various test nozzles and

was provided with a bubble collection apparatus. The bubble generator

consisted of a removable end section of .64 cm OD tubing, to which could

be connected either a 0.48, 1.27 or 3.8 cm ID nozzle. The bubble

generator was connected to a separate reservoir containing Xe, Kr and

gaseous I~. The Xe to Kr ratio was 10, iodine concentration relative to

Xe + Kr was about 0.3. As shown in Figure 1, bubbles could be generated

at various sodium depths. Flow rate was controlled by a needle control

valve. Initially, the released bubbles were collected from the cover

gas space above the sodium. However, the amount of I? in this large

volume was greatly reduced by wall plate-out or reaction with sodium

vapor before it could be sampled. In later experiments, the released

bubbles were collected in an inverted funnel located at the surface of
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the sodium column. The collected gas passed upward through a tube where

it was mixed with an N2 purge gas and then passed to a charcoal filter

train. The purpose of the purge gas was to maintain a continuous flow

through the filters prior to bubbling so that pressure could be properly

adjusted. The flow rate of purge gas was automatically controlled to

maintain the liquid sodium at a constant level. Volumetric measurements

of the gases which passed through the filter train were made with a wet

test meter.

Under conditions of the experiment, the injection p>?ssure ranged

from 1 to 2 atmospheres. The I- pressure was 165 torr. The concen-

tration of iodine relative to Ke + Kr was, therefore, 0.4 to 0.2. (In a

reactor if all iodine, xenon, and krypton were released from the fuel,

the concentration of iodine would be about 0.06.)

In order to confirm that the calibrate *,nount of iodine was actually

injected, a duplicate collection funnel was constructed except that

sodium interface was replaced by a solid stainless steel plug. Xe, Kr,

and Ip were injected into the funnel and collected in filters and acti-

vated charcoal. By measuring the change in weight of the filters and

activated charcoal due to iodine collection, H was determined that at

least 99% of the original iodine injected was collected.

Iodine attenuation tests were conducted using 0.48 and 1.27 cm

diameter nozzles positioned at sodium depths ranging from 2.5 to 137 cm.

Twenty tests were conducted at low sodium temperatures, 104 to 230°C, to

minimize the amount of sodium vapor in the rising bubble and in the

cover gas space. Fourteen tests were conducted at sodium temperatures

of 450°C, to show the effect of I2 reaction with sodium vapor within the

rising bubble and in the cover gas.

The mass of iodine collected on the millipore and charcoal filters

and the activated charcoal filter train was determined by radioanalysis

of activated 1-127. Standards for radioanalysis were prepared in the

laboratory and consisted of crystalline iodine and Nal. Samples of

both standards were provided for the range of mass collected, e.g.,

1 x 10" to 3 x 10" g. The sample train filters were irradiated in the

AI L-85 research reactor and analyzed using a gamma detector and

4000-channel analyzer. Statistical error was less than ±10%.
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The experimantal results are plotted in Figures 2 and 3 in the form

of log attenuation factor versus sodium depth. The attenuation factor

is the ratio of the mass of iodine injected to the mass collected. The

attenuation factors show considerable scatter (much greater than the

statistical error). Perhaps this occurs as a result of variations in

internal turbulence from bubble to bubble. Nevertheless, a conservative

lower limit can be defined for the attenuation factor below which experi-

mental points have not been found. (See Figures 2 and 3)

The 0.48 cm and 1.27 cm diameter nozzles produce bubbles having

diameters which are believed to bracket those expected following loss of

cladding integrity. Because bouyant gas bubbles rise in sodium at a

terminal velocity of about 0.3 m/sec, the attenutation may also be given

as a function of time (see upper legend in figures).

0 LOW TEMPERATURE SODIUM

£ HIGH TEMPERATURE

( 1 ( 1 1

d- SODIUU DEPTH Imt

9005-40I36A

Figure 1. Iodine Attenuation
Test Apparatus

Figure 2. Iodine Attenuation
Factor vs Depth, 1.1 cm

Bubble Diameter
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III. PLUGGING OF SMALL CAPILLARIES BY SODIUM OXIDE AEROSOLS

Aerosol transport through capillaries representative of O.I v/o

leaks in containment vessels is being investigated. All experiments

were conducted in a vessel about 1.0 meter diameter. Sodium pool fires

were used to generate aerosols at concentrations up to 50/igm/cc. The

tests were conducted in an environment in which the dew point varied

from approximately -23°C to +13°C. The various vessel pressures ranged

from 1.03 to 1.68 atmospheres.

Simplified diagrams of the sampling trains are shown in Figures 4a

and 4b. During the initial test run, the valves to the dry air source

remained closed and the ball valve between the capillary and vessel was

opened. At the same time an aerosol concentration sample was taken at

another main vessel sampling port. As the aerosol passed through the

capillary, the gas flow rate and total volume of flow were recorded. A

gauge monitored the pressure drop across the filter. If plugging of thp

capillary occured, the ball valve was closed and the plugged capillary

exposed to the air source. The gas pressure required to unplug the

capillary was then observed and recorded. When, and if, the pressure

differential across the capillary reached 0.68 atmospheres without

unplugging the capillary^ the test was terminated. Some tests .were

terminated before plugging or immediately following plugging in order to

visually inspect th» condition of the capillary and to note the plug

location.

One method employed to determine the size of the particulates

emerging from the capillary is shown in Figure 4b. A portion of the

particulates were deposited on cover slips which were removed and photo-

graphed. The particulates were sized from the photographs. The particu-

lates inside the vessel were sized using an im^actor.

Given a certain pressure differential or flow rate, there is an

aerosol concentration above which plugging occurs and below which no

plugging occurs. On a plot of aerosol concentration versus pressure
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differential, the two distinct regions of plugging and no plugging can

be seen. The separation line is straight for pressure differentials of

0.068 atm or less and may curve up for other pressure differentials.

The line of separation depends on the diameter of the capillary.

With "dry" aerosol, plug formation occurs at the entrance of the

capillary. The plugs have a hemispherical shape. Their length inside

the capillary is at most a few capillary diameters. These plugs are

porous, and gaseous flow through a capillary can be monitored after the

plug has been formed. In some cases, plug formation inside the capillary

may also occur.

The mass of aerosol that flows through a capillary before complete

plug formation is essentially independent of aerosol concentration and

flow rates. It is dependent on the capillary diameter.

A quantitative theory for plug formation is at present not available.

However, since the plugs are usually formed at the entrance of the

capillary, have a hemispherical shape, and a length of a few capillary

diameters, it is believed that the plug is formed by an impaction type

phenomena. In the flow of gas through a mouthpiece, essentially the

geometry of the present experiments, a stagnant zone, sometimes referred

to as a vena contracta, results near the entrance. Particles can readily

enter the stagnant zone as a result of inertia to motion along a curved

path. The plug then builds up inside the stagnant zone.

Experiments with glass and plastic capillaries show that fluffy

agglomerates grow along the wall of the capillary. During formation,

the particles appear to attach to the wall or to other particles already

attached on the wall. Large aggregated particles detach from the wall

and escape (see Figure 5). Thus the aerosol transport is dictated by

the detachment of particles from the wall, not by coagulation theory.

We are then dealing with a problem of resuspension of large aerosol

aggregates.
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IV. CONCLUSIONS

Neither radioactive aerosols nor vapors can readily escape from

reactor containment because of attenuation provided by natural processes.

Consideration of these factors will generally reduce the site boundary

dose following an accident to negligible amounts.
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Figure 5. Typical Fallout of Particulates Emerging
from Capillary. Single Large Particulate
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ABSTRACT

The risk of sodium fires in an LMFBR requires thorough analysis, and the possible
consequences of an accidental fire must be accurately determined. Not only must
means of prevention and detection be perfected, but techniques must be developed
to limit the damage caused by a fire : extinguishment, aerosol containment,
protection of reactor structures. This paper describes the program currently
undertaken by the CEA's Nuclear Safety Department covering these problems ; it
discusses the major results obtained as well as their application to the
SUPER-PHENIX reactor.

INTRODUCTION

The risk of sodium fires in a French-designed LMFBR exists above all in the
secondary circuit and, to a lesser extent, in the auxiliary circuit (fuel storage
drums and related cooling circuits). The primary sodium is fully contained in the
main vessel or - in case of leakage - in the safety vessel. Only an accident in the
core itself is liable to penetrate the upper barrier and to project sodium into the
volume covered by the air dome. The possibility of a contaminated fire must thus
also b"? examined.

The amount of secondary sodium liable to be released may range from a few kilo-
grams to several tons if leakage occurs in the sodium lines themselves. The pressure
in the secondary circuit is not very high (approximatively 5 bars) and drops rapidly
in the event of major leakage so that the release and spread of sodium results in a
pool fire. The fundamental problem is thus to understand this type of fire and its
extinguishment.

The problem is quite different, howewer, for primary sodium fires. Sodium pas-
sage through narrowly restricted volumes under high pressure raises the likelihood of
spray firej with virtually instantaneous combustion. The dangers in this case result
from the thermal effects of this combustion, the effect of the corresponding pressure
and the radiological hazards created by the contaminated aerosols. In order to ensure
environmental protection against radioactive contamination, it is important to ascer-
tain the effectiveness of the filters with regard to aerosols, and to determine
whether fire-induced contamination is likely to be particulate and thus trapped by
the filter, or if gases may be released which would require special equipment. The
latter problem is particularly important in the case of iodine.
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I - THE TESTING PROGRAM

In response to these imperatives, the Nuclear Safety Department has undertaken
the program of tests described in Table I. The test facilities used at Cadarache have
been described in references (1) (2) (3). Essentially they consist of :

- a 400 m3 concrete caisson fitted with a large number of temperature, pressure and
oxygen consumption measuring instruments as well as aerosol sampling equipment ;

- several steel enclosures, ranging in size from 22 m to several hundred liters ;

- chemistry, granulometry and gamma-spectrometry laboratories.

For 1976, this program has been allocated a budget of about seven million francs
and employs 15 engineers and technicians.

In addition to the data in Table I, programs are under develojftent for the areas
of protective clothing, sodium fire detection, study of the chemical evolution and
health hazards of a sodium aerosol cloud.

TABLE I

Experimental sodium fire research and equipment testing program

SCOPE OF BASIC
PROGRAM PHASE

DETAILED
OBJECTIVES

STATUS AS OF
JUNE 1976 MAJOR RESULTS

STUDY OF LARGE
SODIUM POOL
FIRES
(refer to
paragraph H.1
below)

-Determination of ignition
temperatures and combus-
tion rate
-Study of possible sodium
boiling and fireaecelera-
tion
-Determination of combus-
tion temperatures aid pres-
sures in the enclosures
-Study of smoke products

Completed : see
references (1)
(2) (3)md(12)
-13 experiments
carried out in
400 m-5 caisson
vith from 15
to 300 kg of
sodium

-Inflammation is possible at
low temperature (140°C)

-No risk of sodium boiling
even at high initial tem-
perature (>800°C)
-Computer codes capable of
predicting pressure and
temperature

-Numerous findings on aero-
sol granulometry and on
concentration variations
during fire

EXTINGUISH-
MENT OF LARGE
POOL FIRE
(paragraph
II.2)

-Development of a fixed
mechanical device acting
automatically at the
onset of sodium leakage

-Equipment testing under
conditions representa-
tive of major leakage at
high flow rates

Completed
-7 tests carried
out in 400 nr
caisson, using
1 ton of Na at
55O°C,at flow
rates of up to
1 ton/minute

-Development and testing of
a 9 m2 movable-shutter
smothering pan. Reduces
burnt mass to 50 kg when
1 ton of Na is spread.
Aerosol release is limited
to. approx. 10 kg

EXTINGUISH- -Development of an effec-
MENT WITH tive non-corrosive
POWDER COM- der compound
POUNDS (para-
graph II. 3)

,st
- V phase com--Development of alkaline
pleted. A large carbonate- based powder.

Pound-per-pound it is
4—5 times more effective
than the best currently
used products. It is com-
pletely non-corrosive on
reactor structures

scale open-air
test has been
carried out
with 260 kg
of sodium
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Table I (cont'd)

STUDY OF
REACTION
BETWEEN
SODIUM AND
CONCRETE

-Determination of resis-
tance to Na fire of
ordinary concrete.

-Examination of various
special sodium-resis-
tant concretes.

-Study of possible
coatings to protect
the concrete

Completed except
for further data
on hydrogen
release during
sodium-concrece
reactions.

See reference(4)

-No concrete withstands
sodium fire, not even
special types (alumina
or phisphatic concrete)

-Standard steel shee-
ting provides effec-
tive protection ; may
be completed as
required by thermal
barrier (e.g. sand)

BASIC STUDY

OF SODIUM

POOL FIRE

Study of combustion
kinetics according to :

- sodium pool geometry
- water and oxygen

content of atmos-
phere

- sodium temperature

. st , ,
1 phase (geo-
metrical effects)
completed.

5 tests carried
out m a 22 m3
steel enclosure.

Pool thickness deter-
mined beyond which
sodium is no longer
involved in combustion:
critical thickness
is approxijnatively
25 cm

STUDY OF

SODIUM SPRAY

FIRES AND

SODIUM JET

FIRES

Study of temperature
and pressure resul-
ting from spray or
jet fire in a sealed
enclosure.

Development of mathe-
matical model for
prediction of tempe-
ratures and pres-
sures.

15 experiments
with spray fires
and 8 experiments
with jet fires.

Maximum pressure

attained during

testing : 3.6 bars.

STUDY OF
CONTAMINATED
SODIUM FIRE

(paragraph II.4)

Assessment of quan-
tity of fission
products released,
and determination
of contaminant form
(gas or particles).

2 experiments
carried out on
sodium conta-
minated with
Iodine 131

Iodine is completely
fixed by sodium oxide
aerosols and trapped
by ventilation
filters.

STUDY OF
FILTRATION
AND PRE-FILTRA-
TION OF

SODIUM OXIDE
AEROSOLS

Assessment of filter
effectiveness with
regard to aerosols.

Development of solu-
tion to filter clog-
ging problem .

2 tests carried
out on test
loop fitted
with a cyclone
and high-effi-
ciency filters

Filter efficiency
> 103 for sodium
oxide aerosols

Cyclone agglomerator
traps 95 $ of aero-
sol mass and pre-
vents filter
clogging.
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II - MAJOR TEST RESULTS

11.1 - Large sodium pool fires

Thirteen tests were carried out in a 400 m caisson in order to assess the cha-
racteristics of pool fires, using up to 300 kg of sodium in several of these experi-
ments. The results contributed to the development of a computer code (3) (6) for pre-
dicting pressure and temperature versus time in the event of a sodium fire. Figure 1
shows the satisfactory correlation between calculated and experimental results. This
code is similar to the SOFIRE II code (5), except as follows :

- the combustion rate varies according to the oxygen content and temperature of the
air, and may be calculated from the initial combustion rate ; it is independent of
the sodium pool temperature and thickness. Based on test findings, the initial
combustion rate is estimated at 36 kg per hour per m .

- the code allows for heat transfer by radiation and convection between the aerosol-
charged air and the enclosure walls. The SOFIRE II code allows only for
heat transfer by convection.

A large number of analyses carried out during testing showed that the aerosols
consist of very fine Na^O^ peroxide particles less than one micron in diameter when
released. The diameter distribution is characterized by a normal-logarithmic curve
with a median diameter of between 0.2 and 0.5 (Jm and a standard deviation of appro-
ximately 2. There- are three distinct phases in the evolution of aerosol concentration
versus time (refer to Figure 2) : during the initial phase the aerosol generation
exceeds the rate of sedimentation ; this is followed by a period of equilibrium and
by a phase of diminishing concentration whose onset corresponds to the end of the
fire. The maximum concentration level is roughly proportional to the combustion sur-
face area : 1O.g/m3 for a 1 m2 combustion area, 19.g/m^ for 2 m2 and 45 g/m for a
surface of 4 m^. These high concentrations tend to favorize aerosol agglomeration
and sedimentation. Concentration variations in time may be calculated from a relation
defined in reference (3), in which variables include the mean aerosol release rate
from the sodium pool and the geometrical characteristics of the enclosure. Figure 2
shows the results obtained when this relation was applied to one of the tests.

11.2 - Sodium fire extinguishment by means of a smothering pan

The consequences of sodium leakage in a circuit may be minimized by the instal-
lation of recovery devices designed to prevent sodium combustion. Two principles
seemed applicable at first : either cooling the sodium or starving its oxygen supply.
Howewer, as the tests described above showed that the combustion rate is relatively
independent of the sodium temperature, research was concentrated on designing a smo-
thering pan system. Seven tests were conducted using such a device, resulting each
time in design improvements. Approximatively one ton of sodium at 55O°C was used for
each test, while the leakage rate ranged from 100 kg to 1 500 kg per minute. The first
two tests used a device with a single central slot, and substantiated the oxygen
depletion principle. The system then evolved into a movable shutter device which con-
fers virtually perfect sealing of the sodium from air while at the same time simpli-
fying sodium recovery (refer to Figures 3 and 4). This system was designed to
withstand the thermal stresses resulting from the very extensive flow of high-tempe-
rature sodium. The following results were obtained with such a system :

- less than 50 kg of burned sodium out of one ton released.
- the combustion rate was 10 times lower at the onset of the fire, which was extin-
guished after about 20 minutes.

- the quantity of aerosols released was reduced by a factor of 20.
- the sodium temperature in the pan dropped inmediately.

Figure 5 compares the temperature of a 4 m pool without the system, and that
of a 9 m pool with a smothering pan. In the first case the temperature reached
730°C after one hour, while after the same time in the second experiment the tempera-
ture had dropped to 35O°C.
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These tests wcie supplemented b* intprconn-.'t ting severa_ tnothering pans to
increase the overall system retention capacity and to cover the entire surface subject
to possible leakage. The results obtained usi^g ix-vr .ouplfcJ ptns represent a signi-
ficant improvement over the performance of a tn^e unit ; j or nne ton of sodium lea-
kage, only 10 kg of sodium burned and only I 'i--̂  of soJiom a^rcsols were released.

II.3 - Extinguishment.by means of powder compounds

Extinguishing powders are a complementary technique "to the use of mechanical smo-
thering devices described above. Howewer, as was pointed out during the Hanford mee-
ting in May, 1972 (7), the powders currently usjd in various countries are not satis-
factory : generally of only mediocre efficiency, even the least unsatisfactory pow-
ders raise the problem of corrosion by chloride ions. The Nuclear Safety Department
set out to satisfy this basic requirement, and in 1972 undertook in collaboration
with the National Center for Scientific Research (C.N.R.S.-Center for High Temperature
and Combustion Chemistry Research at Orleans-la-Source) a program of basic research
on inhibiting sodium combustion. This effort led to the development of a powder com-
pound based on alkaline carbonates which has been submitted to large-scale testing at
Cadarache. The most significant test involved the discharge of 260 kg of sodium at
55O°C into a 2 m steel tank ; the fire was allowed to reach the maximum combustion
rate, then 100 kg of the powder were spread uniformly over the f're by means of a
specially designed grid system. The fire vas extinguished 15 seconds after the sprea-
ding began : smoke release was completely checked, and sodium temperature dropped.
Half an hour after the extinguishment a few isolated flames appeared from fine cracks
in the crust formed when the powder came into contact with the sodium. These isolated
flames were easily controlled by spreading an additional 5 kg of powder. Thus a total
of 105 kg of powder were adequate to ensure complete fire extinguishment.

The research which led to the development of this new product may be summarized

as follows :

- the initial idea was to improve the combustion-inhibiting role of the crust formed
on the sodium pool (8). The objective vas to obtain a homogeneous (and therefore
liquid or pasty) insulating layer, chemically inert with regard to sodium.

- work was thus concentrated on mineral compounds with low fusion points which would
melt on contact with the sodium - i.e. eutectic : a chart of binary, tertiary and
quaternary eutectics was drawn up and eutectics diagrams analyzed (9). About thirty
laboratory tests were conducted on such compounds as : KJS0-, NSLJZQ , Li-CO.- Li-CO,,,
K2C0 - Li2CO3, Na2CO - Na2C03, NaCl, ...etc.

- it was also proposed that a lubricant, such as graphit3 or molybdenum disulfide,
ceuld ba added to the compound so as to favorize the formation of a protective film.

About forty compounds were studied in all, and some 700 laboratory fire tests
were carried out. The technical problems of powder storage, transport and spreading
are currently under study, and it is hoped that a fully operational product will be
available in 1977.

II.4 - Contaminated-sodium fires

A pool-fire experiment was conducted on 3.2 kg of sodium contaminated with
iodine 131. This is the first in a series of experiments designed to study the beha-
vior of the major fission products (1311, 137cs, 90gr) during a sodium fire .As noted
by A.W. CAST1EMAN (10) this behavior cannot be predicted by theoritical considera-
tions alone : in view of the complexity of the phenomena involved, research must be
carried out under actual fire conditions. The purpose of the initial experiment was
both to measure the quantity of iodine released from the burning sodium pool and +o
study iodine behavior in the air-aerosol medium. It was particularly important to
determine whether or not iodine is fixed by the sodium oxide aerosols, and thereby
to assess the consequences on power station filtering and purification systems.
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A 4.4 m sealed enclosure was used to contain the fire. The sodium was first con-
taminated with 43.4 mCi of Iodine 131 - vhich corresponds to a specific sodium acti-
vity of 13.5 fiCi/g. The sodium was heated to 500°C and then driven by compressed argon
into an 0.125 a? pan located in the enclosure where it burned for nearly 1 hour until
virtually all available oxygen was depleted. During combustion, aerosols and gases
were sampled at two points in the vessel through " May Pack " filter systems, consis-
ting of :

• a glass fiber inflow filter designed to hold back the aerosols
- two silver-plated copper " knit mesh " filters for molecular iodine
- two charcoal filters impregnated with triethylene diamine for more penetrating
forms of iodine

- a glass fiber safety back-up filter.

These filter elements were subsequently analyzed by gamma spectrbmetry. Table II indi-
cates the iodine activity retained by each May-Pack element at both sampling points.

TABLE II

Iodine 131 activity retained by May-Pack filter elements
(Sampling was conducted hetween the 10th and 15th minutes, and between the 20th

and 25th minutes after the outbreak of the fire).

Glass fiber
(inflow)

Knit Mesh
u

Charcoal

1
2

1
2

Glass fiber
(back up)

10

3.

6.9
1.9

5.9
8

3.2

MAT PACK

- 1

76

X
X

X
X

X

5 min

uCi

iSr4

10"4

n° 1

20

21.

7.5
1.1

4.2
6

1.7

- 25 min

4 jxCi

x 10

x 10"4

x 10"4

10

5

2
4

5
9

4

_

MAI PACK

15 min

.18 (jCi

X
X

X
X

.6

10~5

10"4

x 10~5

. n» 2

20 - 25

15.6 n

2 x 10
2.8 x

2.2 x
1.9 x

2.3 x

mm

10-"

<
10 *

10"4

It may be observed that virtually all the iodine is retained by the inflow
filter in the form of aerosols : the activity levels recorded from the remaining May
Pack elements are negligible - corresponding to the instrumentation detection limit.
The vessel was rinsed after the fire and the rinsing solution analyzed for sodium and '
iodine. It was found that, of the 43.4 mCi of iodine initially present in the sodium,
a total of 11 mCi were released. The mean iodine content in the aerosols was 20 fiCi
per gram of sodium, which is greater than the initial specific activity of 13.5 (iCi/g
This result is comparable with MOKEWTTZ's findings for a 15 g sodium fire
where similar iodine enrichment was observed in the aerosols (11). It is thus clear
that LMFBR safety design must allow for the release of a significant portion of the
iodine contained in the sodium during a fire. This iodine, howewer, is fixed by the
aerosols and retained by standard ventilation filters.

Ill APPLICATIONS TO THE SUPER-PHENIX REACTOR

Pressures and temperature in the various reactor enclosures - particularly for
the dome above the reactor slab - were calculated using the computer code developed
during the test program described above.

The consequences on the dome were thus calculated for a 50 ton leak of 55O°C
sodium from the secondary circuit, causing a pool fire over an area of 300 m^. Allow-
ing for the oxygen available in the dome, 3700 kg of sodium would be burned, the
pressure would reach a maximum of about 0.9 bar after a few minutes, and the maximum
wall temperature of 130°C would be reached about two hours after the occurence of
the leak.
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Smothering pans are provided over the entire floor area of the secondary sodium
galleries (refer to Figure 6). The pans, vith a total capacity of 30 nr per circuit,
are interconnected by spillways. A system of retention tanks has been provided below
the smothering pans, connected to a recovery tank in the steam generator building :
this system is designed to protect the concrete in case of pan leakage or overflow -
which is nevertheless highly unlikely - and to evacuate any excess sodium. The smothe-
ring pans will greatly reduce the mass of burned sodium, the quantity of aerosols
released and the temperature of the recovered sodium.

Sodium fire protection in the steam generator building depends first on fast
circuit drainage in the event of leakage : it will be possible to drain the SUPER-
PHENIX secondary circuit in less than 8 minutes. Moreover, funnel-shaped metal floor
panels will be provided below the main piping and connected to a 200 m recovery tank
designed to contain the maximum potential leakage. The sodium storage tanks will
include no low-level tapping points ; in spite of this precaution, the floor beneath
the tanks is lined with sheet metal and a 5 cm thick sand layer is added to ensure
thermal insulation of the steel plate and the concrete base. A fixed spreading system
for the newly developed extinguishing powder compound will be provided to complete
the safety installations.
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RELEASE OF FISSION PRODUCTS FROM CONTAMINATED SODIUM FIRES

S. Jordan

Kernforschungszentrum Karlsruhe ,
Laboratorium fur Aerosolphysik und Filtertechnik

ABSTRACT

Leakes in the primary coolant system of a LMFBR and also serious
incidents vith tank rupture may entail the escape of fission products
into the containment of the reactor. For incident analysis it is im-
portant to knov the retention capability of sodium for the different
fission products. The release of Cesium and Strontium from pools
contaminated vith 100 to 1000 ppm was investigated by experiments.
The Cesium content of airborne aerosols depends on oxygen con-
centration: at 21 % oxygen concentration the Cs content of sodium-
oxide aerosols is 3 times and at 0.5 % 15 times as high as the
initial Cs concentration in the pool. Strontium content of aerosols
over burning contaminated sodium pools is 10^ times smaller than
the Strontium pool concentration.

INTRODUCTION

Errors in manipulation as well as leakages in the primary coolant circuit
of a sodium cooled fast breeder reactor may entail the escape of fission pro-
duct contaminated sodium into the inner containment. Considerable amounts of
airborne radioactive sodium and sodiumoxide aerosols due to evaporation and
reaction of hot sodium with oxygen will be formed.

Also during a postulated serious incident at the reactor in which the
reactor tank ruptures and molten fuel as well as liquid sodium flow into the
core catcher provided outside the tank, where they cool down, major fission
product releases from the sodium into the inertized atmosphere of the inner
containment (0.5 % residual oxygen) must be anticipated. In the course of this
incident fission products are released from the melting fuel into the sodium.

Therefore, for incident analyses and radiological considerations it is
important to know the retention capability of the sodium coolant with respect
to different fission products of radiological significance and to investigate
their release rate from sodium under very different conditions, especially
concentration of fission products in sodium, pool temperature and composition
of ambient atmosphere.

It can be derived from theoretical considerations / 1_7 in which compounds
and states the fission products must be expected in the sodium system after a
serious incident has taken place.
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Based on calculations by Catton and Erdmann / 2_7 the fission products can
be divided into three groups with regard to their behavior during release in an
incident:

The first group includes e.g. Zr, Ba and the lanthanides, i.e. substances
which form oxides as stable as e.g. UOp and PuOp.

The second group comprises fission products, most of them occuring as
metals such as Ru, Ag, etc.

The third group contains fission products, most of them gaseous at 3.000 K
(nobel gases, halogens, Cs, Rb, Cd).

By analogy with the calculations by Gabelnick and Chasanov / 3_7 expected
concentrations, states of aggregation and oxidation of some fission products
pertaining to the three groups are compiled in table I.

During the incident a major part of fission products are dissolved and
suspended, respectively, in sodium and might form compounds with the sodium. Due
to its high rate of production, its evaporation rate and its long half life the
Cesium fission products (especially Cs-13?) takes a particular significance for
radiological incident considerations. Therefore, under a long-term research
project, the release of fission product Cesium from hot sodium was investigated
experimentally and the behavior of the fission product bearing sodiumoxide
aerosol formed above the sodium was observed. In a second serie of experiments
the release of Strontium, respectively, Strontiumoxide contaminated sodium
pools during burning was investigated.

EXPERIMENTAL SETUP

The tests were performed in the large sodium fire vessel of about k m
volume of the NABRAUS test facility. The vessel can be evacuated so that any
desired atmosphere can be realized. A survey of the function of the vessel and
the measurement instruments connected is given by the block diagram in Fig. 1.

TABLE I

Oxidation State of Fission Products at 3000 K, Concentration
in 10~5 Moles/ccm. Smear Density = 5 Grams/ccm

/ from Qabelnick, Chasanow 7

Element

Zr

Sr

Ru

Cs

J

U

Yield

19,6

4,0

21,3

16,9

1,23

1410

Condensed Phase

Metal

1,1-10"7

1,2-10"5

21,3

9,7

——

Ox id

19,6

4,0

1,2-10"*

0,24

1410

Vapor

Metal

5/7.10"14

3,0-10" 6

2,3-10"*

6,9

1,23

1,7-10"11

Phase

Oxid

3.2-10"7

3.3-10"6

9,3-10~5

0,06

0,03
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Metallic sodium and metallic Cesium were brought into the fire pan via a
glovebox serving as a lock in an inert atmosphere (N2) and melted in nitrogen
atmosphere 'by heating of the pan. They were subsequently mixed mechanically.In
most of the tests about 0.2 g (100 ppm) of metalle Cesium was mixed with 2-3 kg
of sodium. After the melt had solidified the desired atmosphere (0-21 % Og) was
set above the fire pan and the melt was reheated after sampling. Except violent
sodium-oxygen reaction (fire) the temperature of the melt could be controlled
and kept constant over the whole test (about 1 hour). In all tests strong
aerosol formation was observed above the pool, beginning at about 250°C. During
the tests sodiumoxide aerosol samples were taken at different points of the
test vessel at given time intervals by washing in water. The aerosol mass con-
centration was determined by titration of the sodiumhydroxide solutions formed
in the process of washing (with hdydrochloric acid).

The Cesium content of the samples was determined by neutron activation
analysis. In some tests the aerosol size distribution was measured using a
scintillation particle counter. The oxygen concentration was kept constant
during one test each. The experiments on the Strontium release from contami-
nated pool- fires were performed in the same test facility under similar con-
ditions. 0.5 and 5 gram of Strontium as SrO powder were mixed with 5 kg of
sodium in the pan before burning. The sample technique was the same as for the
Cesium experiments. Strontium content of aerosols was determined by atoa-
absorptionspectrometry (AAS).

EXPERIMENTAL RESULTS AND DISCUSSION

Especially for incident calculations, the size distribution of the sodium-
oxide aerosols at a sodium fire and the size distribution of the sodium con-
densation aerosols in an inert atmosphere directly above a sodium pool command
special interest. Fig. 2 shows the measured average diameter (d,-0<g-value). The
smallest particles were observed at the beginning of the test both in air and in
inert atmosphere. As the particle concentrations increase, coagulation processes
take place which entail a greatei average particle diameter. With the source re-
maining constant, separation processes dependent on the particle size are re-
sponsible for the establishment of an equilibrium. The average diameter of the
aerosols generated in a sodium fire can be assumed to be 0.1* um, that of con-
densed sodium aerosols in inert atmosphere 0.3 ym.

The aerosol mass concentration over the sodium pool increased in all tests
performed in the vessel at a relatively fast rate and attained aerosol con-
centrations between 3 and 20 g/m^, subsequently, aerosol concentration de-
creased slowly to concentrations around 1 g/m . Mass concentrations of several
grams per cubicmeter were attained also at oxygen concentrations scalier than 1JS.

The Cesium content of the samples shows a development similar to the mass
concentration with the maximum Cesium concentration in the aerosol generally
attained before attainment of the maximum value of the airborne sodium con-
centration. This effect gets particluarly obvious in tests carried out with a
low oxygen content. Fig. 3 shows the time dependence on the aerosol mass con-
centration and the Cesium content of the aerosol as a function of the time for
different oxygen concentrations. A multiple of the initial Cesium concentration
in the pool was measured in the aerosol.

Table 2 shows some selected experimental results. For different oxygen
concentrations the maximum sodium and sodiumoxide concentration, respectively,
the maximum Cesium content measured in the aerosol and the Cesium content of the
sodium pool before and after the test have been indicated. The results of
measurements show that for a low oxygen concentration a maximum enrichment of
Cesium is obtained in the aerosol. The aerosol may contain more than ten times

1957



the amount of Cesium present in the sodium pool. The Cesium content of the
aerosol falls with increasing sodiumoxide aerosols production caused by an in-
crease of the oxygen content in the atmosphere. As has already been shown in
earlier tests performed under this program / kj the rate of sodiumoxide aerosol
production increases froa 1.5 kg Na/m2xh for 0T5 % Og to 20 kg: Na/m xh for 21 %
0g at an initial pool temperature of roughly 500°C.

Whilst for a lov oxygen content most of the Sesium and sodium evaporate
from the melt due to their vapor pressure and form condensation aerosols, a
comparatively greater amount of sodium seems to evaporate in normal air by local
heating of the melt caused by the reaction heat generated in sodium oxidation.
This effect causes a more intense formation of NagOg at the points exposed to
fire. Table 2 shows that in case of sodium fires in air the aerosol might con-
tain the triple amount of sodium present in the pool. Independent of the oxygen
concentration the airborne Cesium content had its maximum between 3.5 and U.5
mg Cs/mr in all the tests.

It can be concluded from the tests that sodium and Cesium evaporate in-
dependent of each other and that this process is governed exclusively by the
temperature and vapor pressure, respectively. Due to its higher vapor pressure
as compared to sodium, the aerosol gets enriched in Cesium so that gradually
the Cesium content in the pool is substantially reduced. This fact is reflected
in the Cesium analysis of reaction residues present in the pan after the fire
(last column in table 2).

Balance calculations yield for a sodium pool with a Cesium content of
100 ppm at 5OO-7OO°C a Cs evaporation rate of 5 g Cs/m^'h. According to the ex-
perimental results this evaporation rate seems to be proportional to the Cesium
concentration in sodium: for 500 ppm and at identical temperatures a rate of
25 g Cs/m2«h was measured.

The Strontium content of aerosols in the second series of burning ex-
periments was very low and quite near to the detection limit of analyzing
technique. Aerosol mass concentration had a development similar to maam con-
centration at Cesium experiments. The Strontium content of aerosols war measured
three orders of magnitude lower than pool concentration. Even at 5 g Sr in 5 kg
(Sodium (100 ppm) in the pool maximum Strontium content of sodiumoxide aerosol
was smaller than 1 ppm: at aerosol concentrations of 15 g/m the maximum Stron-
tium concentration was determined to 2*10~ g/m^.

SUMMARY

The following experimental results can be emphasized:

- Above hot sodium pools aerosol concentrations:up to 5 g/m in inert atmosphere
were observed.

- Cesium content of aerosols over contaminated sodium pools is up to three times
higher than pool concentration at 21 % oxygen content of atmospheee and 15
times higher in inert atmosphere.

- Cesium evaporates independent from sodium out of the pool with a rate of about
5 g Cs/m2>h at 100 ppm and is proportional to Cesium concentrations.in sddium
pool.

- Strontium content of aerosols released from burning contaminated sodium pools
is at least by a factor of 10^ smaller than Strontium concentration in pool.
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TABLE II

Cesium Content of Aerosols above Contaminated S Jium Pools
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SPOOL-FIRE — AN IBM 370/195 CODE FOR
THE ANALYSIS OF COMBINED SPRAY
AND POOL BURNING OF SODIUM

Ira Charak and Lucy W. Person

Reactor Analysis and Safety Division
Argonne National Laboratory

Argonne, Illinois 60439, U.S.A.

ABSTRACT

A code for the computation of the pressure and temperatures
within a containment building as a result of a sodium fire is des-
cribed. The fire is assumed to occur in two distinct phases: a
spray and a pool. The spray fire is conservatively assumed to oc-
cur instantaneously. The pool fire model used is the SOFIRE-II model
developed by Atomics International. The code calculates all import-
ant temperatures, accounting for heat loss from the building to the
environment, as well as leakage of the containment atmosphere under
conditions of internal overpressure. The IBM CSMP methodology is
used to solve the set of ordinary differential equations which
model the sys'em. The use of CSMP allows the user considerable
flexibility in modifying the models employed.

INTRODUCTION

Almost since the advent of liquid-metal-cooled reactors, a major safety
problem unique to those systems, the combustion of the liquid-metal coolant in
air, has received a great deal of attention worldwide. These efforts have in-
cluded theoretical as well as experimental determinations of pressures and
temperatures following a liquid-metal fire, studies of file fighting techniques
and fire prevention, etc.

For the purposes of a reactor safety analysis, accidents are usually postu-
lated wherein liquid-metal coolant is assumed to leak from its piping system.
If the surrounding atmosphere contains oxygen, the resulting combustion of the
liquid metal leads to a temperature and pressure increase within the volume
containing the fire. Subsequent events depend upon whether the coolant contains
radioactivity, whether atmosphere cooling systems are provided, whether the
volume is sealed or vented, etc.

In general, sodium fires are classified as spray or pool fires. The
former may be characterized by the rapid ejection of sodium into air, resulting
in a large surface/volume ratio and rapid burning. The latter may result from a
slow spill of sodium onto the floor and lead to relatively slower burning. A
literature survey covering both types of fires is given in reference [1].
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Although both pool and spray fires have been studied to a greater or lesser
degree over the years, it seems intuitively obvious that in a realistic situa-
tion involving, say, a pipe break, the actual fire will exhibit characteristics
of each. For example, during the sodium-ejection phase, a relatively high burn-
ing rate may be expected, but after unburned sodium comes to rest on the floor,
a less violent burning, characteristic of the pool-type fire, might be expected
to occur. In an effort to study this combined spray-pool fire, current models
of each type of fire were combined into a single code called SPOOL-FIRE (Spray-
Pool Fire).

The incertive for this work was the need to develop design criteria for the
containment building of an advanced reactor to be used for the transient testing
of LMFBR subassemblies in sealed experiment loop configurations. The design
basis accident for the containment was postulated to be a test loop rupture
resulting in sodium expulsion into the air-filled building. Since the initial
expulsion is presumed to occur under high driving pressures from the test transi-
ent, it was considered likely that the in-pile sodium would be ejected rapidly,
followed by a slower expulsion of the sodium in the external piping system.
While SPOOL-FIRE cannot give the safety analyst the fraction of the expelled
sodium which burns as a spray, it can be used to perform parametric analyses and
provide guidance to the designers in this critical area. Ultimately, the goals
of this analysis are to:

(1) provide function&l requirements to the containment designer, and

(2) calculate radioactivity releases to the environment via containment
leakage.

MODEL DEVELOPMENT

Spray Fire

General

A number of attempts have been made over the years to calculate the effects
of a sodium spray fire [l]-[3]. Simple upper-bound calculations were made by
Humphreys in support of the EBR-II safety analysis [4]. Later, Baker and
Tevebaugh performed more thermodynamically precise, calculations [5]. A recent
publication has reviewed two of the current models used to calculate spray fire
consequences [6].

Notwithstanding the accumulation of literature on this subject, our ap-
proach has been to follow Humphreys' lead in making simple but conservative
upper-bound calculations that would be defensible before any safety review body,
and to use the more sophisticated techniques and supporting experiments to argue
that the model is indeed conservative. Accordingly, the current model is based
on the following assumptions:

(1) The quantity of sodium ejected as a spray is assumed to react in-
stantaneously and stoichiometrically with the oxygen in Lhe surrounding atmos-
phere.

(2) The heat of reaction is apportioned among the reaction product, the
nitrogen in the atmosphere, and the remaining oxygen, in accordance with their
heat capacities, and assuming a uniform equilibrium temperature for the mixture.

(3) The pressure in the enclosure increases according to r.he perfect gas
law, with a correction for thu oxygen-depletion effect.
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The nomenclature used in this paper is given in Table I.

Chemical Reactions

There are two major chemical reactions possible:

2 Na + "I 02 -• Na2O, AH = -104 kcal/mole (1)

2 Na + 02 -> Na202, AH = -124 kcal/mole . (2)

The peroxide reaction predominates where the reaction is sodium-limited, whereas
the monoxide reaction tends to occur with an excess of sodium [7]. In keeping
with thy criterion of conservatism, we have considered the peroxide reaction to
predominate, irrespective of the thermodynamics. We have also ignored the re-
action of sodium with water vapor since, in a sodium-limited situation, more
energy Is liberated from the oxygen reaction than the water reaction, even when
one includes the subsequent reaction of liberated hydrogen with oxygen [7].

Equilibrium Temperature

From equation (2), each gm-mole of sodium which burns results in a heat re-
lease of 62 kcal, or 1.128 x 107 J/kg. The equilibrium temperature (Tg) is
found by solving the following equation:

1.128 x 107 WSOD = 2^ \ wi ci dT.j_\

The temperature-dependent specific heats for nitrogen and oxygen were de-
rived from Glassner's work [8], The specific heat of Na202 was taken as con-
stant at 1298 J kg1 K"1 [4]. The calculation of T from equation (3) requires
the determination of the roots of a fourth-order polynomial. This calculation
was performed using the KAPL code ROPE [9] as a SPOOL-FIRE subroutine.

Peak Pressure

As noted above, the containment pressure following the spray fire is com-
puted simply from the perfect gas law. The number of gas moles in the building
are reduced by the number of moles of oxygen which were consumed in the com-
bustion process. Subsequent pressure reduction due to leakage from the building
under overpressure is treated below.

Pool Fire

SPOOL-FIRE uses the pool-burning model developed by Atomics International
and incorporated in the code SOFIRE-II [10]. Conventional equations of heat
transfer by conduction, convection, and radiation are used to perform heat
balances and compute temperatures. The SOFIRE-II model is based on computing a
sodium burning rate which is proportional to the rate of diffusion of oxygen to
the pool surface. The reader is referred to the AI report for a discussion of
the pertinent equations and models [10].

The major departure from the SOFIRE-II models in this work is in the compu-
tation of containment temperatures as a function of time. The equations and
models for these calculations are discussed below.
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TABLE I

SPOOL-FIRE Nomenclature

a
A
Ap
C
COX
FCMB
h
H o 2
HTCAPG
IUP

LEAK
n
OVERP
P

q
Q
R

RCMB

SOD
t
T
TGZERO
TSZERO
V
W
WSOD
X

Greek Letters

exponent for leakage [see equation (16)], dimensionless
heat transfer surface through containment wall, m2

sodium pool surface area, m2

specific heat, Jkg"1 K"1

oxygen/air mass ratio
fraction of heac of combustion which goes directly to sodium pool
free convection heat transfer coefficient, Wm"2 K"1

oxygen transport coefficient) msec"

heat capacity of containment atmosphere, JK"1

input integer parameter. IUP = 0 if the Na pool bottom loses heat
to the ambient. IUP = 1 if the heat loss is to the building
atmosphere.
thermal conductivity, Wm"1 K"1

conductance between heat transfer nodes j and k, Wm"2 K"1

leak rate from containment, sec"1

number of concrete or sodium nodes
containment overpressure, kPa
pressure, kPa
heat generation rate, J sec"1

heat generated by sodium combustion, J sec"
constant used to determine leak rate based on containment leak
rate specification [see equation (16)], sec"1 kPa"a

stoichiometric combustion mass ratio (Na/Oj). RCMB = 1.44 for
peroxide and 2.88 for monoxide
weight of sodium burned in pool, kg
time, sec
temperature, K
initial containment gas temperature, K
initial liner temperature, K
building volume, mJ

total weight of material, kg
weight of sodium burned as a spray, kg
material thickness between heat transfer nodes, m

heat of combustion, Jkg1 Na.
9.476 x 106 for monoxide

0 = 1.128 x 107 for peroxide and

density, kg m-3

Subscripts

1,2, . . . n
a
b
c
E
g
G
i
n
N2
Na
o
02

P
V

w

number of a concrete or sodium heat conduction node
ambient
sodium pool bottom
concrete
equilibrium
containment atmosphere
gas gap between liner and concrete
component, material, or node index
the last concrete or sodium node
nitrogen
sodium
initial
oxygen
constant pressure
constant volume
containment liner
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Containment Model

General

Since SPOOL-FIÎ E was constructed specifically for utilization in the design
of a new reactor facility, no attempt was made to generalize all the possible
containment options, e.g., sealed vs. vented. However, as will be seen below,
the mechanics involved in problem solution are greatly simplified through the
use of the IBM CSMP simulation methodology [11]. As a result, the user can make
code modifications relatively simply by adding or modifying differential equa-
tions at will to describe a particular physical situation not considered in the
present model.

Containment Structural Model

The containment model is shown schematically in Fig. 1. The basic structure
is concrete with an internal steel liner to achieve lew .eakage of radioactivity
under accident conditions. Although the concrete may be assumed to be either
reinforced or prestressed, neither rebar nor prestressing tendons are treated in
the model. An air gap, currently taken as 0.63 ram but easily changed, is in-
cluded between the liner and concrete.

Containment: Thermal Model

The model allows the computation of all significant temperatures in the
system following a sodium fire. The temperature of the containment atmosphere
(hereafter referred to as gas), consisting mainly of nitrogen and unreacted
oxygen, is of primary interest since, as noted earlier, this temperature is used
directly to calculate the building overpressure, which in turn is used to calcu-
late the leakage of radioactivity to the environment. However, other tempera-
tures are no less important. For example, one must assure that concrete tempera-
tures do not exceed about 360 K so that water evolution can be disregarded.
Similarly, the liner temperature .is crucial for the structural analysis which
must estabJ ish acceptable liner stress levels under both normal and accident
conditions.

The gas temperature is calculated as a function of time by considering the
heat inpnt (from the fire and hot sodium) and heat loss to the containment
structure. The former is calculated as described above, with the "equilibrium"
gas temperature following the spray fire used as the starting temperature for
the time-dependent pool fire.

The heat loss from the gas is assumed to occur by convection to the con-
tainment liner and conduction through the liner and concrete to the ambient
which is assumed to be at a constant temperature.

The heat generated by the pool-burning process is given by

Q = 0 pg (COX) (RCMB) HQ2 Ap , (4)

which leads to the following heat generation split between the air and the
sodium in the pool:

qNa = (FCMB) Q (5)

q = (1 - FCMB) Q (6)
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The heat transfer equations used are standard transient equations which
consider all modes of heat transfer. For materials having a poor thermal dif-
fusivity, e.g., concrete, any number of heat transfer nodes may be employed to
improve accuracy. The lower surface of the floor supporting the burning sodium
pool is assumed to be inside the building, so that heat transferred through the
pool and floor is deposited in the containment atmosphere. As an option, the
user may allow the floor to transfer heat to the outside ambient.

Containment Leakage Model

As noted earlier, one of the goals of this analysis is to calculate the
leakage of radioactivity from the containment building under a driving pressure
created by the energy from a sodium fire. In order to do this, the code calcu-
lates the leakage rate from the building as a function of overpressure, and
integrates this leakage rate over time, so that one can compute total integrated
releases and doses for any period of time of interest. For example, 10CFR100
requires that a 2-hr dose be calculated at the boundary of the exclusion area [12].
The radiation source term for this case can be calculated by simply looking at
the integrated leakage fraction for t = 7200 sec, and applying that fraction to
the radioisotope inventory inside the building and available for release at t =
0. Of course, this method is conservative, in that no credit is taken for
source depletion due to fallout or rainout or radioactive decay during contain-
ment or transport.

The basic equation used in this calculation is

LEAK = R(OVERP)a . (7)

Implicit in equation (7) are the following assumptions:

(1) The leak rate characteristic of the containment does not change over
time, that is, the flow-pressure drop relationship is applicable over the entire
pressure range.

(2) The gas density is independent of the pressure.

With respect to assumption (1), there are a number of possible models for
calculating gas flow through leaks. These have been discussed in some detail by
Maccary et al. [13]. They also show that there is no right model for all cases,
that in fact, each containment is likely to have its own peculiar leakage char-
acteristic, which is a composite of more than one model. A safety analyst does
not know a priori what that characteristic will be when the actual structure is
leak-rate tested. Hence, one is generally forced to make conservative assump-
tions.

Assumption (2) is a good approximation as long as the leakage rate is low.
In other words, the gas density remains essentially constant in a constant-
vojume process. Nevertheless, a correction is made in the pressure calculation
to account for pressure reduction due to gas leakage.

For the purpose of the analyses described herein, the constant a was taken
as 0.5, which would be characteristic of turbulent flow. Although Maccary êt
al. show that orifice flow gives higher leak rates than turbulent flow at the
same pressure assuming equal leak rates at the peak pressure, orifice flow does
not seem, intuitively, to be a likely mode of flow through a steel-lined con-
crete vessel. The turbulent flow model is also believed to be inapplicable, but
was nevertheless chosen as a compromise between the most pessimistic and the
most likely. In any event, the code permits the user to vary any of the leak-
rate parameters to suit particular requirements.
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CODE DEVELOPMENT

As noted earlier, SPOOL-FIRE takes advantage of the IBM Continuous System
Modeling Program (CSMP) [11] to solve the set of differential equations described
above. CSMP is designed to meet the needs of scientists and engineers who want
to analyze physical phenomena or solve engineering problems without having to
spend a great deal of time programming numerical methods for the solution of
systems of ordinary differential equations. Further, CSMP allows the differ-
ential equations to be solved with a minimum of programming skill. Finally,
since the user has only to write the applicable differential equations, it is a
relatively simp?2 matter to change the model and the equations at will without
concern for the method of solution. For a complete description of CSMP, in-
cluding all the various output options, simulation options, etc., the user is
referred to reference [11].

The code ROPE [9] is treated as a subroutine to solve for the "equilibrium"
gas temperature following the spray fire. Standard CSMP input of WSOD and V in
the "Parameter" section automatically invokes the ROPE calculation of equilibrium
temperature and the corresponding pressure. The former then becomes the initial
condition for the gas temperature computation in the subsequent pool fire calcu-
lations.

SPOOL-FIRE is available through the Argonne Code Center.

SAMPLE PROBLEM

SPOOL-FIRE was used to obtain the pressure-time history and total integrated
leakage fraction for a postulated containment design basis accident (DBA). This
DBA consisted of a failure of an in-pile test loop resulting in sodium expulsion
into the air-filled containment building. Of the 3629 kg of sodium expelled,
907 kg were assumed to burn as a spray, with the remainder coming to rest in a
pool with a surface area of 46.5 m2. The building free volume was 34,547 m3.
For conservatism, all of the heat of combustion was assumed deposited in the gas
(FCMB = 0), and heat loss from the gas by radiation was neglected.

The results of this calculation are shown in Figs. 2-4. Figure 2 gives the
pressure-time history inside the building following the sodium expulsion. Note
that, in this case, the peak pressure occurs at t = 0, i.e., the peak pressure
results from the spray fire. The subsequent heat addition rate from the pool
fire is less than the rate of heat loss from the gas, resulting in a monotonically
decreasing pressure. This situation could easily change if certain of the key
parameters were changed. It is therefore not possible to qualitatively general-
ize the consequences of a combined pool-spray fire.

It should also be noted that pressure-decay is rather slow even after all
the sodium is burned. This is because the hot pool containing sodium oxide con-
tinues to provide a source of sensible heat to the containment atmosphere.

As noted earlier, the liner and concrete temperatures are important to the
designer. The calculated liner temperature history is given in Fig. 3. In this
case, the liner temperature peaks at t = 16,000 sec at a value of 342 K. Ob-
viously, the concrete temperature will be less than 342 K (in this case the peak
concrete temperature was calculated to be 333 K) so that in this example the
structural integrity of the concrete is assured.

Finally, the integrated containment leakage fraction is shown on Fig. 4. At
t = 733,585 sec, AP = 0 and the leakage fraction = 1.46 x 10~3. Clearly, out-
leakage will cease at this point. The problem will terminate when AP = 0 or at a
specific time, whichever occurs first.
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REMARKS ON THE USE OF SPOOL-FIRE

The great flexibility of SPOOL-FIRE from the user's point of view is counter-
balanced by, and in fact derives from, the many technical judgments required of
the user. We have not performed sensitivity analyses to determine the relative
importance of particular parameters. Any substantial use of the code would
require such analyses, so that the user would be in a position to defend the
calculations for a specific case.

For example, SPOOL-FIRE allows the user the option of choosing which chemi-
cal reaction to consider for the pool-burning phase. The sample problem con-
sidered the peroxide reaction. Since the SOFIRE model assumes the burning rate
is determined by the rate of arrival of oxygen at the pool surface, the use of
the peroxide reaction implies a lower rate of heat addition, but a greater total
heat addition, for a sodium-limited fire, than does the monoxide. The user would
have to experiment with the code to decide which of the two cases is the appro-
priate or more conservative one to use.

A particular feature of CSMP is the availability of eight integration
schemes, any of which can be specified by the user. For a particular problem,
the user should experiment with the integration method, since precision and
computer time will vary with the method chosen. Further, for fixed step-size
integration methods, it may be advantageous to run more than one problem using
different step sizes to cover the entire range of interest. For the sample
problem, we found that the method based on Simpson's Rule was fastest, and the
results practically indistinguishable from those of more sophisticated methods,
when the problem was run in two parts with different integration step-sizes. A
total running time of about 4-6 minutes was typical.
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SODIUM SPRAY RELEASE ACCIDENT ANALYSIS FOR
FAST REACTOR SAFETY STUDIES

P. R. Shire
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ABSTRACT

A computer code has been developed to model the effects of postulated sodi-
um spray release from LMFBR piping, although this is an event of extremely low
probability. The calculation method utilizes gas convection and droplet combus-
tion theory to calculate the pressure and temperature effects in a range of 0-21
mol% oxygen with humidity. Droplet motion and large aggregate sodium surface
area result in rapid release of combustion and sensible heat causing a nearly
adiabatic pressure rise which peaks in several seconds. This analytical tool
has indicated reasonable agreement with prototypic test data for a range of
oxygen and water vapor concentrations, cell volumes and droplet sizes.

INTRODUCTION

A method has been formulated to calculate the heat and mass transfer, drop-
let motion, gas convection and combustion thermodynamics for postulated acciden-
tal release of sodium spray droplets within an LMFBR containment space. The
method is an advance from earlier evaluations-^ which utilized instantaneous re-
action models for sodium combustion and limiting adiabatic heat absorption in
the containment atmosphere. The present method has progressed from a static gas
heat transfer convection model, to a one-dimensional gas convection model3 and
then to a quasi-two-dimensional model in cylindrical coordinates to represent
circulation within the containment cell atmosphere. It has progressed from the
low oxygen case (0-2 tnol%)3 to the present 0-21 mol% oxygen model. Additional
advancements are in the treatment of smaller sodium droplets and the water vapor
reaction.

Sodium spray release consequences are essentially limited to the short term
pressure and temperature rise in the cell gas volume. Metal clad insulation
modules surrounding the pipe provide a secondary barrier. The effect of these
must be neglected in order to postulate a piping leak which produces a spray of
droplets. A total of nine experiments with 1.2 and 3.8mm leaks in horizontal
and vertical insulated sodium pipe sections were performed by Huber, et a l / A
minimum of 3 min was required for sodium travel lm axially and leakage at the
end of the insulation module. In two of the nine cases, sodium was absorbed by
insulation or otherwise blocked from further leakage.

For a given sodium spray ejection rate the peak cell pressure will vary
nearly as the inverse of the droplet size. A narrow crack is requisite to form-
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ing small droplets whose diameter is on the same order as the crack width. In
the other extreme a jet emerging from a large break may disperse into a shower
of droplets after impacting on a nearby surface.

Experimental test data has been utilized to verify the calculation proce-
dure for oxygen concentrations at 0-21 mol% and droplet diameters at 0.34-16mm.
This technique has been utilized in safety evaluations for the Fast Flux Test
Facility and the U.S. demonstration plant (CRBR).

THEORY

The mathematical model of sodium spray burning, known as the SPRAY code,
describes a cylindrical gas filled steel vessel, the walls of which are per-
fectly insulated on the exterior. A time varying spray release of liquid sodium
droplets is introduced into the vessel to simulate a failure of LMFBR sodium
coolant piping. Previous theory '^'^ is reviewed briefly while new developments
are presented in more detail.

Droplet Mechanics

Droplet trajectory is considered in the vertical direction only since the
horizontal component is small and has minor effect on droplet velocity. The
motion is then calculated by summing the gravitational, droplet drag, buoyancy
and mass rate-of-change forces:

dt gravity drag buoyancy Amass (1)

Since the gas/sodium density ratio is small the buoyancy term can be neglected
and since droplet mass is decreasing slowly due to reaction, the last term can
be neglected. Deviation of the drag coefficient for the liquid droplet from
that for a solid sphere is negligible when related to the surface tension
number for the present range of conditions.

Gas Convection

The cylindrical geometry has been selected to facilitate an axial flow
model which is combined with thermal mixing crossflow when turbulent conditions
exist (see Figure 1). Gas motion is determined by summing the forces of thermal
buoyancy, droplet drag and flow friction:

dt buoyancy drag ~ friction

Thermal buoyancy imposes an upward force on the hot spray zone gases due to the
cool outer region while droplet drag applies a downward force on the spray zone
gases. Under varying conditions eith.-r thermal buoyancy (mode 1), or gas en-
trainment due to droplet drag (mode 2) may be dominating and in either case flow
friction will always oppose the direction of motion.

Heat Transfer in the Gas and Vessel

Heat transfer from sodium jet to impact surface is included and can be sig-
nificant for heat removal during the first few seconds of sodium release. Heat
will be transferred to the vessel wall from the outer gas region by convection;
typically this will be small during the pressure rise time but will account for
half the released heat in V5 minutes. Sodium not consumed in the spray flight
will form a pool on the floor of the vessel transferring the bulk of its heat to
the floor by conduction, with some going to the gas and walls by convection and
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radiation. Sodium pool burning has a small effect on cell pressure during the
short term of the spray transient and is not included in the current model.

Droplet Reaction Model

Heat and mass transfer from the sodium droplet (see Figure 2) has used the
correlation of Ranz and Marshall.^ Eq. (3) correlates heat transfer and Eq.(4)
correlates mass transfer. Actually there are

Nu = 2 + 0.6 Re1/2 Pr1/3 (3)

Sh = 2 + 0.6 Re1/2 Sc1/3 (4)

three applications for Eq. (4): sodium vapor, oxygen, and water vapor, from
which the mass transfer coefficients k! = cD • Sh/d are obtained.

Where: c = molar density of gas = P/RT
D = diffusion coefficient
Sh = Sherwood Mass Transfer No.

The molar flux equations under forced convection conditions" in spherical co-
ordinates for the single droplet model, for each of the three components are:

-h dY
Ni = Yi (Ni + V " ̂  ' cDi dT (5a'b'c)

Where: fNa, sodium vaporn (iHa,
i =< 0, oxygen N = 0 , nitrogen

water vapor

D is the respective diffusion coefficient, Y the mole fraction and N the molar
flux. When sodium vapor, oxygen and water vapor exceed a trace concentration
in nitrogen the mass transfer coefficients must be corrected for high transfer
rates by: 1 Y

f± = - ^ ' ln i^r and ki - fi * kl (6>

Values of f range from 0.995 when Y = 0.01 to 0.89 when Y = 0.21.

The solutions to Eq. (5) in terms of molar flux are multiplied by_ the
reference area (droplet surface) to obtain molar flow:

Na B
WNa " ««AAAB ' ̂ a ' l n T ^ T (7a>
WNa

Where: ^ = (-i - -i) and ABC = U - ̂ j " 1 = rfi (rc - -)
A B H \J
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The reactants vanish at the burning zone and therefore the concentrations be-
come zero at r,, (see Figure 2) : Y. _ = 0.

The reactions considered at the burning zone are:

2Na + 1/2 0. •*• Na.O (8a)

2Na + 0 2 •> Na202 (8b)

2Na + H20 •> Na20 + H2 (8c)

H2 + 1/2 0 2 -> H20 (8d)

The choice of monoxide (8a) or peroxide (8b) reaction is not in the theory
but is available for modeling experimental data for which the fraction of mon-
oxide and peroxide has been determined. To satisfy stoichiometry we have the
following molar flow balance at the burning zone:

Na Xo o XH H K '

Where: x = moles Na/moles Q~ from Equations (8a,b)

Xu = moles Na/moles H.O from Equation (8c)
n &

Since hydrogen is both produced and consumed at the burn zone, it is not trans-
ported by molar flow.

When Equations (7a,b,c) are substituted into Equation (9) the location of
the burning zone is obtained:'

In

rA
H,c

Thus far we have assumed that the reaction was instantaneous. We now introduce
a reaction rate constant which is in effect an efficiency applied to the burn- '
ing rate:

D -1

For oxygen: eQ = (1 + fj—) (Ha)

DH ~X
For water: e - (1 + r~-) (lib)

H
 VBC

The rate constant V is determined from experimental data and has the units of
velocity. With rg known the sodium molar flux or burning rate referenced to the
droplet surface area can be calculated. For sodium reacted with oxygen:

NNa,o " Eo * T. • XokQ • in JJ±- (12a)
A o,c
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and for that sodium reacted with water vapor:

NNa,H EH rA H,c

Droplet Statistics

A log-normal distribution of droplet sizes has been assumed in reporting
results in terms of mass mean diameters for experimental data. For use in cal-
culations the surface mean diameter is desired to correctly model the surface
effective heat and mass transfer formulations. Heat capacity of equal sodium
masses is independent of the droplet size and therefore is independent of the
volume mean. The relation between mass (volume) mean and surface mean is:

d = d • exp (-1/2 In a 2) (13)
s m g

where a~ is the geometric standard deviation. An average a~ = 1-3 was obtained
for spray nozzle applications,-*-0 while a value of 2.6 was obtained for jet im-
pact tests^l by analysis of test data. The result when the substitution for a_
is made in Eq (13) is a reductic. factor of 0.97 for spray nozzle droplets and
a factor of 0.63 for jet impact.

BURNING RATE EXPERIMENTS

Sodium droplet stationary burning experiments in air were performed by
Richard, et al.12 for initial diameters of .' 2, and 3mm at 500-600°K. Similar
tests were performed at Atomics International (AI)13 for droplet diameters of
6-7mm at 700-800°K. Sodium burning rates (mg/sec) were plotted versus 1/T and
extrapolated to zero at the melting point of sodium (371°K) as suggested by
vapor phase burning theory. Utilizing this correlation at a common reference
temperature of 600°K, Richard's data indicated a burning rate/diameter ratio of
^1.0. At high humidity the AI data indicated a ratio of ̂ 0.9 and at low humid-
ity a ratio of ̂ 0.6 was obtained. Sodium burning tests were performed with
commercial spray nozzles at A I ^ for mean droplet diameters of 0.45mm at 400°K
and low humidity. This indicated a burning rate/diameter ratio of ^0.012. When
extrapolated to gas temperatures of 600°K by the 1/T method a ratio of ^0.06 is
obtained. In similar tests by Huber, et al.* droplets of ^1.5mm diameter were
sprayed at an average 500°K with a burning rate/diameter ratio of ^0.07. This
spray test data indicates a burning efficiency of ̂ 10% compared to single drop-
lets assuning that burning rate is not enhanced significantly by the free fall
velocities of these small droplets. Refer to Table I. This efficiency is pro-
jected into the calculational model by means of Equations (lla,b) with the re-
action rate constant V = V = 2.5 cm/sec.

O n
12 13

Evidence from the tests of Richard, et al, and AI indicates that igni-
tion delays and flame spreading times for single droplets are ^0.8-40 sec.
Since droplet flight times in spray tests are on the order of a few seconds,
either of these time delay phenomena could explain burning efficiency when com-
paring spray tests with single droplet burning.

CALCULATION VERSUS TEST RESULTS

Calculations were performed for a selection of spray tests which had suit-
ably defined parameters (see Table II). A total of sixteen tests performed
since 1970 were selected and these represent the range of oxygen concentrations
from 0-21 mol%. Another important parameter, mass mean droplet diameter,
varied from 0.34-16mm, but the high oxygen cases had only small droplets,
0.34-0.45mm. The ratio of sodium injected to vessel volume varied from
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0.07 kg/m3 for air tests to 0.90 kg.m^ for low oxygen tests. Water vapor con-
centration varied from 0.01-1.6 mol% throughout the test series.

TABLE I

BURNING RATES FROM SODIUM DROPLET COMBUSTION EXPERIMENTS

Type of Test

Reference

Droplet Diameter (mm)

Droplet Motion

Temperature (°K)a

Buiiing Rate/Diameter

Burning Efficiency
Compared to Single Drop

Single Drop

Richard12

1, 2 and 3

Stationary

523-623

0.95-1.00

—

Single Drop

AI 1 3

6-7

Stationary

700-800

0.6-0.9

Droplet
Spray

AI 1 5

0.45

Descending

400

. J6

6-10%

Droplet
Spray

Huber4

1.5

Descending

500

.07

7-12%

a. Average temperature of gas surrounding the droplet.

b. Burning rate referenced to 600°K by 1/T method, see text.

The summary of test versus calculated data as shown in Table II compares
peak gas pressure, oxygen consumption and sodium consumption. Reasonable
agreement was obtained for high oxygen (21 raol%) and low oxygen (̂ 1 mol%)•
Calculated results were generally lower than the observed pressure for those
cases where the sum of oxygen and water vapor concentration was 3-5 mol%.

A parametric study was performed for spray test J-8 by varying oxygen con-
centration and droplet diameter. Results are shown plotted in Figures 3 and 4.
Pressure increases almost linearly with oxygen concentration but does not become
zero when oxygen is zero due to release of sensible heat (Figure 3 ) . Pressure
varies inversely with droplet diameter as shown in Figure 4.

• CONCLUSION

A theory of sodium droplet reaction with oxygen and water vapor has been
developed for a common burning radius surrounding the droplet. Instantaneous
reaction theory agrees reasonably well with single droplet burning rates. Mod-
ification of the theory to include a reaction rate constant results in a model
which predicts gas pressures and consumption of reactants reasonably well at
^10-21 mol% oxygen and at ̂ 1 mol% oxygen. In the intermediate region, ^5 mol%,
there is an under-prediction in the model in cases where the humidity is high.
There is some evidence to suggest that the presence of water vapor produces this
anomaly - possibly a catalytic effect which may be non-linear with water vapor
concentration. A systematic experimental study of the effect of water vapor on
sodium spray reaction is desirable.

1977



TABLE II

SODIUM SPRAY EXPERIMENTAL DATA AND CALCULATION RESULTS FROM SPRAY CODE

Test
No.

LTV-1

LTV-3

J-3

J-4

J-7

J-8

STV-9

STV-10

STV-11

J-6

CH

a

B

AH

AL

STV-7

Ref.

14

14

11

11

11

11

15

15

15

11

15

15

15

15

15

15

Initial
0 2

Cone.
(tnol%)

.35

.6

.015

.015

.8

.8

2.0

2.0

2.0

4.8

5.0

5.0

10.0

21.0

21.0

21.0

Initial
H2O
Cone.

. 4 •

.3

.8

.8

.8

.8

1.0

1.6

.2

.8

.2

.01

.02

.9

.03

.4

Vessel
Volume
<m3)

17

17

62

62

62

62

62

.8

.8

.3

.3

.3

.3

.89

.89

.89

.3

.89

.89

.89

.89

.89

.89

Initial
Sodium
Temp.

815

755

805

805

810

810

810

810

810

805

810

810

810

810

810

810

Sodium
Injected
(kg)

9

15

4

5

2

2

5

.66

.28

.08

.13

.36

.72

.101

.068

.166

.58

.158

.065

.152

.130

.181

.078

Mean
Droplet
Diameter
(mm)

16.0

16.0

4.6

5.3

3.7

3.7

.34

.34

.34

4.1

.45

.45

.45

.45

.45

.34

Maximum
Pressure
(atm)a

Test

.081

.076

.051

.040

.048

.034

1.56

1.16

.42

.29

1.10

.22

.54

.97

.79

1.08

Rise

Calc.

.031

.036

.067

.0b8

.032

.037

.35

.28

.48

.095

.51

.29

.63

.94

.91

.87

02 Consumed

Test

2.

1.

•

t

2.

2

2

1

0

0

0

0

0

0

0

18

09

7

2

21

75

.2

.7

.17

Calc.

4

•

1

1

1

1

2

1

002

004

0

0

003

004

23

17

38

04

67

.25

.05

.4

.1

.27

Na Consumed

Test

-

-

-

-

-

-

36.0

35.0

1.2

-

32.0

6.6

12.0

42.1

29.0

40.7

Calc.

•

•

•

•

•

6.

8.

C2

C2

40

34

78

77

0

3

5.0

20.

8.

9

18

38

32

49

5

8

0

3

.0

.5

.8

a. Pascal = Atm • 1.013 E+5
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A MODEL FOR EVALUATING PROBABILITIES
OF PRIMARY SYSTEM RETENTION OF CORE

DEBRIS AND TIME OF RELEASE
IN LMFBR RISK ASSESSMENTS

L.S. Fleischer, K.G, Feller, K.A. El-Sheikh, J.R. Medley

General Electric Company
Energy Systems and Technology Division

Fast Breeder Reactor Department
Sunnyvale, California 94086

ABSTRACT

An analytical model is presented that can probabilistically
analyze the capability of the primary coolant system to retain
core debris after a core disruption accident. For a given set
of conditions at the ter.ination of a core disruption, the model
provides 1) the probability of a failure of the reactor vessel
and the primary system piping resulting from non-coolable core
debris, 2) the probability distribution of the time of major fuel
releases from the primary system due to the system boundary failure,
and 3) a characterization of events within the primary system that
may affect the spatial distribution of radionuclides. Tie model
is under development and has been applied to selected reactor
designs and accidents. These applications provide insight into
the reliability of the primary system to retain core debris, the
range of accident outcomes, and the accident risks.

INTRODUCTION

The development of a computer code model to assess the probability of
core debris retention within the primary coolant system and the probability
distribution of the time to major fuel releases from this system is part of
an effort to develop risk assessment methodology for LMFBR's. The probabilis-
tic debris retention analysis was developed for incorporation within i larger
probabilistic model to assess the risk of consequences to the public result-
ing from core disruptive accidents. The probabilistic debris retention model,
the subject of this paper, provides an analytical tool for evaluating the
effect of design changes on the capability of the primary coolant system to
retain core debris after a core disruption. The overall risk model, not
discussed herein, provides a means of evaluating the risk worth of primary
system debris retention reliability. In conjunction i*rith the overall risk
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model, the probabilistic debris retention nodel becomes an instrument for com-
paring the risk modifications obtainable by primary system design changes with
the risk, modifications resulting from other alternatives.

The development of the general risk assessment model and the probabilis-
tic debris retention model has progressed to the point where risk sensitivity
to perturbations within a specific design concept can be analyzed; however,
further evaluation and verification of the validity of the debris retention
model and the overall risk model are prerequisites to implementation in the
design process.

ACCIDENT DESCRIPTION

Accident sequence events up to the time of a possible core debris attack
on the primary system structures include the accident initiating event, the
engineered safety system responses, and any resultant core disruption. The
core disruption influences the primary system debris retention by affecting
the extent of core damage, the quantity and direction of debris ejection from
the core region, and the formation of flow blockages.

The debris retention analysis begins with a description of the accident
events described above. The fuel-steel mixture ejected from the core region
is assumed to interact with sodium, resulting in the fragmentation of the core
materials into small particles. The melted core debris remaining within the
core region is also assumed to particulate. Most of the core debris particles
will settle out of the sodium and form debris beds. Some of the smallest
particles may remain suspended in the sodium coolant. The distribution of
the debris depends on the initial locations of the particles, the size of
the particles, and the forces exerted on the particles by movement of the
surrounding liquid coolant.

Once the fuel particles settle into debris beds, the decay heat is re-
moved from the fuel to the surrounding sodium and steel, unless the heat
generation is high enough to cause extensive vaporization of the liquid sodium
in the particulate bed and subsequent formation of a molten pool of core
debris. The heat generation rate within the debris beds depends on the decay
heat of the fuel and fission products that are not dissolved in sodium or
released to the cover gas region.

During and after the formation of the high temperature debris pool, heat
transfer from the debris into the adjacent structures may cause damage and
failure of the structure supporting the debris. Failure of such structures
leads to debris relocation. If the failed structure is not part of the pri-
mary system boundary, the debris pool is assumed to particulate on contact
with any underlying sodium. If the failed structure is part of the primary
system boundary, the fuel and sodium are released from the primary system.
The release of sodium may cause other debris beds to dry out and become molten.
If most of the coolant escapes from the primary system, the fuel remaining in
the primary system will melt through the system boundary within a short time.
The debris retention analysis continues until it is predicted that all pri-
mary system debris will remain in a stable and coolable configuration or until
it is predicted that there will be no further significant fuel release from
the primary boundary.
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MODEL DEVELOPMENT

In developing the debris retention model, four areas were selected as
contributing to the uncertainty in primary boundary integrity and to the pre-
dicted consequences of a failed boundary. These areas of uncertainty are
1) the initial debris and system conditions, e.g., fraction of fuel ejected or
number of loops operating; 2) the accident event involved, e.g., it is
uncertain whether molten core debris in a piping elbow will flow into the
reactor vessel; 3) the analytical models for predicting the outcome of an
accident event, e.g., the model for predicting debris bed critical heat flux;
and 4) the model parameters, such as physical properties. The relative con-
tribution to accident risks of the identified sources of uncertainty within
each area were compared using available literature and scoping analyses
and the most significant sources were selected for probabilistic treatment.
All other variables, parameters, and models were treated deterministically.

The criteria used to select the analytical models for the accident events
treated probabilistically within the debris retention model are 1) the model
is available in published literature, 2) the model was developed as a realis-
tic (versus conservative) predictor of the outcome of an accident event,
3) the model does not require a great number of calculations, 4) the uncer-
tainties in the ability of the model to predict the outcome of the event are
quantitatively described, and 5) these uncertainties can be easily included
within the analysis. Such models do not exist- for all accident events of
interest. This required a compromise in the selected models in some instances
and development of new models in other instances, particularly if available
models either contained very conservative assumptions or were not representa-
tive of the expected accident events.

The uncertainties in the debris retention model were represented as pro-
bability distributions. When available literature did not contain a quanti-
fied probability distribution for an accident model, parameter, etc., the
distribution was estimated. In some instances, a statistical comparison of
published experimental data and model predictions was UFid to estimate the
uncertainty. Differences between the experimental site ition and the expected
accident environment were considered when the uncertainty estimate was based
on experimental data. Uncertainties were also estimated from similiarities
between the phenomenon for which the uncertainty estimate was needed and
other phenomena for which uncertainty estimates exist. Subjective judgement
was applied in assigning the uncertainty estimate when a quantitative basis
for the uncertainty was incomplete or lacking.

There are several possible approaches to propagating the uncertainties
through the debris retention analysis. The initial approach of this model
was to calculate the results of all combinations of a set of equally probable
discrete values for the input data and the modeling uncertainties. As the
model was developed, more varia'.les were treated probabilistically, and the
total number of combinations became extremely large. As the number of com-
binations increase, this method becomes less practical because of the cost of
the increased computer processing time. Methods were developed for grouping
some combinations into a singular combination, but this also failed to bring
the computer processing time down to an appropriate level. An alternate
scheme was investigated in which the probability distributions of the debris
retention model are combined into a new probability distribution at each step
of the accident analysis. This new probability distribution is input into
the next step of the analysis. This method was discarded because of the
difficulty of handling the many interdependent variables of the debris reten-
tion model.
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Monte Carlo methods are now used within the debris retention model to
sample each probability distribution independently. This method has allowed
probabilistic treatment of more phenomena at a reasonable cost. Computer pro-
cessing time remains reasonable when using Monte Carlo methods as long as one
does not attempt to establish extremely low probabilities of boundary failure.
So far the debris retention model has only been applied to low probability
initiating accidents that can lead to severe consequences. The model has not
predicted extremely low probabilities of primary system failure for any of
these applications. However, if extremely low probability of failure appli-
cations do arise they might be better handled by biased Monte Carlo methods.

MODEL DESCRIPTION

As mentioned earlier, the debris retention model is concerned with pri-
mary system events extending from the core disruption to the termination of
fuel release from the primary system boundary. In order to simplify the
analysis, several constraints were placed on the type of accident events
analyzed. The analysis is conducted only for core disruptions which do not
significantly alter the geometry of primary system structures which may sup-
port non-coolable core debris. It is assumed that nuclear recriticalities
occurring during the time span covered by the debris retention model do not
significantly affect the ability of the primary system to relain the fuel.
The model also does not analyze the propagation of damage within the core
after a partial disruption of the core. Several other less important con-
straints are not discussed here but can be implied from the model description.

Figure 1 shows the flow of the computer aided debris retention analysis.
This figure indicates which areas of the analysis are modeled probabilistical-
ly and which areas are modeled deterministically. The initial accident
events were emphasized for probabilistic treatment because of the sensitivity
of the model predicted outcome to the uncertainties '* these initial events.
Even though many of the accident events modeled in i <_ latter parr of the
code are treated deterministically, the variables input into these determinis-
tic models are probabilistic and, thus, the analysis is probabilistic. The
code is divided into subroutines to facilitate replacement of analytical
models for specific accident events as new or improved models become available.

The input and output of the debris retention model are shown in Fig. 2.
The inputs are generated by analyse? of accident events occurring prior to
and during the core disruption. The calculation by the model of the flow
within the primary loops is based on two of the inputs: the probabilities
of the number of loops operating in a flow mode and the characterization of
coolant flow blockages. The heat removal systeiw state (failed or operational)
is used in the calculation of the coolant temperature. If any fuel is
ejected from the reactor vessel during the core disruption, the fuel inventory
within the primary system is reduced accordingly.

The output of the code is a discrete probability distribution of the time
of a major fuel release from the primary system boundary, including the pro-
bability of no major release, i.e., infinite time to boundary failure. For
each time category in this probability distribution the output includes a set
of expected values for variables which characterize primary system accident
events. These variables are used as input to subsequent analyses within the
overall accident risk assessment. The fuel coolant interaction product is
defined as the product of the amount of molten fuel that interacts with sodium
times the number of such interactions.
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Figure 2 Model Inputs and Outputs

The major aspects of the debris
retention model are briefly dis-
cussed below. The model proba-
bilistically treats the amount of
fuel ejected from the core during
the core disruption phase of the
accident. The upward ejected fuel
is assumed to be uniformly mixed
in the reactor vessel upper plenum.
The fuel particle size distribu-
tion is generated by a probabilis-
tic function. The sodium flow
within the primary loops is calcu-
lated by the model and is based
on the model inputs. The trans-
port of the fuel particles is
based on a comparison of the par-
ticle settling velocities in
sodium and the local sodium flow
velocities, while the effectiveness
of particle transport by sodium is
treated probabilistically. The
locations of the debris beds and
the amount of fuel contained in
these beds are determined from
the fuel transport analysis. Fuel
relocation between debris beds due
to the debris bed leveling pheno-
mena is analyzed probabilistically.

The code calculates the maximum local loading of fuel particles in the
debris beds. Based on this fuel particulate loading and a probabilistic decay
heat level, the maximum heat flux from the debris bed is determined. The un-
certainties in the decay heat level are based on uncertainties in the total
decay heat produced by all of the fuel and fission products, the fraction of
this decay heat remaining in the fuel particles, and the elapsed time from
criticality termination to debris bed formation. The heat flux from the debris
bed is compared with the probabilistic critical heat flux of the bed to deter-
mine if bed dryout is predicted. The critical heat flux for a debris bed is
based on a probabilistic critical heat flux criterion for a given debris bed
mass loading and a probabilistic debris bed mass leading. The uncertainty in
the debris bed mass loading represents uncerf \inties in the geometry of the
bed and of the location and amount of steel particulate intermixed with the
fuel particulate.

If non-coolable debris beds are predicted, the model evaluates the con-
sequences of these non-coolable beds. There is a separate analysis for each
non-coolable bed location and the model conducts these analyses in a specific
sequence. The sequence is such that when a structural failure at one location
may influence the debris retention capability of another location, the former
location is analyzed first. Once the core debris has become molten, the pos-
sible relocation of this debris as a result of molten fuel flow is treated
probabilistically. The decay heat level in the molten pool is pdjusted for
the elapsed time of molten pool formation.

A transient heat transfer analysis and a structural load carrying capa-
bility analysis is conducted by the code for each molten debris pool location.
At locations where the fuel pool is expected to reside for a long time, the
heat transfer analysis will switch from a transient analysis to a quasi-steady
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state analysis after the initial thermal transients have subsided. The heat
transfer from the molten pools into the steel structures is treated probabilis-
tically while the heat transfer within and out of the structures is treated
deterministically. The structural heat transfer is assumed to be one-
dimensional.

The ability of a structure to support the molten pool is based on a struc-
tural factor of safety. This factor of safety is defined as the ratio of the
mechanical stresses at which failure will occur to the actual stresses or the
structure. The structure is assumed to fail when this ratio is less than one.
The model reduces the probabilistic initial factor of safety as structural
thicknesses decrease (due to melting) and as structural temperatures increase.
The reductions in the factor of safety represent the reduced load carrying
capability of thinner structures and the decrease in the strength of steel
with increased temperature and with high heat fluxes.

MODEL APPLICATIONS

The debris retention model has been developed as part of a risk assess-
ment methodology development program. Test applications of the model within
risk assessments of existing reactor designs permit evaluation of the model
for completeness and a comparison with existing deterministic safei_y analyses.
An initial simplified version of the model was applied to an early LMFBR
reactor design. The model predicted high probabilities (greater than 0.99)
of primary system failure after a core disruption in which 100% of the fuel
was involved. These results are qualitatively consistent with deterministic
analyses of the same reactor configuration for an accident with 100% core
involvement.

The most recert version of the model was applied to a reactor configura-
tion similiar to the reactor for the Fast Flux Test Facility. Two emergency
events were selected for this risk assessment application. Thirty-three
separate cases were identified for the analysis of these two events. The
cases were selected by assuming the debris retention analysis is a function
of 1) the flow mode (main pump, pony motor, or natural circulation) for the
primary loops, 2) the state of the emergency heat removal system (functioning
or failed), and 3) the extent and severity of core disruption. The results
of one of these cases is shown in Fig. 3.

The histogram in Fig. 3 shows the predicted probabilities of a major fuel
release from the primary system as a function of time. The early failure of
the primary system to retain the fuel is a low probability event which results
from a large quantity of fuel reaching the core support dome in a short time
after the accident initiation. This, in combination with several other low
probability events, leads to a failure of the core support dome and subsequent
failure of the primary system boundary. The late failure of the primary sys-
tem boundary is the ultimate result of a piping elbow failure and the loss of
sodium from the primary system. The piping elbow failure is caused by the
accumulation of core debris into a non-coolable debris bed in the piping elbow.
This non-coolable debris leads to a molten fuel pool and melt-through of the
piping elbow.

In addition to generating the probabilities used in the histogram, the
model also provides further information for each of the time categories des-
cribing primary system events that occur prior to the major fuel release.
These descriptions are used in the consequence evaluation and as feedback
to the core disruption analysis. The primary system event descriptions shown
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in the computer printout of Fig. 3 are 1) the expected value of the
fuel/coolant interaction product (defined as the sum of the products of the
number of such interactions times the fraction of fuel inventory involved),
2) the expected value of fuel vapor released from molten debris pools to
overlying sodium expressed as a fraction of the total fuel inventory, 3) the
probability of melt-through of the primary piping occurring before the major
fuel release (early fuel release), 4) the expected value of the time, in
seconds, of this piping melt-through, and 5) the expected value of the amount
of fuel (expressed as a fraction of total inventory) released from the primary
system as a result of the piping melt-through.
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CONCLUSIONS

A detailed description of the models and calculation techniques employed
within the computer code will be published in the near future. Model develop-
ment is expected to continue as the model is applied to various reactor
designs within the context of overall risk assessments.

Applications of the debris retention model show that the uncertainties
in the modeling of accident events produce a range of predicted accident out-
comes. Although we have not yet conducted a thorough sensitivity study for
the debris retention model, the probability of primary system debris retention
in the most recent risk assessment application (FFTF) appears to be most
sensitive to uncertainties in the modeling of the following accident events:

• The fuel particle size distribution after a
molten fuel/coolant interaction

• The transport of the core debris particles
by sodium

• The geometry of core debris beds within the
primary piping system, particularly for debris
in the piping elbow at the reactor vessel exit

• The critical decay heat level for fuel parti-
cles in a core debris bed. Decay heat levels
above this critical level produce more heat
within the bed than can be transferred to
sodium and, thus, cause the formation of a
molten debris pool.

• The heat flux from a molten pool of core debris
to adjacent steel structures

Increased understanding of the accident events along with further efforts
to quantify accident event uncertainties should reduce modeling uncertainties
and, therefore, uncertainties in the predicted accident outcome. However,
uncertainties in the predicted outcome of a core disruptive accident will con-
tinue even after further research into accident events because of intrinsic
uncertainties in certain accident events and the impracticality of conducting
prototype experiments for some of the accident events. It is assumed within
the debris retention model that the probabilities of accident events other
than those included in the model are very small and will have a negligible
effect on the accident outcon .1 probabilities. Quantified estimates of the
probabilities of accident events other than those utilized in the model could
be used in developing an upper limit to the predicted debris retention relia-
bility or these probabilities could be added to the model to improve the
prediction of the accident outcome.

What are some long term uses, of the debris retention model if its develop-
ment is continued? The model could be used for evaluating design alternatives
within the constraint of a debris retention probability criterion, or a risk
criterion if employed within a general risk assessment model. The debris
retention model could also be used to conduct sensitivity studies of che
models for the various accident events with the purpose of indicating which
areas of research and development to pursue for the most fruitful payoff in
improving the predicted reliability of the primary system to retain core
debris. It has been shown by Atcheson and Temme [1] that sensitivity studies
conducted with probabilistic models may yield different conclusions from con-
ventional deterministic sensitivicy studies. These authors explain that in
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some instances the true sensitivity is only apparent from the results of a
probabilistic sensitivity study.
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CONSIDERATIONS OF THE THIRD LINE OF ASSURANCE
POST-ACCIDENT HEAT REMOVAL AND CORE RETENTION
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ABSTRACT

LMFBR safety through defense in depth is provided by four
lines of assurance (LOA 1 to 4). Primary emphasis in design is
on LOA-1 or prevention of accidents, but the LMFBR can also be
shown to possess inherent safety characteristics in the second,
third and fourth lines. These lines would limit core damage,
retain radioactive materials in tlii" primary system cells and
mitigate the consequences of very low probability events. The
main concern of this paper is with LOA3. Functional require-
ments and pertinent considerations of core retention and dc-ay
heat removal are given. The scenario of a postulated accident
is described from the stage of core debris dispersion to the
final stage of debris settling in either the reactor vessel or
at the bottom of the reactor cell. Parametric studies for con-
servative scenarios which assume liner failure and subsequent
chemical reactions have been performed for early-sized LMFBRs.
The containment response appears to be highly dependent on the
structural integrity of the reactor cell liner and concrete
dehydration ^atco in the case the liner has failed. Radiologi-
cal assessments indicate that 10CFR100 guidelines can be met'
for all considered cases.

LINE OF ASSURANCE CONCEPT

At present four lines of assurance are considered for LMFBR safety [1].
The objective is to provide defense in depth against uncontrolled relencp of
radioactive materials to the public environs. The lines of assurance (LOA)
are:

L0A1: Prevention of accidents
LOA?: Limitation of core damage
LOA3: Containment of accidents in primary system cells
L0A4: Attenuation of radiological materials.

LOA1 comprises the main safety systems of the reactor such as the control and
shutdown system, the decay heat removal system and inherent safety features
etc.. These systems maintain an adequate pcwer/coolant relationship in the
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reactor core during all operating conditions and shutdown. L0A2 is designed
to prevent the propagation of single unit core assembly failures towards a
major accident. L0A3 and 4 limit the potential release of radioactive mate-
rials from the containment building to levels below the specifications of the
Code of Federal Regulations. In general the inherent retention capability of
the reactor cell and containment is sufficient to meet these requirements.

PREVIOUS CONSIDERATION OF ACCIDENT CONSEQUENCES AND SAFETY ASSURANCE

The safety approach of LMFBRs has progressed from early concepts- which
eliminated "any conceivable" cause of accidents and investigated "maximum con-
sequences" of whole core disruption to a full consideration of all lines of
assurance. Early consequence evaluations were influenced by the EBRI meltdown
which occurred in 1905. In this incident a central part of the core melted
and sunk to the lower part of the core during a planned power transient when a
thermocouple failed. Detailed data on the accident scenario were obtained.
The observation indicated among other things that uranium from the core was
dispersed both upward and downward from the center of the core, steel and
metallic fuel materials were mixed and freezing occurred in the blanket. The
dispersal role of the liquid metal coolant became apparent. No explosive
forces developed.

Information on the kinetic energy release during a core meltdown accident
was obtained from the GODIVA experiments [2] where three pieces of 93.7% U-235
in form of a sphere with 55 kg mass and no reflector encountered an accidental
prompt burst with low kinetic energy release (1.4% of total energy) [3].
Accident analysis models which were developed later incorporated such informa-
tion. Up to the FFTF design, these models were based on the assumption that
the upper half of the core could melt and fill the space usually occupied by
sodium at the lower half. The reactivity insertion would depend on gravity
collapse of all of the fuel in the core at the worst possible moment [4]. The
burst behavior of the core was modelled to be much like that of GODIVA.

These sequences were believed to be conservative with respect to the total
energy generation in accidents. Such assumptions were generally acceptable
for the reactors with small fuel masses (up to 2200 kg). As the reactor cores
became larger, the need arose for a mechanistic treatment and better physical
understanding of hypothetical core disruptive accidents. Thus complex analyti-
cal techniques, e.g. SAS and VENUS [5,6] and extensive experimental programs
such as TREAT [7] and SLSF [8] evolved. These programs, focused on the ini-
tiation phase of core disruptive accidents, provided further strong evidence
that violent core disassembly considered in earlier LMFBR safety analysis is
improbable. Attention of the experimental and analytical program has conse-
quently shifted toward core disruptive sequences involving core meltdown rather
than core disassembly. This development work focuses on LOA3.

Meanwhile, it is now generally believed that core disruptive accidents can
be made sufficiently improbable by design that they need not be part of the
design basis. Thus the current design efforts for commercial-sized reactors
(1200 to 2000 MWe) focus strongly on LOAl and L0A2.

Of the five fast reactors built in the United States prior to the Clinch
River Breeder Reactor only two included specific provisions for L0A3, the
Southwest Fast Oxide Reactor (SEFOR) [9] and FERMI [10]. For SEFOR a reten-
tion tank designed to retain the entire primary sodium was located below the
reactor vessel. The tank consisted of steel sheet metal surrounded by an insu-
lation layer of calcium silicate. The decay heat from the entire core could
be transferred from the tank to the surrounding containment structure without

1996



damaging these barriers.

Fermi utilized two design features to increase the capability for molten
core retention and post-accident heat removal. A zirconium plate was inserted
in the flow inlet plenum to resist penetration of molten core debris and pro-
mote debris spreading into a non-critical layer. Additionally, a graphite
coated crucible was placed below the lower reactor vessel head. The graphite
protection layer included 5% boron to assure neutronic shutdown.

FFTF has been shown to be capable of permanent core debris retention of

90% of the active core in a dispersed form and complete decay heat dissipation

[111.

OBJECTIVES OF THE THIRD LINE OF ASSURANCE

The retention of radioactive materials in the primary cells of the
reactor containment building or preferably in the reactor vessel after a large
core disruptive accident, is the main concern of LOA3.

Successful retention of radioactive materials within the cell structure

following failure of L0A1 and L0A2 would depend on the control or accommoda-

tion of the following parameters:

a. the temperature and pressure in the reactor building,

b. material interactions and heat generation by chemical reactions,

c. the resistance of containment materials and seals and degradation

of these components,

d. initial accident conditions, including accident energetics, and

e. the fission product distribution.

Several concepts for retention have been considered [12,13] including:

a. systems with active cooling that prevent boiling of sodium
and material interactions and degradation, and

b. passive systems with limitation of pressure buildup and limita-
tion of chemical reactions.

Both systems are capable of meeting luncLional requirements in the early stages
after core disruption. It appears that the active cooling and retention sys-
tems would have an advantage for long term retention of radioactive materials.
Concrete containments without cooling devices could leak after prolonged expo-
sure to high temperatures due to material degradation and cracking.

POST-MELTDOWN SCENARIO

Hypothetical low probability events with maximum consequences such as a
loss of flow (LOF) accident or transient overpower (TOP), coupled with the
failure to scram have been used as a basis for safety considerations of early
sized LMFBRs (1100 MWt size). These events envelop the consequences of other
mechanistic sequences such as the propagation of fuel assembly blockage with-
out scram and a large gas bubble passing through the core without scram. An
LOF scenario can lead to the most severe meltdown conditions.

In a LOF type accident, the decrease in sodium flow would cause sodium
boiling in the core region, flow reversal, coolant channel voiding, cladding
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and fuel melting and relocation under the influences of gravity and vapor flow
shear forces. Neutronic shutdown would occur by dispersal of fuel away from
the active core region. The axial direction is favored for material flow due
to low inertial and thermal resistance forces. Massive structures prevent
dispersion in the radial direction. Transient freezing of molten core debris
in contact with a cool lower support structure would promote vapor driven
ejection in the upward direction.

In the absence of adequate heat removal the frozen core debris wouxd
remelt: due to internal heating. The heat sources are produced by absorption
of 6 and y radiation emitted from fission products, Np-239 and U-239. y radi-
ation represents a significant mechanism for energy transport which promotes
the melting process of steel support structures and advance of core debris in
the downward direction.

In contact with liquid sodium, fuel and siteel debris will fragment into
small sized particles [14] with average size fuel particles of approximately
200 pm and steel particles of 400 um. The fragmentation is primarily due to
thermal and mechanical interactions including hydraulic forces and thermal
stress cracking [15]. For small amounts of fuel debris complete fragmentation
has been observed [14]. The fragmentation process of large masses of debris
is associated with uncertainties. Defragmented masses of debris in contact
with inadequately cooled steel structures may lead to local structural fail-
urej.

In order to determine the decay heat dissipation in the reactor vessel
and the response of structures some knowledge of the debris settling time, the
final geometry and location is required. The settling characteristics of heat
generating particles in recirculating flow are not well understood. The heat
delivered from the particles to the surrounding fluid is too small to create
significant buoyant forces [16]. Gravitational, inertial and fluid, drag
fo ">s determine the particle motion relative to the fluid. Settling times
havt. oeen studied for stagnant pools indicating characteristic times for com-
plete settling within 600 seconds for a pool of 9 m depth [17]. However, this
time can change since a small particle volume fraction of 2.6xlO~6 is suffi-
cient to cause onset of fluid motion and forces on the particles. The residual
fluid flow after the accident also affects the settling time.

It has been shown experimentally that layers of internally heated parti-
cles which have settled at the bottom of a pool of fluid would be stable up to
a certain critical depth. If this depth is exceeded, the vapor generation rate
is greater than the rate at which gravity can maintain a steady flow of sodium
through the bed so that sodium dryout would occur [18,19]. For typical core
sizes of early sized LMFBR, it car. be shown that 8 to 10% of the core would be
stable as a particle bed at the bottom of the reactor vessel; however, 2 to 5%
in a molten form could lead to vessel meltthrough.

For the event of large accumulation or core debris (10 to 100%) at the
bottom of the reactor vessel, heat transfer analysis indicates that the debris
would be in a molten state. If the steel and fuel separate immediately due to
density differences, no boiling would be encountered. For a homogeneous mix-
ture of fuel and steel the maximum layer temperature can be determined from
Jahn's investigations [20] as 32OO°K. This temperature is well below the boil-
ing point of fuel (3600°K), but lies above that of steel (3080°K). Therefore,
in a homogeneous mixture, steel boiling may occur. This would increase the
upward heat transfer and sodium boiling leading to further pressurization of
the lower vessel.
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Core debris in contact with the bottom of the reactor vessel would pene-
trate through the steel wall. Vessel failure may occur due to p el structure
melting and creep rupture. A two-dimensional model was applied t . tudy these
processes and to establish conditions under which the vessel could be kept
intact. Characteristic failure times of 12 to 60 minutes have been found for
meltthrough failure if heat removal from the bottom of the vessel is by thermal
radiation only. High pressures exerted on the vessel would cause structural
failure prior to melting. Calculations show the time to failure can be signi-
ficantly increased if the vessel temperature is maintained below the melting
point.

Considerable improvement of the retention capability within che reactor
vessel can be accomplished by placing a single tray for debris collection in
the sodium plenum underneath the core support structure. Decay heat trans-
ferred in the downward direction would be dissipated by natural convection
under eath the tray. A core debris catch tray is included in the PFR design.
Stagnation point effects at the center of the tray are reduced by injecting
cold sodium at this point [21]. In the FFTF and SNR-300 the cooled bottom
plate of the flow inlet plenum posses significant inherent retention capabil-
ity for core debris. In-vessel retention can be achieved by limiting core
damage (L0A2) and limiting the amount of debris penetrating into the lower
part of the vessel to approximately 20% (for early-sized LMFBRs).

The conditions existing shortly after failure of the reactor vessel and
guard tank structure are highly uncertain. In general, conservative assumption
are made for evaluating the transient containment response and radiological
consequences following these events. It is possible that a stream of debris
falling from the guard vessel onto the reactor cell floor may locally fail the
liner. This would expose the concrete to chemical attack by core debris and
sodium. The anticipated chemical reactions are exothermic, generate both
gases and aerosols and consume primary system sodium.

Sodium oxide, sodium hydride and sodium hydroxide are products of the
water/sodium reaction. However, at temperatures above 412°C as expected in
the reactor cell, the equilibrium of the reaction would shift to the forma-
tion of sodium oxide and sodium hydride. The latter would exist only under
sufficiently high hydrogen pressures. The consecutive reactions of end pro-
ducts can be of importance if additional heat generation and sodium consump-
tion take place. An example for this would be the formation of sodium carbide
as a result of the sodium/carbon reaction where the carbon is generated
by sodium/limestone or dolomite aggregate interaction.

Calculations indicate that conductive heat transfer into the concrete wall
of the reactor cell, vessel internals, and sodium is not sufficient to prevent
continuous sodium boiling [13]. Complete sodium boiloff from the reactor
cell would occur within approximately 100 hours. This time may be on the
order of 28 hours in the case of complete liner failure.

Concrete structures show a degradation of material strength when exposed
to high surface heating rates. This degradation is expected to proceed slowly
due to the low thermal conductivity of concrete. The core debris is expected
to spread into a thin layer at the bottom of the reactor cell. No penetration
into the concrete structure would be expected if a particle layer forms. A
molten layer will cause limited melting attack. Transport of hydrogen to the
air-filled containment may lead to the autoignition of the mixture [22]. Con-
trolled hydrogen burning or air purge could be employed to prevent an explosive
interaction.

The transient containment response after reactor vessel and guard tank
failure has been studied in detail. The areas of main interest included
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concrete dehydration, containment pressure and temperature time histories, and
radiological consequences.

CONCRETE DEHYDRATION

Parametric studies on core meltdown consequences have revealed a high
sensitivity to the amount of water present at the accident site. This water
is contained in the concrete structures in form of free water, adsorbed (gell)
water, interlayer water and chemically bound water. Significant amounts of
water can be released to the reactor cell due to heating of these structures,
resulting in exothermic reactions with sodium, sodium consumption and undesired
gas generation. Consequently, efforts have been made to study and model the
water release phenomenon and to predict the distributions of the temperature,
pressure, and moisture content within the concrete as a function of time.

A model based on thermodynamic principles was developed which considered
water transport in both the liquid and vapor form. The concrete was treated
as a porous material. Heating its surface results in expansion of gases and
evaporation of water within the pores. Therefore, pressure and species con-
centration gradients are created causing mass flow and species diffusion, res-
pectively. If heating proceeds, a stage is reached where the hot portion of
the concrete completely dries out the water. This zone expands upon further
heating. Recondensation of vapor occur at lower temperature zones and enhances
the rate of heat transfer.

The above model has been coded and successfully tested with preliminary
experimental results obtained by HEDL. Calculations indicate that the rate of
water release from the heated surface is fairly insensitive to heating condi-
tions (within certain ranges). A typical water release-time history is shown
in Figure 1. The pressure distribution at 1, 4, 11 and 24 hours after surface
heating is depicted in Figure 2. At elevated temperatures pore pressures gen-
erate stresses that may exceed the tensile strength of concrete and spallation
may occur. From the present study it is evident that the mechanism of energy
transport in concrete is not merely conduction but one of convection and phase
change too. Water is released to both the heated and unheated side of the
concrete.

TRANSIENT CONTAINMENT RESPONSE AND RADIOLOGICAL CONSEQUENCES

The thermal-mechanical response of the containment of an early-size
LMFBR (1100 MWt) was investigated for a range of conditions assumed to exist
after a postulated core disruptive accident.

A four cell model that included the reactor cell, the primary heat trans-
fer cells, the head compartment area and the containment cell, was employed
in this study. Typical dimensions of the model are shown in Figure 3. The
CACECO Code developed by HEDL was used to determine pressure and temperature
time histories in the individual cells. The following assumptions were made:

a. The reactor core penetrates through the reactor vessel and guard tank
within 1000 seconds after termination of the postulated accident.

b. The containment and cell structures consist of limestone aggregate con-
crete, which releases H-O and CO. upon heating by core debris and sodium.

c. Free pressure communication exists from the reactor cell into the primary
heat transfer system (PHTS) cells and the head access area (HAA) cell.

d. The leak rate from the PHTS cell and HAA cell to containment cell is 100%

2000



volume per day at 0.7 and 1.05 atm, respectively. The containment cell
leaks 0.1% volume per day to the outside atmosphere at 0.7 atm. The
degradation of concrete due to exposure to high temperatures does not
effect these rates.

e. An air purge is activated in the containment cell whenever the hydrogen
concentration exceeds 4% volume. This presents a conservative lower limit
for hydrogen autoignition in air.

In the case the reactor cell liner would stay intact a maximum reactor
cell temperature of 1225°K and pressure of 1.9 atm. would be obtained. The
sodium inventory would be boiled off within 96 hours. If the bottom liner of
the reactor cell should fail initially, the cell pressure would increase to
2.2 atm. and sodium would be evaporated and consumed by chemical reactions
within 66 hours. The severest reactor cell condition resulted from initial
bottom liner failure and side wall liner failure 10 hours later. The peak
pressure in this cell would reach 2.6 atm. and sodium would disappear within
49 hours. The range of reactor cell pressures and temperatures is shown in
Figure 4.

It was observed that the PHTS presents a major heat sink for all cases
considered. Heat transport to these cells is by sodium vapor flow which
condenses at the cell walls. The cell pressure and temperature time histories
are sensitive to the rate of water release from the reactor cell concrete
structure. In the cnd& of a low release rate no hydrogen purge in the contain-
ment cell would be required. Additionally, the temperature and pressure
increase would occur at a slower rate. Variations in the time to sidewall
liner failure, time to vessel and guard tank failure, and sodium reflux showed
little change in maximum reactor cell temperatures and pressures. The time to
complete loss of sodium from this cell would be more significantly affected.

The radiological consequences were evaluated for the described accident
scenarios with the COMRADEX Cede [23]. Examination of the total 2 hour site
boundary and jO-day Low Population Zone (LPZ) dose for case without any filtra-
tion of release products shows the doses are well below the lPCFRlOO guideline
limit. Maximum doses were obtained for the case with initial bottom liner
and 10 hours delayed side wall liner failure. For this case the 30 day LPZ
thyroid dose is approximately 15% of the 10CFR100 limit. Insertion of a
filter lowers this value to 3% of the allowable guideline limit.

CONCLUSIONS

In-vessel debris retention supported by a strong second line of assurance
(limitation of core damage) is preferred over ex-vessel retention. The latter
involves complex analyses of material interactions and predictions of the
behavior of concrete structures. These evaluations are presently associated
with large uncertainties due to the lack of conclusive experimental informa-
tion. Interactions in the reactor cell could be -.ninimized in insulating the
concrete structure with a layer of refractory oxides such as AlJOy This
insulation layer would a]so reduce water release into the reactor cell follow-
ing liner failure. The steel reinforcement can be designed to minimize con-
crete spallation. The evaluations indicate that for early-sized LMFBRs the
ex-vessel retention of core debris in the reactor cell is possible without the
use of active heat removal systems. Dose rates for the worst scenario assumed
stayed well below 10CFR100 limits.
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POST-ACCIDENT FUEL CONTAINMENT IN THE GAS-COOLED FAST BREEDER REACTOR

C. S. Kang and A. Torri

General Atomic Company
San Diego, California

ABSTRACT

The upward heat removal capability in tho 300 MW(e) GCFR
demonstration plant following a hypothetical core meltdown
accident has been investigated. It was assumed that no forced
helium circulation is available, and a delay of 30 minutes has
been assumed before the loop isolation valves in the Core
Auxiliary Cooling System (CACS) are opened. Following opening
of the isolation valves, a natural convection helium flow is
established which provides heat transport from the melt surface
to the water cooled CACS heat exchangers. The analysis showed
that no melting of internal components would occur for system
pressures greater than 6 atm and that no melting in the ridial
blanket assemblies would occur for system pressures greater
than 14 atm.

INTRODUCTION

Analyses of the post-accident fuel containment (PAFC) capability and of
the associated post-accident heat removal (PAHR) phenomena in the event of a
core meltdown in the gas-cooled fast breeder reactor (GCFR) have been underway
at General Atomic (GA) and at Argonne National Laboratory (ANL) for several
years. At GA this work has included analytical evaluations in order to
determine the important phenomena for a range of potential conditions
regarding initial conditions, operation of cooling systems, etc. This paper
reports on an assessment of the natural convection capability for upward
he-̂ t removal from a melted core pool on the lower thermal shield.

Previous analyses [1] indicated that for the current design of the lower
thermal shield, downward heat removal froir the core melt must be provided by
the liner cooling system in order to prevent PCRV liner overheating, and
upward heat removal is required to prevent melting of the central cavity
internals. However, several hours are available to establish the required
cooling capacity. In the downward direction an enhanced liner cooling
system would be capable of removing the downward heat flow which begins to
increase to above normal levels after about six hours. In the upward
direction the operation of only one core auxiliary cooling loop appears
adequate to prevent cavity internal structures from reaching the melting
temperature even under depressurized conditions. Although these preliminary
conclusions were encouraging, the analysis upon which they were based assumed
that active heat removal systems are available.
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As a next phase, an investigation of the consequences of not having an
active heat removal system inside the PCRV was made. For this analysis,
neither the three main loop circulators nor the three core auxiliary helium
circulators are assumed to be operational and the only means of upward heat
removal is by natural convection of helium. Only a continuous cooling water
supply to the PCRV liner cooling tubes and to the three core auxiliary heat
exchangers is assumed.

INITIAL CONFIGURATION AND ASSUMPTIONS

The initial configuration of a 300 MW(e) GCFR reactor cavity following
a postulated core meltdown accident is shown in Fig. 1. A partial core melt-
down, where the upper axial blanket and the radial blanket remain in place is
assumed. The dropped core debris, assumed to be molten, is accumulated above
the lower thermal shield. The events leading to this configuration are
assumed to have occurred instantly at the beginning of the accident.
Following a total loss of forced circulation, the helium loop isolation valves
would normally be closed, such that natural convection coolant flow paths can
only develop within the central cavity. After a 30 minute delay, the
isolation valves in the core auxiliary cooling loops are assumed to be
mechanically opened and a natural convection flow path develops through the
auxiliary cooling loops as shown in Fig. 1. The helium flows upward through
the central portion of the reactor cavity which forms the hot leg with an
average temperature T , and then downward through the auxiliary heat
exchangers to the outer radial shield annulus which forms the cold leg with
an average temperature T . The effective loop height h is measured from the
lower end of the outer radial shield to the mid-height of the auxiliary
heat exchangers.

The two-dimensional computational model as well as the initial
conditions, are shown in Fig. 2. For simplicity, irregular geometrical shapes
have been replaced by regular ones. The perforated grid plate and the blanket
rod bundles have been represented by equivalent solid masses. The radial
shields and the radial blanket assemblies are assumed to consist of one
material having the weighted property values of the actual materials. The
molten core debris is assumed to separate into two distinct layers with the
molten stainless steel from cladding and assembly ducts overlaying the molten
fuel. Volatile fission products are assumed to have escaped into the reactor
cavity where they flow with the helium to the auxiliary heat exchangers. The
volatile fission products in the unmelted blanket are not released to the
helium. The non-volatile fission products are distributed in the oxide feel
and the molten stainless steel. Based on the isotope-by-isotope decay heat
rate for the first 30 hours which covers the time span of the present
analysis, 80% of the decay heat (from the non-volatiles) is generated in the
oxide region, and the remaining 20% is generated in the molten stainless steel
region. Based on previous analyses [1], two thirds of the heat generated in
the oxide layer is assumed to flow upward into the steel layer. A uniform
heat flux passing into the bottom of the molten stainless steel layer,
constitutes the lower boundary of the computational model. The sides of the
stainless steel layer are assumed to be insulated. Internal free convection
within the molten stainless steel1 layer is treated as an equivalent heat
conduction with an assumed effective thermal conductivity based on previous
analysis [1]. All the reactor internal surfaces emitting or reflecting
thermal radiation are assumed to be gray and diffuse. Emissivity of the
molten stainless steel surface is assumed to be the same as that of solid
stainless steel. The helium, partially mixed with aerosols, is assumed to
be transparent.
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ANALYSIS

Radiative Heat Transfer

Radiative heat transfer from the core debris surface to the reactor
internal structures serves as a major heat transfer mechanisms for upward
decay heat removal. The cavity region affected by thermal radiation is
divided into 4 sub-regions of regular geometry which are separated by
fictitious gray surfaces. The apparent emissivity of these fictitious
surfaces is four.d by considering the separated regions as cavities facing
each other [2]. Geometric view factors for each region are calculated based
on standard view factor algebra. Modified radiative interchange factors in a
gray enclosure are then found by Hottel's method [3], An equivalent
radiative conductance between any two surfaces is then established and the
non.-linear effects are accounted for by including t temperature dependence of
the equivalent conductance.

Natural Circulation of Helium

The natural convection of helium is induced by density differences
between the hot helium in the core cavity and the cold helium in the annulus
formed by the outer radial shield and the thermal barrier over the effective
height of the gas columns. The helium mass flow m can thus be termined by

where H is the effective height of the gas columns, p is the helium pressure
of the system, R is the gas constant, T is the average loop temperature,
T, and T are the hot and cold leg temperature, respectively, and 3 is the
loop pressure drop constant which is determined by the nominal pressure drop
at nominal flow, pressure and temperature conditions for decay heat removal
in the auxiliary cooling loops. It is expressed by

(2)

where the subscript "o" refers to the nominal condition. The constant n,
which appears in both Eqs. (1) and (2), is 2.0 if ft » 6 and 1.8 if ft < ft .
The smaller value of n takes account of Reynolds number dependency of the0

loop friction coefficient.

Heat Convection at Reactor Internal Surfaces

The helium flow induced by natural convection can be laminar or
turbulent, and either developing or fully developed along its flow path.
Formulas for the heat transfer coefficients at various reactor internal
surfaces are given in standard text books [4,5,6], For most flow conditions
the Nusselt number is well represented by the relation

Nu = a Rem Pr11 (3)

Where Re and Pr are Reynolds and Prandtl numbers, respectively; and a, m and n
are constants which depend on the type of flow.
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Helium flow through the grid plate is treated as flow through circular
tubes. Because of the small length to diameter ratio, the entry-length
effect is included. For both the laminar and turbulent range. Nusselt
numbers are given by Kays [4]. In the axial and radial blanket regions a
flow parallel to a bank of staggered circular rods is modelled. For this
type of flow, Kays [4] has treated both the laminar and the turbulent cases
and plotted the average Nusselt numbers as functions of the pitch to
diameter ratio. Along the inner and lower surfaces of the outer radial
shield a boundary layer flow along a flat plate is modelled. Heat transfer
solutions for this type of flow are well-known. For the upper surface of
the core debris, a stagnation flow condition may be assumed. Equations for
the Nusselt number are given by Kays [4].

For the first 30 minutes, when no helium circulation through the core
auxiliary cooling loops is assumed, local natural convection is considered
in the central region of the lower cavity above the core uebris surface,
and also in the annulus between the outer radial shield and the thermal
barrier. Both sides of the outer radial shield as well as the thermal
barrier surface are considered as cooled vertical pletes. The portion of
the debris surface facing the central cavity is treated as cooled horizontal
plate facing upward. The lower surfaces of the inner radial shield and the
remaining core are treated as cooled horizontal plates facing downward.
The space between the lower end of the outer radial shield and the debris
surface is considered as a horizontal gas space. Nusselt numbers for these
types of flow are represented b} the relation

Nu > C Ran (4)

where Ra is the Rayleigh number and c and n are constants. Experimental
data for these types of flow using air as the medium have been collected by
McAdams [6].

Heat Transfer in the Auxiliary Heat Exchangers

The auxiliary heat exchangers are of the helically wound cross flow
type. The normal direction of the helium flow is upward through the
auxiliary heat exchanger and countercurrent to the overall water flow inside
the tubes. Howevers under the reversed flow condition due to natural
circulation of helium, these exchangers become parallel flow heat exchangers.
The heat transferred from the helium to the water is the product of the
overall heat transfer coefficient, the heat cransfer area, and the log mean
temperature difference, i.e.,

q - U-A-ATan (5)

For a fixed water inlet temperature and flow rate the heat balance between
the helium side and the water side determines the water outlet temperature.
Incorporating this relation into Eq. (5) gives a transcendental equation for
the cold helium temperature at the exit of the heat exchangers.

RESULTS AND DISCUSSIONS

Numerical results were obtained using the NUTAt computer code [7], a
multi-dimensional network type thermal analysis computer program. Input
data required for the computation are given in the Appendix.
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The upward flowing portion of the decay heat In the molten pool and the
cold helium temperature at the exit of the auxiliary heat exchangers were
pre-calculated and the results were prepared as Input data to the NUTAP
computer code. Results of the decay heat calculation are given in Fig. 3
which shows the total decay heat flowing upward, the decay heat in the core
debris melt, the decay heat from the volatile fission products, and the decay
heat in the radial blanket. The cold helium temperature, as a function of
the helium mass flow and the hot helium temperature at the inlet of the
auxiliary heat exchanger, is shown in Fig. A. A simple linear relation
between the cold and hot helium temperatures was observed.

Calculations wer°. made for various depressurization conditions. The
lowest residual pressure allowable without melting of any reactor internal
structure was found to be 6 atm. The temperature history at various
locations is shown in Fig. 5 for a coolant pressure of 6 atm. It can be seen'
that the temperatures at all surface locations increase during the first
30 minutes when no helium is circulating through the core auxiliary cooling
loops. Sudden temperature drops are observed at 30 minutes when the auxiliary
loop isolation valves are mechanically opened. The debris surface, assumed
molten at the time of accident initiation, reaches its maximum temperature of
1640°C after 2 hours. The surface temperature at the lower end of the outer
radial shield reaches the melting point after 2 hours and begins to decrease
after 5 hours. Temperatures at other locations are well below the melting
point; except In the radial blanket where the temperature increases
continuously due to decay heat generation. Only a small helium flow rate is
developed through the radial blanket assemblies, because of the high flow
resistance compared to the remaining portion of the core elements. After
cladding and assembly wall melting in the radial blanket occurs, the blanket
assemblies would drop into the molten pool and thereby reduce the flow
resistance in the central cavity and consequently more helium flow will be
naturally induced. Therefore, convective cooling is improved, resulting in
lower temperatures for the structures. This configuration was not considered
in the present analysis.

Temperatures at all locations have passed their maximum values within
15 hours, except for the grid plate temperature which continues to increase
for another 5 to 10 hours but would not reach the melting temperature.
Maximum temperatures at various locations are shown in Fig. 6 as a function
of the system pressure. It can be seen that no melting of the radial shield
surface would occur for system pressures greater than 6 atm, and no meltdown
of the radial blanket would occur for system pressures greater than 14 atm.

Helium temperatures as a function of time are shown in Fig. 7 for
various system pressures. Because of the low specific heat capacity of
helium, maximum temperatures are reached early in the 30 minute period while
the isolation valves are closed. Helium temperatures in the annulus between
the outer radial shield and the thermal barrier are much lower than those in
the central cavity because of the comparatively larger cooling surface in the
annulus. This temperature difference initiates the helium flow at the time
when the auxiliary loop isolation valves are mechanically opened. At this
moment, a sharp temperature drop can be observed. The temperature difference
between the hot leg and the cold leg is also reduced due to the helium
circulation. In Fig. 8, the naturally induced helium flow and the percentage
of helium flow passing through the radial blanket are shown as a function of
the system pressure. The helium flow increases almost linearly with system
pressure. For a given system pressure, the helium flow is nearly constant
from 1 to 10 hours after the accident initiation. For system pressures
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lower than 17 atm, the percentage of helium flow passing through the radial
blankets decreases with time from 1 to 10 hours, because the blanket
temperature continues to increase during this time.

CONCLUSIONS

Natural helium convection has been shown to be effective in transporting
the upward flowing decay heat from a core melt on the central cavity floor to
the core auxiliary cooling system heat exchangers for system pressure greater
than 6 atmospheres. Therefore, forced convection helium circulation is not
necessary for upward heat removal following a pressurized core meltdown in
the GCFR demonstration plant. However, two requirements are necessary to
prevent melting of the radial thermal shield at the lower end: 1) the CACS
loop isolation valves must be opened within about 30 minutes, and 2} the PCRV
pressure relief valves must maintain system pressure above 6 atm.

For fully depressurized conditions, natural convection of helium will not
prevent melting of the lower portion of the radial thermal shield.
Probabilistic accident analyses have shown that a core meltdown caused by
an accidental primary system depressurization is of significantly lower
probability than a pressurized core meltdown accident.

Forced water circulation in the CACS heat exchangers was assumed for this
analysis. Future investigations are planned to determine the capability of
heat rejection from the CACS heat exchangers by natural convection.

APPENDIX: INPUT DATA

Physical Properties

Physical properties of stainless steel (Type 316), graphite, and fuel
and blanket materials were taken from Ref. [8]. Other physical properties
used in the analysis are the following:

Thermal conductivity of helium - 3.32xlO"3 T 0' 6 7 4 (w/m-°K)

Thermal conductivity of thermal barrier (Kaowool)

= 0.1082+3.226xlO~4 T (W/sa-°K)

Density of Kaowool » 240 (kg/m )

Specific heat of Kaowool - 837 (J/kg-"K)

Thermal conductivity of irradiated graphite - 26 (W/m-°K)

Emissivitv of stainless steel surface =0.6

Reactor Cavity

System pressure at normal operating condition * 89 stm

Material of radial shield - 50% graphite and 50% stainless steel by
volume

Outer radial shield thickness - 0.69 m

Outer radial shield height » 10.36 m
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Annular space between outer radial shield and thermal barrier » 0.25 m

Effective loop height for natural convection » 11.6 m

Size of debris mass (stainless steel) = 6 m (dia.) x 0.34 m (thickness)

Thickness of thermal barrier (Kaowool) - 0.1 m

Liner cooling water temperature ?s 40°C

Heat transfer coefficient in liner tubes = 363 (W/m-°K)

Auxiliary Heat Exchanger

Nominal helium flow per loops = 5.05 (kg/s)

Nominal system pressure = 1.77 a tin

Water inlet temperature = 82°C

Water flow = 19.4 (kg/s)

2
Heat transfer area = 106 m
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ABSTRACT

The Karlsruhe Nuclear Center and the German firm Kraftwerk Union
are working at the design of a 1ooo MWe GCFR plant, which has many
design features in common with the 3oo MWe demonstration plant pro-
posed by General Atomic Company. In a GCFR the absence of large reac-
tivity excursions and the downward direction of the cooling flow en-
sures that during a gross melt-down accident the fuel is falling on
the base of the reactor cavern contained in the Prestressed Concrete
Reactor Vessel (PCRV). Various PAHR solutions for the GCFR based on
ZnClg, lead or water have been investigated, however at present the
best solution appears to be a core-catcher based on borax, which dis-
solves the oxide fuel and thus decreases the volumetric heat produc-
tion in the melt and the heat flux to the water-cooled liner of the
PCRV. Furthermore the 8.7 meter thick concrete slab forming the base
of the PCRV could be used as external core-catcher. Calculations show
that to melt this slab it would require 23o days. To use the PCRV as
an external core-catcher, it would be necessary to cool the outer sur-
face of the lower part of the concrete pressure vessel, in order to
maintain intact a sufficiently thick layer of concrete.

INTRODUCTION

The Karlsruhe Nuclear Center and the German firm Kraftwerk Union are work-
ing at the design of a 1ooo MWe GCFR plant, which has many design features in
common with the 3oo MWe demonstration plant proposed by General Atomic Company
in U.S.A. The nuclear steam supply system consists of eight main loops totally
housed in a telephone-dial-type prestressed concrete vessel (PCRV) the central
cavity being occupied by the reactor core. In addition to the eight main loops
the PCRV houses four auxiliary loops as a back-up for emergency conditions.

Safety studies account for a substantial fraction of the work that is
currently being carried out \j~]. The Design Basis Accident is postulated to be
initiated by a sudden and complete failure of the seal of a steam generator
plug. The resulting leak area is the largest one possible with the proposed
vessel design. The associated pressure decay constant is 1oo second. A detailed
reliability analysis for the Design Basis Accident [2] lead to the conclusion
that the probability that the decay heat cooling system, formed by the 8 main
coolant loops and the It auxiliary loops, would not be capable of maintaining
the fuel can maximum temperature below 12oo<>C in the first 3ooo hours after be-
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gin of the accident is less than lo"1* per demand. If we assume that the chancr
of breaking the seal of a steam generator plug of the PCRV of the GCFR is as
small as that of a double ended rupture of a coolant pipe in the PWB system,
that is 1o~* per reactor year or less, than we obtain a chance of not meeting
the emergency cooling requirements of less than 1o~8 per reactor year, which is
equivalent to that at present estimated for the PWR in Germany.

The first hypothetical accident investigated was that related to the maxi-
mum possible reactivity ramp injected in the core. This is given by the ejec-
tion of a forgotten shut-down rod from the core operating at full power under
the action of the full helium pressure and corresponds to a maximum reactivity
ramp of 60 $/sec. The energy release calculated with the Karlsruhe disassembly
code KADIS was 22ooo MWsec [3]+. The program ARES of INTERATOM allowed the cal-
culation of the stresses caused by this energy release on the PCRV. The maximum
calculated strain on the prestressed tendons and on the liner was 0.3 %, showing
that the PCRV could withstand this release energy very well. This accident is
however extremely unlikely. A preliminary reliability analysis lead to the con-
clusion that the probability of this accident to occur would be much smaller
than 1o~8 per reactor year.

Due to low coolant Void coefficient and to the small reactivity worth of
the control rods (0.85 $) reactivity accidents and Transient Over Power acci-
dents are very unlikely in a GCFR. Less unlikely are accidents connected with
loss of coolant capability , both due to loss of coolant pressure and/or flow
coaat-down of all main and auxiliary blowers. A typical accident of this type
was investigated with our newly developed code PHAETON 2 [VJ. The accident is
initiated by the lost c * the helium pressure with a time constant of 3o seconds
(more conservative than the loss of pressure initiating the DBA) and eomtempo-
rary failure to scram of both independent shut-down systems. Due to the relative-
ly low coolant void coefficient the reactor power increases up to a maximum of
only 3o % above nominal after 2o seconds of accident begin. Then it decreases
again. The cladding starts to melt at the lower edge of the reactor core after
38 seconds of accident begin. The core probably melts relatively slowly down
without large reactivity excursions, and falls on to the base of the reactor
cavern in the PCRV. Also here second criticalities are very unlikely. Calcula-
tions have shown that a fully compacted cylinder formed by the total amount of
UOgPuOg in the core surrounded by a steel reflector becomes subcritical when
the diameter of the cylinder is 25 % higher than the diameter of the core (1o i
without steel reflector) [5]. The diameter of the reactor cavern is about 8 me-
ters, of which 6 meters are free from the base of the vertical neutron shields,
while the diameter of the core is 3 meters only.

PREVIOUSLY INVESTIGATED PAHR SOLUTIONS FOR THE GCFR

The absence of large reactivity excursions and the downward direction of
the cooling flow ensures that the core melt is falling on the base of the reac-
tor cavern. The fact of knowing the position of the core melt after the acci-
dent makes the containment of the melt less difficult. The problem becomes one
of cooling the core melt from below, for instance by means of water flowing in
coils placed underneath the PCRV liner. For this reason we investigated the
temperature and heat flux distribution in a slab of molten GCFR core and blanket
material [6]. The calculations were based on the experiments of Fiedler and
Wille [7] and showed that the major part of the heat is radiated in the upward
direction in the reactor cavern. Recent experiments of Fieg [8] although pre-
dicting rather higher temperatures in the melt confirm this. The heat radiated

Subsequent calculations, where due account was taken of the effect of gas
fissioa products in the fuel lead to an energy release of less than half of
this value. Further calculations are foreseen, which will take into account
of the effect of helium in the fuel pins, which has a similar effect.
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from the melt has as consequence that in 2 to 3 days all the internals of the
reactor cavern up to the directly cooled liner foil or melt down. One has there-
fore to control not only the mass of about 2oo tonnes formed by core and blan-
ket material, but also the 1ooo tonnes of the other internals, mainly the neu-
tron shields.

A core-catcher capable to trap the melt and avoid the upward radiation of
heat was designed [9]. This consists essentially of many narrow containers
cooled by water coils on their vertical walls and on the base, the containers
being twice as high as the molten material contained and placed on the base of
the reactor cavern. This solution has some draw-backs: it is expensive, requires
a large number of liner penetrations for the water cooling coils in the region
of the reactor cavern base, and relies on the not yet proven assumption that
the major portion of the molten mass enters the containers before a considerable
part of the reactor cavern internals is molten.

Other solutions have been therefore investigated. These include various
emergency coolants, whose objective is not only to protect the internals of the
reactor cavern but also to disperse the core melt and therefore decrease the
volumetric heat production due to the fission products in the bath and the heat
flux to the liner wall. The last point is the most important, because the liner,
with its water cooling, constitutes the barrier to the core melt, and obviously
when the heat flux increases above a certain limit the liner fails. These vari-
ous types of possible core-catcher are discussed in reference (jlcTj. The main
solutions are:

a) The use of salt with a relatively lov melting and evaporation tempera-
ture, like for instance ZnCl2. The heat would be transported to the
liner walls of the reactor cavern by evaporation and condensation of
ZnCl2. ZnCl2 is compatible with the components of the melt and the
other materials contained in the reactor cavern. High pressures and
explosive reactions with the hot debris are avoided [ii].

b) A lead slab, two meters deep, placed on the base of the reactor cavern.
If we assume that, due to the high turbulence caused by the decay heat
and to the small difference in density of the molten lead and of fuel
pellets, the fuel is dispersed in the lead bath, then calculations show
that the heat at the liner walls is always safely lower than the maxi-
mum allowable and the limitation below % 12oo°C of maximum temperatures
in the lead bath ensures that the bulk of the neutron shields inside
the reactor cavern is protected against excessive temperatures [12].

c) Injection of water, either alone or in connection with lead (solutionb))
or with another substance (for instance H3BO3, see reference QioJ),
appears to be a possibility. Water could be present anyway due to possi-
ble failure of the heat exchangers. It has been shown that formation of
explosive oxyhydrogen gas, given by reaction of Ho, coming from water
in contact with hot steel and the oxygen of the air in the reactor con-
tainment, is very unlikely due to the presence of helium and steam which
act as dilution media [11j .

With all these coolants there are still open questions a~d problems. For
instance it is difficult GO ensure that a sufficient amount of condensed ZnCl2
returns on the base of the reactor cavern, thus the cooling process by evapo-
ration and condensation may be interrupted for lack of ZnCl2 in the core-cat-
cher. With the lead bath, it is not sure that the fuel is really dispersed in
the lead, furthermore steel containing some or all metallic fission products,
due to its lower density, may lay on top of the.' lead bath radiating its heat
to the neutron shields and producing dangerous local heat fluxes at the liner
walls in the regions where the steel is still molten. Finally, with water in-
jection, pressure pulses could be produced in the reactor cavern due to steam
formation from contact of water with hot debris.

For these reasons we thought to use an alternative material for the core-
catcher, which would be able of reliably dispersing the fuel and at the same
time allow the steel containing the metallic fission products to fall on the
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bottom of the core-catcher in direct contact of the liner, so that it could be
safely cooled and maintained in a solidified state. A reliable way of dispersing
the fuel pellets would be the use of a material capable of dissolving them at
relatively low temperatures and et the same time not 30 chemically active to
attack the other materials present in the reactor cavern. Originally we thought
to use B2O2, but experiments in our laboratory showed that the time required to
dissolve U&p at reasonable temperatures would have been too long, so we opted
for a more active material namely NapB. ()„ usually called borax.

USE OF BORAX FOR THE INTERNAL CORE-CATCHER

Description of the Core-Catcher

Borax is well known substance in the glass industry. It has convenient
melting and boiling points W l ° C and 1575°C respectively) and can dissolve
large quantities of U02 and probably PuOg and the fission products in oxide form,
in a relatively short time (% 1 hour) in the temperature range 11OO-1UOO°C [loj.
On the other hand borax is compatible with the other materials contained in the
reactor cavern and it contains a Btrong neutron-absorbing element like boron,
thus making absolutly sure that the core melt remains subcritical. Another ad-
vantage of borax is that it i3 soluble in water, thus making much easier the
eventual removal of the dissolved core debris [loj.

Figure 1 shows the reactor cavity in the Prestressed Concrete Reactor Vessel
of the 1ooo MWe GCFR KVU-design [l3j. The core is hanging from the top and the
helium flow through the core is in the downward direction. The core-catcher is
placed underneath the core with nothing in between. In case of a melt-down acci-
dent gravity and helium flow direction V<oth force the fuel elements to fall into
the core-catcher. In the core-catcher region no neutron shields for the liner
are required, the material of the core-catcher acting itself as neutron shield.
The core-catcher is formed by seven layers of steel cubes of 3o cm side length.
Each cube is filled with borax. Also the three charge pipes are filled with
borax boxes during reactor operation. The boxes in the charge pipes have to be
removed during the yearly fuel eleitent charge and discharge operations. The
borax boxes are separated from the liner by a layer of graphite bricks, 3o cm
thick near the vertical walls of the liner and 5 cm thick near the base of the
reactor cavity. The liner is made up of a 2 cm thick steel plate. If thermal
calculations would show that a liner thermal insulation is required, a suffi-
ciently thick layer of silica (SiO2) would be placed between the graphite and
the borax. During the melt-down accident, SiO2 would be dissolved as soon as
it would come into contact with the molten borax. As usual, the liner is direct-
ly cooled with water coils of square cross section. In the core-catcher region,
however, the cooling coils are much nearer to each other due to the large heat
fluxes present at the liner wall in case of core melt down. In the figure,
tentatively, a coil pitch is shown only twice the coil side.

Thermal Calculations

Thermal calculations for the borax core-catcher have been performed []
In the present paper we will only present the main assumptions and the results
of these calculations.
For the preliminary thermal design of the core-catcher we have made the follow-
ing simplifying assumptions:

a) The whole core and the lower axial blanket fall coherently onto the
core-catcher and spread uniformly over a circle of k meters in diame-
ter (diameter of the core = 3 meters).

b) After about ten minutes the upper axial blanket and the radial blanket
fall onto the core-catcher over a diameter of k.6 meters (diameter of
the core + radial blankets = k.2 meters).
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c) The decay heat of the fission products contained in the fuel and in the
steel is generated in the first row of borax boxes corresponding to a
cylinder of k meters in diameter, and it is used to heat up and melt
the borax. Heat losses by radiation in the reactor cavity and by con-
duction to the adjacent boxes as well as the heat capacity of the steel
walls of the boxes are neglected.

d) When the temperature of the considered cylinder has reached the melting
point of steel (17OO°K = 1U27°C) the steel walls of the boxes fail and
the melt comes into contact with the borax of the adjacent boxes both
in the sideward and downward direction.

Figure 2 shows the various layers of borax boxes and the time required for
each layer to reach the melting point of steel, calculated with the above men-
tioned assumptions. After ten hours all the borax boxes have reached this mel-
ting point and the melt comes into contact with the graphite bricks. The use of
the steel boxes to contain the borax has been not only chosen for construction
purposes, but mainly to provide high melting point barriers to the downward
movement of the fuel. To dissolve UOg in a reasonable time, borax requires
temperatures above looooc [lei] , while the melting point of borax is 7bi°C only.
Therefore these barriers are required to allow U02 and borax to remain in con-
tact for a sufficient time at sufficiently high temperatures. A temperature of
1!*27°C is not necessary, at 13oo°C the process of dissolution of UOp in borax is
fast and complete [)o\, so stainless steel could be replaced by a lower melting
point material (for instance cast iron: melting point % 13oo°C), especially if
at this temperature the evaporation of borax would be excessive (the evaporation
point of borax is 1575°C [loj).

For the steady state thermal calculations at the time when the melt reaches
the graphite layer experimental information on heat transfer correlations for
natural convection with volumetric heat production in a finite cylinder is re-
quired, which is presently not available to us. We decided therefore to perform
the calculations in two steps. First we calculate the heat transfer to the ver-
tical walls of the graphite layer protecting the liner vith the usual corre-
lation valid for natural convection to vertical walls, but without volumetric
heat production. Then we calculate the heat flux to the upper and lower surfaces
of the bath with the heat transfer correlation valid for natural convection with
volumetric heat production in an infinite slab jjBQ. This procedure requires an
initial arbitrary splitting of the heat produced between vertical and horizon-
tal walls. The calculation must be repeated until the bulk temperature of the
bath calculated from both sides is the same.

Reference [jlf] shows these calculations in detail. The main results are:
a) At the moment when the melt reaches the graphite bricks, that is at its

maximum extension, the heat fluxes to the bottom and to the vertical
walls-of the pool are 19o and 15o KW/m^ respectively. These are the
maximum heat fluxes with which the liner and the liner cooling system
have to cope with. In reference £ilf) it is shown that the liner does not
fail in presence of these heat fluxes and that it is possible to design
a liner cooling system capable to carry away the resulting heat.

b) The maximum bulk temperature of the melt at the same time corresponds
to the melting point of steel (11J27°C), while the temperature at the
pool/graphite vertical interface is 132o°C. The surface temperature of
the pool is 1o5o<>C, while the temperature of the lower side of the
borax pool is 118O°C. The steel lies on the bottom of the pool in a
solidified phase. The maximum temperature of the liner is 285°C. After
the time of contact between the melt and the graphite brick layer,
these temperatures decrease due to the effective coming into operation
of the liner cooling system and the decrease with time of the fission
product decay heat.
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Future Work

The thermal calculations indicate that a core-catcher capable to cope with
the complete melt-down of the core and blankets of a 1ooo MWe GCFR and based on
borax as dissolving material of the fuel and oxide fission products, appears to
be feasible. There are however still some open questions and problems before a
core-catcher based on borax can be deemed to operate reliably. In particular
the following points should be clarified by further work:

a) How the relevant physical properties of liquid borax, and in particular
the viscosity are affected by 1'%, PuOp and the oxides of the fission
products dissolved.

b) IT sufficient time and sufficient contact surfaces are available to the
oxides in the borax boxes to be dissolved in the liquid borax.

c) If an unduly high amount of borax evaporates away at 11»27°C. In this
case one could use cast iron (raelt'.ng point % 13oo°C) as material for
the box walls.

d) Better heat transfer correlations should be made available, valid for
cylinder geometries with internal heat production.

e) The cooling of the borax core-catcher during normal op&ration conditions
with nelium at core inlet temperature should be designed (In principle
this should be the same design as for the presently foreseen lower
neutron shields).

f) It should be clarified if the borax slab can act effectively as neutron
shield for the liner in place of the usual graphite-steel neutron
shields (In the mean time information from General Atomic is available,
which shows that the borax slab is even better a neutron shield than
the normal shields foreseen now).

g) It should be clarified if a thermal insulation formed by a SiOg slab on
the inner side of the graphite layer is required to reduce the heat
losses during normal operation. The SiC^ would be quite effectively
dissolved as soon as it comes in contact with liquid borax.

h) The compatibility of borax with materials which would possibly be
available inside the reactor cavity should be further investigated.

EXTERNAL CORE-CATCHER

The considerations of the previous sections refer to an internal core-cat-
cher, i.e. a core-catcher contained in the Prestressed Concrete Reactor Vessel
(PCRV). Besides the internal core-catcher a GCFR with its massive concrete
vessel offers the possibility of having a second line of defense. Here one would
make use of the 8.7 meter thick concrete slab forming the base of the concrete
pressure vessel. Recent experiment performed in Karlsruhe show that the reac-
tion velocity of molten UOg and steel with concrete is relatively low (3oo mm/
hour) and the melt is entrapped by the resolidified concrete which forms a glass
cover over it |j5j« Parallel to these, investigations are being carried out at
KWU as well. Other investigations performed by Jansen and Stepnewski \j6] show
that the use of sacrificial materials similar to concrete, like basalts, in
which the fuel is soluble, reduces the temperatures by diluting fission product
decay heat generators and increasing heat transfer surface. A molten pool formed
by the reactor fuel debris reaches a manageable limiting size rather than pene-
trating to an indefinite distance in an uncontrolled manner. Jansen and
Stepnewski show that the molten pool formed by the fuel inventory of a 1ooo MWe
fast reactor and by the sacrificial material reaches a maximum penetration of
8.5 meters after 23o days. Jansen and Stepnewski assume a semispherical geometry
for the pool, in reality Jahn and Reineke [jT] show that in presence of a
spherical geometry the radial heat flux on the upper edges of the semisphere is
five times higher than the heat flux in the downwards direction. Accordingly
the pool should, during the expansion, assume the form of an ellipsoid of revo-
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lution, which has been experimentally observed [16] and the maximum penetration
in the downwards direction should be considerably less than 8.5 meter. However,
although the penetration of the molten pool is limited to a maximum, the outer
layers of concrete would be subjected, as time progresses, to large temperature
and temperature gradients, which would crumble the concrete. To use the concre-
te pressure vessel as an external core-catcher, it would then be necessary to
cool the outer surface of the lower part of the concrete pressure vessel, in
order to maintain intact a sufficiently thick layer of concrete. This could be
done either by filling with water the lower space between concrete pressure
vessel and reactor containment, or providing the outer surface of the lower part
of the concrete pressure vessel with water cooling coils. In case of accident
involving a gross core melt failure, plenty of time, probably many days, would
be available to provide ad hoc these cooling systems.
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I

Fig.1: Core-catcher lay-out inside the reactor cavity of the Prestressed
Concrete Reactor Vessel.
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PREDICTION OF DRYOUT HEAT FLUXES IN
BEDS OF VOLUMETRICALLY HEATED PARTICLES*

V. K. Dhir and I. Catton

University of California, Los Angeles
Los Angeles, California 90024

ABSTRACT

In this paper new data for dryout heat fluxes in volumetrically
heated shallow beds are reported. The shallow bed data are corre-
lated with a semi-theoretical correlation based on maximum possible
vapor volume flux through the vapor jets overlying the bed. The
transition from deep to shallow beds is determined by using the
present shallow bed correlation and the deep bed correlation sug-
gested earlier. It is found that the transition height is signifi-
cantly dependent on the particle size, and the initial bed porosity.

The results of the present study are applied to a hypothetical
core disruptive accident in a Liquid Metal Fast Breeder Reactor.
The maximum possible coolable depths of the core debris as a func-
tion of the particle size, bed porosity and decay heat have been
predicted.

INTRODUCTION

After a hypothetical core disruptive accident, molten fuel may come in
direct contact with subcooled sodium. A thermal interaction between fuel and
sodium may cause the fuel to fragment and disperse in the reactor vessel. In
course of time, these fragmented fuel particles may settle on various horizon-
tal surfaces such as core support structure and/or above core thermal baffles.
The core debris bed so formed will be cooled by local boiling of sodium, but
will dry out when the heat generation rate in the particles.is such that the
evaporation rate exceeds the natural steady flow rate of coolant through the
bed. The dried out bed may eventually remelt and cause the support structure
to fail. Thus, an evaluation of the volumetric heat fluxes at which a given
bed will dryout is an important safety consideration.

During the past few years limited effort has been expanded- to study the
dryout heat fluxes in particulate beds. At the last fast reactor safety meet-
ing held in 1974 at Beverly Hills, California, Gabor et al [l] presented data
of the dryout heat flux experiments conducted at Argonne Laboratory! In this
first study on the subject, the volumetric heating was achieved by generating

This work was supported by the U. S. Nuclear Regulatory Commission, Division
of Reactor Safety Research.
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heat ir the coolant (joule heating) rather than in the particles. This proce-
dure was justified on the presumption that the dryout heat flux was dictated
by the gross properties of the bed rather than details of the heat exchange
mechanism between particles 3nd the coolant. In these tests, the heat flux was
measured by noting the power input to the electrodes. The dryout heat flux
data were correlated with the bed loading and no distinction between beds of
different particle sizes and porosities was nade, while correlating the heat
flux data with the bed loading. Subsequently, more experimental work was done
by Keowen l2j. In these experiments induction heating was used to simulate
volume heating of the particles and the particle mean diameter was much bigger
than used in the Argonne Study. Keowen's deep bed data when compared with the
Argonne data for the beds of same height and porosity but of smaller particles
were found to be much higher. No phenomenological differences are believed
to exist between the experimental observations of the dryout heat fluxss in
the studies of references 1 and 2. Under such circumstances, the main cause
of the higher dryout heat fluxes in Keowen's work would be the bigger particle
size. In both of the studies little attention was paid to the bed porosity so
the effect of bed porosity on the dryout heat flux also remained uncertain.

To make any meaningful predictions of the dryout heat fluxes, it is essen-
tial that the role of the particle size and bed porosity should first be
established. After a hypothetical core disruptive accident, the particle size
and bed porosity are generally not known and conservative estimates of the
maximum heat fluxes can only be made by changing these variables parametrically.
The effect on the dryout heat flux of the particle size and bed porosity was
recognized in the UCLA Study [3]. In this study, the beds were categorized as
deep and shallow beds depending on whether the vapor channels extended only
partly into the bed or reached the bottom of the bed and completely fluidized
it. Based only on deep bed model predictions of the maximum coolable bed
height as a function of particle size, bed porosity and decay heat were made.
These results [4] were presented at the 1976 Winter ANS meeting held in San
Francisco.

In the present paper, an effort has been made to complete the description
of dryout heat fluxes in particulate beds by first developing a semi-theoretical
model for volumetrically heated shallow beds. The model is supported by new
experimental data. The shallow bed and the deep bed correlation developed
earlier [3] are then used to predict the bed height at which the transition
from deep to shallow bed takes place. Finally, the semi-theoretical correla-
tions are applied to predict the maximum coolable debris bed height in a
prototype fast reactor, as a function of heat generation rate, particle size
and bed porosity. Also, the effect of the presence of non-fission heated par-
ticles, e.g. steel, is discussed.

THEORETICAL MODELS FOR DRYOUT HEAT FLUXES

The inductively heated particulate beds can be classified as deep, or
shallow, according to the vapor channel formation in the bed. Visual observa-
tions show that the vapor formed in the bed cuts its way through the bed and
moves in paths similar to holes drilled in a solid. The vapor channels in
the lower portion of a deep bed are very thin; as the vapor moves upward, the
vapor channels grow in size. The vapor channels are well formed in the upper

• region.of a deep bed and the vapor flow induces drag on the particles. The
particles are levitated, and conditions similar to that of a fluidized bed

:: exist, in this region. However, because of little or no vapor drag, the par-
; tides in the lower region of the deep bed remain packed. In shallow beds,
• the vapor channels are fully developed throughout the depth of the bed, the
*i particles are fluidized and the entire bed is in an expanded state. The form-

ation of vapor flow paths in deep and shallow beds is shown in Figure 1.
•;v Transition from a deep to shallow bed occurs when the channels start to
,: develop throughout the bed. The transition height at which this occurs depends
'; on the vapor volume flux from the bed, and on the mean diameters of the parti-
al cles.
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Before developing the dryout heat flux model for the shallow beds, the
deep bed model C3] is reproduced here for the sake of completeness.
Deep F?ds

The dryout heat flux in a deep bed is controlled by the maximum coolant
flow rate through the lower packed region of the bed. The downward flow rate
of the coolant at the surface adjusts itself to balance the outflow of vapor
from the bed. The density difference between the liquid and the vapor phases
acts as the driving force for the downward flow of the coolant. The liquid
encounters minimal resistance in the upper fluidized portion of the bed, how-
ever, in the packed bed region the liquid has to flow through the interstitial
spaces between the particles. The bed dries out at a particular section in the
lower region where gravity can no longer maintain the necessary flow rate to
compensate for the evaporation rate. Although, the vapor volume flux is much
larger than the liquid volume flux, the resistance to vapor flow does not limit
the heat flux, because the vapor moves in well defined paths which offer much
less flow resistance. Under the following assumptions: 1) the liquid
flow velocity is small (the inertia of the liquid can be neglected), 2) the
vapor is inviscid, 3) the relative velocity and cross-sectional area occupied
by the vapor in the packed bed region is small and 4) the particles are spheri-
cal, the liquid velocity of the coolant in the packed bed region Is

3 g(Pf-Pc)(d)
2

In equation (1) C, is a constant and can be established from experimental data.
For uniform treat generation rate in the particles, the demanded coolant

flow rate is maximum at the top of the bed and decreases in proportion to the
bed height, becoming zero at the bottom. The average superficial velocity in
the bed is half of what it would be, if there was no heat generation in the
particles but an equivalent amount of heat was dissipated at the bottom. The
superficial velocity, corresponding to the dryout heat flux at a cross-section,
can be assumed to be proportional to the maximum, or average superficial
velocity in the bed. Therefore, in volumetrically heated deep beds the dryout
heat flux is:

£3 p (pf-p )g __2
a , = Q h(l-e) = P,uh, » C. r- — s — d h, (2)
vd v t tg c ,. «i ]if tg

Dividing equation (2) by Zuber's value for the maximum heat flux on a flat
plate ^

24 "Kg "fg1""6XKf ''g 1

results in an expression for the dimensionless dryout heat flux as I

j ) 2 T1'2 M (4)

In equation (4)

3
(5)

is the dimensionless Kozney factor.

T B pf/pg (6)

is the dimensionless density,
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P f
1 / 2

M = _
ufC(Pf-Pg)g]

1/4

is a dimensionless number, combining the effects of the surface tension, the
liquid viscosity and the buoyancy, and

d" = d" C(pf-pg)g/CT]
1/2 (8)

is a non-dimensional mean diameter of the particles. _̂
A variety of data, covering a three-fold variation in d, seven-fold vari-

ation in M and K, and three-fold variation in Pi were correlated in Reference
[3], when the correlation constant, C3, was 7.5 x 10"^-
Shallow Beds

In shallow beds, the particles are in a fluidized state and the coolant
has an easy access to the particles or to the bottom of the bed, through the
region not occupied by the channels. The flow of vapor in the channels is
similar to that in a pipe. A hydrostatic pressure head equal to the bed height
drives the vapor through these channels. The flow configuration in the chan-
nels within the bed is very stable. However, if the vapor velocity exceeds a
certain critical value, the va^or jets in the overlying liquid may become
unstable and lead to choking ;f the flow. The blockage of the vapor flow
through the channels would in.dbit the flow of the coolant into the bed. A
deficiency in the liquid inflow to the bed will lead to the dryout of a local
region in the bed which may grow in size with time. The dryout heat flux in
shallow beds is, th-.;, limited by the maximum or critical velocity of the
vapor jets. The vapor chat.-iels in shallow volume heated beds are conical in
shape, because of the addition of vapor along the axis of the channel. The
cone angle of the channel can be obtained by assuming that the vapor velocity
remains constant along the channel axis. This assumption la consistent
with the minimum kinetic energy principle. For a volumetric heat generation
rate that is independent of the bed height, the cross-section area of the
vapor channels at the top of the expanded bed, and the average cross-section
area of the vapor channels can be written as

A ^ h (9)
cm e

~ie
A dh -v he/2 . (10)

From equations (9) and (10), the ratio A m/A is:

_£2 = 2 or ^ = 1.414 (11)
A D
c c

Assuming that the friction coefficient in the conical vapor channel is based
on the average diameter of the channel, the vapor velocity in the channels is:

2 2D (p -p )g
U = -rr- —-—°- (12)

Pg
The vapor velocity, at which the gas jets in the overlying inviscid

liquid become Helmholtz unstable, can be written in terms of the maximum
diameter of the channel (diameter at the top of the bed) as:

(13)
"g'H "g "cm

Solving equations (12) and (13) simultaneously, and using equation (11) to
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define D /D , the expressions for D and U are obtained as
cm c c c

U£ = 0.917 T

A simple energy balance at the top of the bed interims of the number of
the vapor channels supported by an area A of the volume heated bed results in:

2n A
qvs = Qvh(l-E) = Q'vhe(l-ee) - ^ Pghfguc

Substituting for U in equation (16), and using Zuber's value for the maximum
heat flux on a flat plate gives:

q n A ». ,

If h and h are the initial and expanded bed heights, respectively, and e and
ee are the initial bed porosity and the expanded bed porosity in the region
not occupied by the vapor channels, the total volume of the bed is:

Avhe - l- Ache

or

AT r h a- e ;
v L e e

The second term in equation (19) represents the ratio of the initial po-
tential energy of the bed to the potential energy of an expanded bed, having a
uniform porosity e . If we assume that the process would try to optimize
itself, then the bid would attain this maximum value after it is fluidized,
irrespective of its height. As the bed height is reduced, the number of vapor
cheniiels would increase to attain this maximum potential energy. This is con-
sistent with the minimum irreversibility principle. Any other adjustment of
the bed (i.e., change in the channel diameter, or in the vapor velocity) will
lead to a lower potential energy. Thus, the term he(l-£e) can be assumed to
be a constant, independent of the bed height. However, in equation (19), as
h -*• 0, nA /A -*• 1, which means that the whole cross-section of the bed would
be occupied by vapor. This is physically impossible. Observations on a
variety of finite heaters (heater width > vapor jet diameter), placed in a pool
of liquid [5] show that the maximum vapor area per unit heater area is always
less than '"/16, or that the minimum average area occupied by the downcoming
liquid is (1- IT/16). Since the proposed dryout mechanism of shallow beds is
similar to the peak heat flux on finite heaters, equation (10) will be correct-
ed as:

nA r ,_/i „•, 1
(20)

Substituting equation (20) into (17) results in."

%s _ 1 g4 L 50 _fe ^ _ h|(l-e) ] \ (21)
qZ } **/f *- e e '

The expanded bed porosity, ee, and the friction coefficient, f, are inter-
related through the vapor velocity and the particle diameter, and should be
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considered constant for the velocity at which choking of the vapor flow occurs,
Thus, equation (21) for a bed of constant diameter particles becomes

Here the constants C, and C-, will be determined from experimental data.
The transition Height, where a deep bed changes to a shallow bed, can be

obtained by equating the heat fluxes given by equation (4) and equation (22):

Equation (23) shows that the transition height greatly depends on che fluid
properties, on the particle size, and on the bed porosity.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus used to obtain dryout heat flux data for
shallow beds of inductively heated particles is shown in Figure 2. The parti-
culate bed was contained in a 4.7 cm diameter pyrex jar and was inductively
heated with a 13.3 cm diameter multi-turn work coil, which was powered by a
lOkw, 453 kHz Cycle-Dyne frequency generator. A reflux condenser was used for
condensing the large amounts of vapor generated during the dryout runs. The
condenser glass tube was open to atmosphere in most of the experiments. In a
few low pressure experiments it was closed at the top, and connected to an
aspirator, in order to reduce the pressure in the test section. Tao water was
used as coolant in the condenser. The temperature was measured at different
bed locations by using four copper-constantan thermocouples arranged in the
form of a comb. More details of the experimental apparatus are given in
Reference [6].

Particles of commercially available cast steel were used in the present
study. The particles were graded according to U.S. standard mesh sizes and
stored in air tight cans to avoid any oxidation during prolonged storage. A
small amount of calcium sulfate was kept in each can to absorb moisture in the
air. Prior to each run the particles were thoroughly cleaned with acetone
and then were dried on a hot plate. The washed and dried particles were poured
into the pyrex jar to a certain height and weighed. The height and weight
information was used to determine the porosity of the bed as poured. Coolant
was then added to the bed. Thereafter, the thermocouples and the reflux
condenser were positioned.

Calibration of the heat generation rate in the particles as a function of
generator power setting was made before or after each dryout run. The heat
generation rate in different parts of the bed was observed to be within ±15%,
Complete details of the calibration procedure are again given in Reference 6.
Starting with a bed of given height and material content, the power to the work
coil was set at a low value and the temperature of the bed raisea to the satu-
ration temperature of the coolant. Thereafter, the power was increased in
steps. At each power setting, enough time was allowed so that the dryout of
the bed would occur if the heat generation rate was high enough. Bed dryout
was observed by noting a sharp temperature rise in one or more thermocouples.
The maximum probable error in the measurement of the dryout heat flux is less
than ±18%.

RESULTS AND DISCUSSION

Correlation Constants for Shallow Beds
The dryout heat flux data, as a function of bed height is shown in Figure

3 for steel particles in the range of 295-446ym and of 589-789ym. The parti-
cles were cooled with acetone. The ordinate in Figure 3 denotes the volumetric
heat generation rate multiplied by the bed height and the volume fraction of
the solids, for a given particle size and bed porosity, the dryout. heat flux

2031



is independent of the bed height in a deep bed. For a shallow bed, it in-
creases linearly as the bed height is decreased.

All of the data presented in Figure 3, and some water data from Reference
[<j] are shown in Figure 4, along with the correlation equation (22). These
data are correlated within 20% if we choose C, = 1.84 and C = 10.8 in equa-
tion (22). H *
Prediction of the Maximum Coolable Debris Bed Depth

Using the experimental constants established earlier, and assuming that
the heat generation rate in the fuel at full power is 150 w/gm, the maximum
coolable debris bed depths in deep and shallow beds for sodium boiling at 1
atmosphere will be:

. 0.91 x 10"4 e 3 - 2 .....
hd — 3 (d) cm (24)

and: ~

0.0546p + 0.22 cm (25)

From equation (23), the transition from deep to shallow bed occurs at a bed
height given by 3 2 T

h =£*4 I1 -4-85 x 10~6 — - — 9 ^ cni

J
( )

In equations (24), (25) and (26), d is measured in microns, and p denotes the
decay heat as percentage of the full power.

The maximum depth of the debris, that can be cooled without dryout is
shown in Figure 5, as a function of decay heat, bed porosity and the particle
size. Equation (24) is used for the calculation of the maximum coolable
debris bed depth as long as h, >̂  h . If h, £ h , the maximum coolable debris
bed depth is assumed to be equal to the smaller of>-h-"dr h . Figure 5 shows -that
for »^decay:heat equal to 4% of the full power, the maximum coolable debris bed
depth reaches a minimum value of 3 cm, with a particle diameter of 250 Urn and
with a bed porosity of 0.6. For other size particles and porosities, debris
of substantially greater depths can be cooled.

A comparison between the present study, and the one performed by Argonne
National Laboratory, [l]is made in Table 1. In this comparison the bed poros-
ity was 0.5, which is the approximate mean of the bed porosities used in the
Argonne Study. Four different bed formations were considered in Table 1.
They were: fuel only, a 50% volume mixture of fuel and steel, with the fuel
on top of the steel, steel on top of the fuel, and fuel and steel mixed uni-
formly.

For the case when the steel is at the bottom, the lower portion of the
bed is Inactive and does not contribute to the dryout heat flux. In this case,
the maximum coolable bed depth is increased in proportion to the volume of the
steel present. When the steel and the fuel particles are uniformly mixed, the
coolant height ia calculated by reducing the heat generation rate in the bed
to half of that of the fuel. When the steel is on top of U0?, the dryout heat
flux is calculated by assuming that the bed containing the steel particles acts
as if It was bottom heated. The maximum coolable debris bed depths for a
bottom heated deep bed are obtained from Reference [3, 6].

The maximum coolable debris bed depths, predicted for all four types of
beds considered, are much less than those proposed by ANL. For any application,
the values predicted by the present model should be considered liberal, since
no allowance has been made for the presence of trapped gases in
deep beds. As discussed in Reference [3], the presence of trapped air signi-
ficantly reduces the dryout heat flux in deep beds. Ocher variables, such as
rapid settling of the bed, segregation of particles of a certain size, and the
bed formation can also affect the dryout heat flux.

The difference in the dryout heat fluxes between the present predictions
and ANL data can be explained from equation (26) for the transition height.
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Equation (26) plotted in Figure 6 predicts a unique transition height only
if the size of the particles in the bed does not deviate much from the mean
particle diameter. However, when particles with greatly varying sizes are
present, only part of the bed may fluidize under given circumstances.

As an example, suppose that a bed contains 18% particles by weight, in the
size range 0-100 urn and 82% in the size range 250-350 ym, and has an average
porosity of 0.5. From Figure 6, the particles with a mean diameter of 50 V>m
(0-100 Vm) will fluidize when the bed is about 9 cm high, whereas the particles
with a mean diameter of 300 Urn (250-350 urn) will fluidize at a 7 cm bed height.
Thus, for bed heights greater than 7 cm, but less than 9 cm, only part of the
bed will fluidize, i.e., the fine particles will levitate and leave the bed
while the bigger particles remain packed. Because of the removal of material
from the bed, the porosity of the remaining bed of bigger particles will in-
crease to ̂ 0.59. The transition height for such a bed reduces to 5 cm, and
causes the bed to behave as a deep bed. The dryout heat flux for this bed
(e » 0.59) will be about three times higher than for the original bed, with a
mean particle diameter of 255 ym and E » 0.5. Some of the U0--Na experiments
conducted at ANL, on which the maximum coolable bed depths listed in Table 1
are based, contained 18% particles between 0-100 pm, and the average particle
diameter was "̂ 250 Mm. Thus, the increased heat fluxes or coolable depths for
a given heat flux obtained at ANL probably resulted from partial fluidization
of the bed.

CONCLUSIONS
Methods of predicting dryout heat fluxes in different types of beds have

been suggested. The dryout heat fluxes are shown to be very dependent on the
particle size and on the bed porosity. Beet estimates of the dryout heat
fluxes can be made only if precise particle size distribution is known. The
particle size distribution greatly depends on the nature of the fuel-coolant in-
teraction, subsequent to an HCDA, and is uncertain at this stage. The Dresent
predictions when applied to a fast reactor, give a relatively conservative es*-
tlmate of the maximum coolabale debris bed depth since the bed height is chosen
to be the lowest value corresponding to a large range of particle sizes and bed
porosities.
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TABLE 1. Prediction of Maximum Coolable Debris
Bed Depth (cm) as a Function of Decay heatt

Decay Heat as Percentage
of Full Power (150 W/gm)

Fuel Only

Fuel on Top of Steel
50% by Volume

Fuel and Steel Mixed
50% by Volume

Steel on Top of Fuel
50% by Volume

t Bed Porosity, e, is taken to be 0.5 and the mean particle diameter is
assumed to be anywhere between 0 and 1000 Um.

Present
ANL [?]

Present
ANL [7]

Present
ANL [7]

Present
ANL [7]

Study

Study

Study

Study

7

14

8

12

1

.3

.6

.1

.4

2

6.1

12.2

7.3

9.6

4

4.6
8.8

9.2

6.1
11.8

6.4
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, COOLANT INFLOW

A.DEEP BED
OHYOUT OCCURS WHEN SUFFICIENT COOLANT
FLOW RATE CAN NOT BE MAINTAINED
BECAUSE OF THE INCREASED RESISTANCE
OF THE BED

B.SHALLOW BED
ORVOUT OCCURS WHEN THE GAS JETS
BECOME HELMHOLTZ UNSTABLE AND
OBSTRUCT FLOW OF THE COOLANT TO
THE BED

Fig. 1. Deep and Shallow Bed Models
for Dryout Heat Flux.
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Fig. 2. Schematic Diagram of
Experimental Setup.
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STUDIES OF THE FORMATION AND COOLING OF PARTICULATE FUEL DEBRIS BEDS IN SODIUM

E. S. Sowa, J. D. Gabor, L. Baker, Jr.,
J. R. Pavlik, J. C. Cassulo, W. Holloway

Argonne National Laboratory
9700 South Cass Avenue

Argonne, Illinois 60439

ABSTRACT

Particulate debris-bed formation and heat transfer experiments
have been conducted to provide information needed for postaccident
heat removal analysis of sodium-cooled reactors. The particulate
debris bed formation experiment, designated M-5, employed molten
UO2 generated by a thermite-type chemical reaction. The molten UO2
flowed into a dry steel container that simulated the cavity below
a reactor. Sodium flow into the cavity followed the fuel flow by
about 0.2 s. Examination of the residue indicated that the molten
UO2 was completely fragmented by interaction with sodium to form a
particulate bed. Particle distributions down to the submicron size
range are reported. Bed heat transfer experiments were performed
with metallic particulates in water. Three experimental techniques
were used with the same particulate material,'including (1) Induction
heating of the particulate, (2) Joule heating of the aqueous phase
(made conducting by the addition of salts), and (3) bottom heating.
The results showed that there is a marked effect of the heating
method on the experimental dryout heat flux. The dryout heat fluxes
decrease in the order of induction heating, Joule heating, and
bottom heating.

INTRODUCTION

Molten core debris (fuel, steel, and fission products) generated during
hypothetical core-disruptive accidents in sodium-cooled fast reactors has a
marked tendency to fragment to form particulate debris upon being quenched in
liquid sodium. Such core-material particulate is expected to settle on avail-
able horizontal surfaces to form particulate debris beds. The formation of
such beds and their coolability through heat transfer to overlying sodium are
important to the analysis of postaccident heat removal. New experimental
results on the formation of beds and on upward heat transfer from beds are
described and evaluated.

The formation of particulate beds within an intact reactor vessel is likely
to occur by the flow of molten core debris into a sodium-filled region. Such
conditions were simulated in a previous study (Experiments M-l, M-2, and M-3) by
discharging molten UO2 into vessels containing sodium.? However, the formation
of particulate beds external to a reactor vessel would have to take place by the
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flow of molten core debris into a dry cavity which is then followed quickly by
the flow of large quantities of sodium into the cavity. An experiment, designa-
ted M-5, was performed to simulate such ex-vessel conditions. The principal
objective of the experiment was to determine if a fragmented bed is produced.

The results of particle-size distribution analyses of the residues from the
earlier tests were reported in Ref. 1. The size distributions were in the same
range as those for molten fuel quenching in sodium reported in TREAT experiments
and in prior small-scale, out-of-pile experiments. However, all of the previous
analyses of particle size distributions were performed using standard sieve
analysis. The finest size fraction in each was limited by the availability of
commercial sieves and as a result included all material of about 50 ym and
smaller. This limitation resulted in rather large uncertainties regarding the
size distribution in the range below 10 pm. Accordingly, it was decided tc
develop methods to analyze the size distributions in test M-5 and in future
tests into the submicron range. Such a method was developed and is described in
this paper.

The initial series of experiments on heat transfer from particulate beds2

was performed with essentially two systems: UO2 particulate in water and UO2/
steel particulate in sodium. Tests were conducted in two ways: bottom heating
and Joule heating of the liquid phase of the beds. The latter heating method
produced heat which was distributed over the volume of the bed. Although the
heat, was generated within the coolant phase, it was expected that the boiling
and dryout characteristics would be determined by the gross properties of the
bed, such as particle size and depth, so that the results could be applied
accurately to similar beds which had the heat source primarily within the
particles. However, more recent results, reported by Keowen and Catton,3 had
indicaced that very high dryout heat fluxes could be obtained for metal particu-
late in water by induction heating of the particulate. Because of the possibility
that higher dryout heat fluxes might be obtained under conditi. : of particle
heating, a series of experiments, similar to those of Ref. 3, were undertaken.
In particular, it was desired to determine dryout heat flux data for a batch of
particulate by all three methods. The objective of the experiments was to
establish whether there is a significant effect of heat source on dryout
behavior and, if possible, to ascertain the reasons for such an effect.

PARTICULATE BED FORMATION EXPERIMENT M-5

The experiment was designed to simulate conditions corresponding to the
opening of a large hole in the bottom of a reactor and/or guard vessel. This
was considered the most likely situation because of the expected uniformity of
any thermal attack which would lead to vessel melting. In such a situation,
sodium flow would be expected to be nearly simultaneous with core-debris flow.
A sodium flow velocity of the order of 10 m/s was chosen as typical of what
might be expected from the gravity drainage of the sodium from a breached vessel.

The experimental arrangement is shown in Fig. 1. The thermite mixture (4.2
kg) was loaded into the thermite vessel. The mixture was a stoichiometric
combination of uranium metal and molybdenum trioxide powders which on ignition
produced molten U02 containing about 20 wt% molten molybdenum at a temperature
of about 3100°C. Pressure generated within the thermite vessel acted to drive
the molten mixture into a vortex tube leading to the reaction vessel after the
mixture first melted through a stainless steel diaphragm at the base of the
vessel. Tangential injection into the vortex tube resulted in a centrifugal
agglomeration of the molten material and an effective separation of the entrained
gases. In this way, the molten stream entering the reaction vessel did not have
a large gas content and was not driven at an excessive velocity. The separated
gases were released through a vent baffle.
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Sodium flow into the reaction vessel from the sodium vessel was initiated
by a signal generated by the destruction of a burn-wire located at the exit of
the vortex tube. The signal from the burn-wire activated a ball valve which
allowed the sodium vessel to be pressurized by argon gas from the driver vessel.
The total quantity of sodium used was 9 liters and the driving pressure was
about 270 kPa.

A cross section of the reaction vessel is shown in Fig. 2. The simulated
core debris entered through the upper 50-mm-ID diameter tube while the sodium
entered through the lower 25-mm-ID diameter tube. The sequence of events was as
follows: As the molten stream emerged from the thermite vessel, it contacted a
thermocouple (T-8 on Fig. 1). The initial reading of this thermocouple was
taken as zero time for the experiment. At 0.5 s, power was applied to the
solenoid by the parting of the burn wire at the mouth of the vortex tube. At
the same time, the strain gauge (S-l on Fig. 1) at the outer base of the reac-
tion vessel began to read, as shown in Fig. 3, indicating that the first of the
U02 had contacted the inner face of the reaction vessel. At 0.7 s, the pressure
in the sodium vessel (P-3) rose to its maximum level when the ball valve opened,
admitting the gas from the driver vessel. Simultaneously, the flowmeter E-l
showed the movement of sodium, which began to flow into the reaction vessel.
The sodium flow, shown in Fig. 4, appeared to be continuous until 2.0 s, when
fluctuations appeared as the flow decayed to 2ero at 3.0 s. The time difference
between the initial readings of the strain gauge and the sodium flowmeter are
taken to indicate that the sodium entry began M).2 s after the entry of core
debris.

Simultaneous with the beginning of sodium flow, a pressure pulse was recor-
ded on the reaction vessel pressure transducer (P-2). The pulse, shown in Fig.
5, lasted for only about 11 ms and was about 800 kPa in magnitude. The pulse
probably resulted from the initial contact of the molten material with sodium.
The pressure pulse may have had the effect of stopping the inflow of the molten
UO2-M0 mixture. Post-experiment (.xamination revealed that of the 4200 g of
charge loaded into the thermite vessel, 2315 had entered the reaction vessel and
had contacted 8.3 Si of sodium. About 185 g of UO2 had been ejected into the
vent baffle and 408 g was retained as a block in the mouth of the vortex tube.
The remaining 1292 g stayed within the thermite vessel.

T'.e strain gauge record and the transient temperature at the outside of the
base of the reaction vessel (T-4) are shown in Figs. 3 and 6, respectively. The
initial rise to the peak of the strain gauge reading probably resulted from the
heating of the reaction-vessel inner face from room temperature on contact with
the UO2. Subsequent entry of sodium in the time interval from 1 to 3 s caused
the temperature at the interior face to drop rapidly. This caused a decrease in
thermal stress as the temperature gradient across the lower face of the reaction
vessel was decreased. However, as the 425°C sodium filled the container, heat-
ing of the container and expansion of the vessel walls caused the stress to
increase to a higher level than during the initial UO2 contact. This value
increased the reading to M).30% at 8 s, when saturation of the amplifier pre-
vented further recording of the output. However, the temperature trace showed a
more gradual temperature decline from 8.0 s on, and it is likely that the stresses
were not too much higher than recorded at saturation.

The sharp rise in the outer base temperature, shown in Fig. 6, was analyzed
by transient conduction calculations. The results indicated that some areas of
the inside surface of the 6.4-mm-thick steel section had been melted. Subsequent
examination of the surface showed the presence of many globules of molybdenum
which had fused to the steel. Only small quantities of UOg particulate adhered
to the irregular surface. Scanning electron microprobe analysis of a sample of
plate cross section showed the presence of molybdenum inclusions below the
surface. It is apparent that the melting of the base had been stopped when the
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sodium penetrated through the mass of molten U02» reached the surface and caused
rapid cooling toward the 425°C bulk sodium temperature.

A radiograph of the reaction vessel showed that the core debris had settled
on the bottom c ; the vessel to form a somewhat irregular bed which was about 80
mm deep. The bed loading in the experiment was 127 kg/m2 which would result in
a uniform bed depth of 25 mm at a porosity of 50%. Subsequent treatment of the
bed confirmed that the actual bed was about 80 mm in depth and therefore the
average porosity was much greater than 50%.

ANALYSIS OF PARTICULATE FROM EXPERIMENT M-5

Following the experiment, the reaction vessel was removed from the rig and
heated to about 300°C for 64 hr to allow for complete settling of any fine
particles which might have remained suspended in the sodium. The base of the
vessel was sawed off about 80 mm above the inside bottom. The bottom portion of
the vessel was placed in an argon-purged glove box for sodium removal by reaction
with ethanol. The gas flow out of the box was filtered with 0.2-um Fluoropore
filters (Millipore Corp., Bedford, Maryland). These filters were clean after
the sodium-removal operation and gave no radiation counts, indicating that fine
UO2 particles were confined to the slurry and did not escape into the atmosphere
during the bubbling caused by the sodium-alcohol reaction.

Absolute ethanol was used for the sodium removal. The unreacted alcohol
was subsequently removed by evaporation, and the sodium salts were dissolved in
water. Prior tests in which initially measured UO2 particles were removed from
sodium with alcohol indicated that the UO2 size distribution was not affected by
this removal technique. The debris was then wet sieved to ensure effective
separation of the very fine particles from the surface of the coarser particles.
The fine particles in the size range of -53 + 0.1 jim were measured by sedimenta-
tion with a SediGraph 5000 particle size analyzer (Micromeritics Instrument
Corporation, Norcross, Georgia).

Table I gives the sieve and fine particle analysis of the material taken in
layers at various heights (0-20, 20-40, 40-60, and 60-80 mm) above the base of '
the reaction vessel. Also given in the table is the total size analysis for all ,';
the material. The weight of thermite material recovered from each layer is •
shown at the bottom of the table. It is estimated that about 0.2 kg of molybdenum i
metal which was not recovered was welded to the base of the reaction vessel.

Figure 7 compares the cumulative weight distribution for the fragmented
material from Test M-5 with the distributions determined by sieving from the
previous tests M-2 and M-3. Test M-5 had a higher fraction of fines (27 wt% <
53 um) than M-2 (9 wt% < 53 urn) and M-3 (5 wt% < 53 pm). However, the median
size (size of cumulative fraction equal to 50 wt%) was within a range of 200-240
um for all three tests.

A chemical analysis was made of the fragmented material taken from 0 to 6
mm above the base of the reaction vessel (see Table II). The molybdenum concen-
tration decreased with particle size; particles in the range of -4760 + 3360 um
contained 97.4 wt2 molybdenum whereas particles less than 53 pm contained 1.31
wt% molybdenum. This chemical analysis confirmed visual observation that the
molybdenum tended to segregate and form larger particles. The behavior of the
molybdenum, which was involved in the thermite reaction, is not expected to be
typical of stainless steel because of differences in physical and mechanical
properties of the two materials.
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Size

Table

Range,

U"

-5560
-4760
-3360
-2380
-2000
-1000
-841
-595
-420
-210
-105
-53
-20
-10
-5
-2
-1

-0.5
-0.2
-0.1

Total

+5560
+4760
+3360
+2380
+2000
+1000
+841
+595
+420
+210
+105
+53
+20
+10
+5
+2
+1

+0.5
+0.2
+0.1

Weight, kg

I. Partlcle-slze

Weight Fractions

Analysis for

of Particles
Distance! m , from Bottom of

0-20

0.014
0.020
0.029
0.036
0.009
0.121
0.057
0.082
0.069
0.119
0.085
0.102
0.035
0.084
0.058
0.043
0.016
0.009
0.007
0.003
0.003

0.962

20-40

0.077
0.016
0.029
0.020
0.006
0.089
0.054
0.087
0.082
0.153
0.107
0.088
0.030
0.060
0.045
0.035
0.011
0.004
0.003
0.003
0.002

0.520

40-60

0.086
0.020
0.015
0.021
0.005
0.030
0.015
0.019
0.020
0.046
0.070
0.107
0.081
0.153
0.109
0.106
0.035
0.018
0.013
0.009
0.026

0.173

Experiment M-5

at Indicated Layer
Reaction Vessel

60-80

0.018
0.000
0.012
0.015
0.006
0.051
0.046
0.061
0.068
0.148
0.138
0.143
0.075
0.105
0.047
0.031
0.012
0.009
0.008
0.004
0.005

0.147

0-80a

0.039
0.017
0.026
0.028
0.008
0.098
0.051
0.075
0.068
0.124
0.094
0.102
0.041
0.085
0.059
0.046
0.016
0.008
0.007
0.003

o.oos

1.802

Analysis of all the material recovered.
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Fig. 7. Particle Size Distributions
from Experiments M2, M3, and
M5

Table II. Sieve and Chenlcal Analysis of Material 0
to 6 an above Bottom of M-5 Reaction Vessel

Size Range,

vm

+ 5560
-5560 + 4760
-4760 + 3360
-3360 + 2380
-2380 + 2000
-2000 + 1000
-1000 + 841
- 841 + 595
- 595 + 420
- 420 + 210
- 210 + 105
- 105 + 53
- 53

Weight
Fraction

0.017
0.013
0.035
0.042
0.010
0.162
0.073
0.102
0.085
0.139
0.093
0.108
0.122

We Fraction
Mo

-
0.974

-
-

0.546
-
-

0.161
-

0.0614
-

0.0131
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PARTICULATE BED HEAT TRANSFER EXPERIMENTS

Three heating methods were used to obtain comparative data on particulate
bed dryout phenomena: bottom heating, liquid-phase volume heating, and solid-
phase volume heating. For the bottom-heating tests, a 49.5-mm glass pipe was
used with heat applied by a glass blowers torch to a 6.4-mm-thick copper base
plate. A chromel-alumel thermowell at the bottom of the bed indicated the bed
temperature. The liquid-phase volume-heated experiments were conducted by Joule
heating with a Plexiglass column with a 50.8 x 50.8 mm square cross section.
Copper electrodes, 3.2 mm thick and the same height as the particle bed, were
located on two walls opposite one another. In these experiments, the water was
made electrically conducting by the addition of 5 wt% ZnSO4. The induction
heating tests used a 46.0-mm glass tube in an induction field generated by a
power supply operating at 0.35 MHz and a maximum power of 15 kW (THER-MONIC
Model 1500 induction furnace manufactured by Induction Heating Corp., New York).
Two chromel-alumel thermocouples, one about 5 mm above the base and the other
about 25 mm below the top of the particle bed, indicated bed temperatures. A
water-cooled glass condenser was mounted on the top of each of the columns to
measure the boiling rate. The beds varied in depth from about 70 to 250 mm in
all of the experiments.

The thermocouples in the bed indicated dryout for both induction and bottom
heating by a sharp rise in temperature above the boiling point of water. How-
ever, since the heat was being generated only in the water phase by Joule heat-
ing, the particulate phase temperature could not exceed the boiling point of
water. Dryout was indicated by the point at which the applied power was a
maximum, after gradually increasing the voltage between the copper electrodes.
At this point, due to the dryout condition in the lower portion of the bed', the
resistance to electric current "flow increased because of the reduction in-volume
of the conducting liquid phase. This was generally accompanied by a reduction
in the boiling rate and an observed cessation of liquid percolation to the base
of the bed.

An initial series of induction-heated experiments was performed with a
narrow size range, 590-840 urn, of stainless steel particulate. The results,
shown in Fig. 8, agreed accurately with data reported in Ref. 3 for iron par-
ticulate. Another series of experiments was performed by bottom heating. The
results, also shown in Fig. 8, indicated the large effect of heating method.
Attempts to conduct liquid-phase volume heating with the stainless steel par-
ticulate failed because of the generation of short circuits through the metallic
particulate.

An additional series of experiments were performed with material which was
suitable for all three types of experiments. The particulate was commercially
available steel spheres coated with Teflon (-420 + 210 pm size range). The
static void fraction for this material was 0.4. The material being steel could
be inductively heated, and the Teflon coating provided an insulation between
particles which prevented shorting of the electric current through the particu-
late phase during Joule heating of the liquid phase. Because Teflon is non-
wetting, a surfactant (Daxad 23) was added to the distilled water used in all
three tests.

The dryout heat fluxes for the Teflon-coated material are shown as a func-
tion of bed loading on Fig. 9. The dryout heat flux is the lowest for the
bottom-heated tests. This is expected since the vapor formation occurs essen-
tially all at the base of the bottom-heated bed, whereas with volume heating the
vapor is generated fairly uniformly throughout the bed with the vapor flow
accumulating along the height of the bed to a maximum velocity at the top.
Therefore, there is less resistance to an equivalent volume of vapor flow for
volume heating compared to bottom heating.
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The dryout heat fluxes were generalJy highest for the induction-heating
technique which is most similar to the reactor situation where heat would be
generated primarily within the particulate by fission product decay. At the low
bed loading of about 300 kg/m/- (bed height about 85 mm), the dryout heat flux
for the induction-heated bed was about twice that of the Joule-heated bed and
four times that of the bottom-heated bed. For the deeper beds (>600 kg/m;' or
170 nan), the dryout heat flux was about the same for the induction-heated and
Joule-heated beds which was about five times as great as that for the bottom-
heated beds. The surface temperature of the inductively heated particles most
likely exceeded the water boiling point, resulting in superheating of the nucle-
ating vapor bubbles which in turn caused a greater pressure to drive the vapor
through the bed compared to the Joule-heated bed. This effect was most apparent
at the lower bed loadings.

It can be concluded that previous estimates of dryout heat fluxes for
reactor materials based on bottom-heating and Joule-heating experiments can be
regarded as conservative. The dryouts by induction heating which is most repre-
sentative of the type of heat generation from reactor materiaJs were higher than
that for the other two techniques for shallow beds and equivalent to that for
Joule-hea-ing with deeper beds.
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CONCLUDING REMARKS

The particulate bed formation test M5 showed that the molten UO:; content of
• the U02 + Mo thermite mixture was completely fragmented by interaction with
; sodium even though the molten mixture entered a dry cavity ahead of the sodium.
I The molybdenum content of the mixture was not fragmented and a significant quan-
i tity was found adhering to the steel base as frozen globules. A severe tempera-
i ture transient was recorded at the base of the cavity which indicated partial
jmelting of the interior of the base section. The severe temperature transient
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may have been caused by the behavior of the molybdenum. In the reactor accident
situation, the metallic constituents of the core debris would be molten stain-
less steel which would not be expected to settle toward the base because of its
lower density and would be expected to fragment more thoroughly because of its
lower melting temperature.

The analysis of the particulate from M-5 included the usual sieve analysis
and, in addition, included analysis to the submicron size level. The slope of
the log-normal distribution was significantly different from those of previous
tests. More data are needed to determine whether the slope is characteristic of
the contacting mode. The slope was such that there was a higher proportion of
fines in the M-5 residue than in previous tests.

The particulate bed heat transfer experiments indicate strongly that dryout
heat fluxes are higher when the internal heating is within the particulate phase
of the bed instead of within the coolat phase of the bed. This implies that the
existing data for dryout heat flax for UO2 particulate in sodium is conservative.
However, in the absence of a quantitative understanding of the effect of heat
source location, it is not possible at this time to predict the magnitude of the
increase in dryout heat fluxes under reactor accident conditions.
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EXPERIMENTAL INVESTIGATIONS OF HEAT TRANSFER
CHARACTERISTICS IN LIQUID LAYERS WITH INTERNAL

HEAT SOURCES

G. Fieg

Kernforschungszentrum Karlsruhe
Institut fur Neutronenphysik und Reaktortechnik

ABSTRACT

This work deals with stationary natural convective heat transport
from internally heated horizontal fluid layers. As compared to previ-
ous measurements the spectrum of boundary conditions has been exten-
ded to cover the range from adiabatic lower to adiabatic upper wall,
including the special case of equal temperatures at the upper and
lower wall. In addition the heat transport from an internally heated,
fluid layer which is superjjosed by a second, not internally heated •
and nonmiscible filuid layer, has been studied. Moreover, heat trans-
fer measurements have been done in internally heated liquid layers
through which gas bubbles arerising from the bottom.

INTRODUCTION

After a FBR-HCDA large amounts of molten core material are assumed to ex-
ist. Knowledge of the heat transfer characteristics is necessary to predict
the behaviour. Because up to now it is not clear if fuel and steel will mix or
not, both possibilities have to be envisaged. Besides this uncertainty, one
presumably has to deal with a wide variety of boundary conditions. Basic exper-
imental and theoretical work on heat transfer from internally heated fluids has
been done by Kulacki and Goldstein ["ij, Peckover and Hutchinson [2], Jahn and
Reineke [3] > Fiedler and Wille [*t] and Kulacki and Emara [5]. Some of these
measurements are restricted to quite low Rayleigh-numbers and therefore extra-
polation is indispensable to transfer the results to molten core masses which
are characterized by Ra > 1o9. In this work the measuring range has been exten-
ded up to Ra % 5 x 1o8.

The objective of the present investigations was the experimental determi-
nation of the natural convective heat transfer characteristics 1.) of a single
internally heated horizontal liquid layer and 2.) of two stratified layers, the
lower one internally heated. The range of characteristic dimensionless parame-
ters and boundary conditions has been chosen to be relevant for PAHR situations.

The single layer experiments are extensions of similar previous measure-
ments. The range of boundary conditions covers the case of adiabatic lower and
adiabatic upper wall, including the special case of equal temperatures at the
lower and upper wall. Investigations comparable to the double layer experiments
havr not been reported hitherto.
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APPARATES AND PROCEDURE

The measurements have been performed in a horizontal vessel with the base
15.7 cm x 15-7 cm. The Joule-heated liquid is enclosed between two isothermal
horizontal walls. The distance L of the walls varied from 1.6 cm to 6.0 cm.
These walls are polished front parts of heat exchangers. The wall temperatures
have >>een controlled with 16 iron-constantan thermocouples distributed over the
who.:.: area at a distance of 0.5 mm from the surface. Horizontal heat fluxes
through the walls of 1o mm plexiglass were depressed by appropriate insulation
of the side walls. This lateral heat loss has been determined with the aid of
several heat flow sensorsx) and was about 3 % of the totally generated power
within the fluid.

Vertical temperature profiles in the fluid have been measured with a
o.25 mm diameter cromel-alumel thermocouple within a thin tip of glass, posi-
tioned by a micrometer gauge.

The total heat transport to the upper and lower boundary has been measured
by the mass flow and the temperature rise of the cooling water through the heat
exchangers. The mass fluxes have been measured with mass flow meters, the tem-
perature rises with thermopiles installed between the heat exchanger in- and
outlets. The total electrical power within the fluid, measured with a Wattmeter,
agreed within ± 5 % with the measured heat fluxes at the heat exchangers. Fig. 1
shows schematically the experimental arrangement.

RESULTS

1. Single fluid layer experiments

The experiments with a single fluid layer and equal temperatures at the
upper and lower boundary have been extended up to internal Rayleigh-numbers

* * x 1 O
8 (1)

For the explanation of the constants and physical properties see the nomencla-
ture below. Fig. 2 shows the results of these measurements: n, as as function
of Raijjt, is the fraction of the total generated power which is transported to
the upper boundary. Also inserted are the results of Kulacki and Goldstein [1],
Peckover and Hutchinson [2] and Jahn and Reineke [3]. The common range of

K 1°"̂  shows a good agreement of the different results.
The convective cooling parameter M, Fig. 3, defined by

(2)
max wall

o
also has been determined as a function of the internal Rayleigh-number. QL /8A
is the maximum temperature difference within the layer at heat conduction,
^max ~ "wall) *s * n e maximum measured temperature difference in the layer with
natural convective heat transport. M is a characteristic dimensionless parame-
ter. Therefore the relationship M jrs. Raint is applicable to other fluids with
Pr > 1. In the case of a molten core layer with internal heat generation the
flow regime curve (boiling - no boiling) can be estimated when T m a x is set to
the boiling point temperature. Twa^2 ̂

s thereby set to the melting point te\nper-
ature.

x' RdF Corporation, Hudson, New Hampsh.
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Fig. k shows the result; the material parameters are listed in the table
nearby. There are large uncertainties in the accuracy of these data, therefore
two sets have been used, named A and B [6], Curve A results from the present
measurements and data set A. The error region is due to the experimental inac-
curacy. The two other curves named ARG and BKG result from the Kulacki and
Goldstein correlations [1] with data set A and B respectively. By usinp the
data of Jahn and Reineke and data set A the resulting flow regime curve lies
between the curves A and ARQ. These curves show that discrepancies due to mate-
rial parameter inaccuracy are at least as large as those due to different exper-
imental heat transfer correlations. Therefore, to get a more exact statement on
the flow regime, the material parameters must be known with a better accuracy.

From, .the flow regime curve one can conclude that the value Q'L cannot ex-
ceed % loo W/cm in the one-phase flow case; so the upward heat flux also can-
not exceed this value. If one now assumes a hemispherical emissivity of e %o.5
of UO2 at the melting point temperature T^ = 3o?o K, the total radiant energy
is E=e«a«T1*Sfc2oo W/cm2. Therefore always a solid crust would be formed at the
top in the one-phase-flow; the thickness of it is determined by the upward heat
flux.

The emissivity of a molten core material surf ace is not well known. The value
e = 0.5 has been taken from [7] for thoriumoxyde at 227o K. If the hemispheri-
cal emissivity should be smaller than assumed above, the temperature at the top
could exceed the melting point and a stabilizing inversion layer can be formed
within the internal heated fluid, a condition which also has been investigated
experimentally.

In addition to the internal Rayleigh number, R&in+j an external Rayleigh
number

ext va L Ulow.wall upp.wall' u '

affects the heat transfer characteristics of the fluid layer by different tem-
peratures at the lower and upper wall. Heat fluxes have been determined for
constant internal Rayleigh numbers and different external Rayleigh numbers,
Fig. 5. Again, n is the fraction of energy transport at the upper boundary to
the total generated power in the fluid, n = qur/Q-L. Raext = 0 corresponds to
the case Ti o w e r w a l l = TUpper w a n and is described in the section above.

With qUp/QL = 1 the case of a lower adiabatic wall is reached; the corres-
ponding positive external Rayleigh number can be compared with the results of
other authors (Fiedler-Wille [h], Kulacki-Emara \$\ ), the agreement is satis-
factory.

For negative external Rayleigh numbers, that is for stabilizing inversion
layers, the experimental result can be approximated by

see Fig. 6. Here n represents the corresponding value of n for Kaex^ = 0, see
Fig. 2. For n/n = 0 the upper wall is adiabatic, and the downward heat trans-
port is conductive. The temperature profile is parabolic and the temperature
difference between the boundaries is

A T c 7Tconduct7 2\

This leads to the relation

Raext = ~ 3 2 * Raint f o r
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Fig. 7 shows the experimental temperature profiles for some characteristic cases.
A short example shows the consequences of this section: A molten core layer

of L = 1o cm with internal heat generation of Q = 7 W/cm^ (this is stillyin the
one-phase-flov regime) has an internal Rayleigh number Ra£nt % 1o9 so n = 85 %.
To enlarge now the downward heat flux by a factor of two, i.e. from 1o W/cm^ to
2o W/cm2 the external Rayleigh number must be Raext ffc -2.5 x 1o9 which corres-
ponds to AT > 5oo K. This shows that at internal Rayleigh numbers characteristic
for PAHR situations the external temperature differences must be extremely
large to change the heat flux relations essentially. Such high temp.differences
can be maintained only in the two-phase-flow regime.

2. Density-Stratified Liquid Layers:

The one-layer experiments just discussed, which are defined by two indepen-
dent Rayleigh — numbers, have been continued under further aspects: Again the
heat transfer from an internally heated fluid layer is considered, this layer
now superposed by a second one, without internal heat generation andnonmiscible.
Fig. 8 shows a typical experimental temperature profile of such a configuration.

Corresponding experiments [B] on heat transfer through stratified liquid
layers with surface heating demonstrate the existence of ahydrodynamically rigid
interface between the two liquids, i.e. the interface can be interpreted as a
very thin layer with high heat conduction.

The present experiment shows that this hypothesis of a rigid interface is
applicable also in the case of internally heated liquid layers. The temperature
profile in the lower layer is similar to that in Fig. 7, curve C. The inter-
facial temperature Tj n t again defines an external Rayleigh number in the lower
layer with AT = T l o w # w a l^ - Tj n^ t The temperature profile in the upper layer
corresponds to that of the known Benard problem with Tin-t as the temperature
at the bottom of the fluid.

With the correlation (U) for the lower layer and the known heat transfer
correlation of the Benard problem for the upper one the heat transfer to the
boundaries can be calculated. These calculated values agree with the experimen-
tal within less than ± 1o %. With regard to the errors (5_:.accuracy of measure-
ments and material parameters) one can conclude from these experiments that
the heat transfer through stratified liquid layers can be reduced to the known
heat transfer characteristics of single fluid layers.

3. Gas flowing through internally heated ."luid layers

These measurements deal with the heat transfer characteristics of inter-
nally heated liquid layers through which gas bubbles are rising from the bottom.
Similar problems in PAHR situations can arise when the water encased in concrete
below the molten core masses will vaporize and flow upwards. The question arises
how the heat transfer to the boundaries and the temperature profile will be
changed.

In the experiment the lower heat exchanger wall has been perforated by
o.o5 cm diameter holes at 2.o cm distances; the air flow through the holes has
been controlled with a flow meter. The upper heat exchanger consisted of a
series of parallel 6 cm diameter pipes with o.2 cm distances; these o.2 cm
slots are necessary to let the gas bubbles out of the system. With Vgag (̂ -)
as the volume gas flow and the base area F = 15.7 cm x 15.7 cm the super-sec

fieial gas velocity vs is

v =!^(^SL) (v
s F sec v ''

The mean velocity of the single gas bubbles has been measured stroboscopically
to be Vfc = 23. cm/sec. This value agrees well with the data from [9],
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The fraction a of gas within the fluid layer is

v
a = -£. (void fraction) (6)

vb

and represents the additional characteristic dimensionless group.
The results, Figs. 9 and 1o show, that, with increasing a, the maximum temper-
ature within the fluid is reduced considerably, whereas the fraction n of the
upward heat transfer is changed considerably only when a stabilizing inversion
layer is present, i.e. at negative external Rayleigh-numbers.

These investigations are continued not only for gas flows through the
fluid layers, but also for liquid droplets like Heptane to get a dependency
from other parameters like the density difference of the two phases.

NOMENCLATURE

a thermal diffusivity

g ' "gravitational acceleration constant

L height of fluid layer

M convective cooling parameter

Pr Prandtl number

a upward heat flux

Q volumetric rate of energy generation in the fluid

Ra. internal Rayleigh number

Ra external Rayleigh number

T Temperature

a Fraction of gas bubbles within the liquid layer

8 Isobaric coefficient of thermal expansion

e hemispherical emissivity of a surface

n Fraction of energy transport at the upper boundary

X thermal conductivity of the fluid

v kinematic viscosity

a Stefan-Boltzmann constant
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HEAT REMOVAL FROM MOLTEN FUEL POOLS
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ABSTRACT

Two experiments were conducted to study the distribution of
internally generated heat in nonboiling pools of rectangular
cross-section. In one experiment, the heated fluid was an aqueous
solution, and in the other the fluid was molten uranium dioxide.
Heat was generated by the passage of AC current through the pools.
Analysis of the heat flux data from the water experiments led to an
empirical model of pool heat transfer. The model takes account of
the interactions of the vertical heat fluxes with the horizontal
heat fluxes. The model is shown to predict heat fluxes which are
in reasonable agreement with experimental and analytical results
reported by Mayinger ̂ t al. The empirical model, when applied to
the conditions of the molten U02 experiments, predicted significantly
smaller downward heat fluxes than were observed. The increased down-
ward heat fluxes in- the molten UO2 could possibly be caused by
effects of partial transparency within the molten U02-

INTRODUCTION

Core debris generated by an HCDA in a fast reactor could be in the form of
one or more pools of molten fuel, heated internally by the radioactive decay of
dissolved fission products.' Knowledge of the possible magnitudes of the heat
fluxes at the boundaries of such pools are necessary to predict the transient
growth into adjacent structures and to define the requirements for heat removal
to stabilize the pools and prevent any melting attack.

Analysis of postaccident heat removal requires knowledge of heat fluxes
from internally heated pools in the downward, upward, and sideward directions
under boiling and nonboiling conditions. Initial estimates1 of the downward
heat flux from a liquid pool were based on a stagnant lower liquid layer heat
conduction model with the upper boundary of the layer taken as a zero heat flux
surface at the bulk temperature of the fluid (conduction model). Analysis of
preliminary experiments under boiling conditions2 indicated that downward heat
fluxes under boiling conditions could be many times larger than those calculated
from the conduction model. However, under nonboiling conditions, analysis3 of
the data of Kulacki and Goldstein1* and Jahn and Reineke5 for horizontal fluid
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layers indicated that the conduction model did provide a good estimate of the
downward heat fluxes when combined with the results of the Kulacki-Emara correla-
tion6 for upward heat flux. This analysis3 provided an approximate method to
calculate upward and downward heat fluxes from an infinite fluid layer not only
for the condition of equal boundary temperatures, but also for the general
conditions of unequal boundary temperatures. Based on the simplification
afforded by the conduction model, it has been possible to extend the analysis to
predict the behavior of certain cases of two liquid layers.7

Experimental and theoretical data on the sideward, as well as upward and
downward, heat fluxes from internally heated, nonboiling pools in the form of
right circular cylinders of various aspect ratios (height/diameter) have recently
been reported by Mayinger et^ al.8 A series of experiments involving the measure-
ment of heat fluxes in the three directions with nonboiling pools of rectangular
cross-section have also been completed at ANL and are reported in detail in this
paper. An empirical treatment of the data has been used to develop an approxi-
mate predictive model of pool heat transfer which is shown to account for not
only the new ANL results, but also the results of Mayinger ĵ t jal_. The results
of recent ANL measurements of heat fluxes under boiling conditions in rectangu-
lar water pools have been reported and analyzed by Gabor et al.9

Because all of the available experimental data, noted above, are bar J on
experiments with aqueous solutions, high priority in the ANL program hp-i been
placed on the development of a pool heat transfer experiment which use; molten
UO? (MP: 2840°C) as the heated fluid. Some of the preliminary expel mental
results are presented in this paper and preliminary comparisons with the mod:-.l
are described.

EXPERIMENTAL

The water experiments were conducted with CuSO^-H^O or ZnSOj,-H2O electrolyte
contained between two vertical copper electrodes. Heat is generated internally
by the passage of AC current. The electrodes are water-cooled and serve as heat
transfer surfaces. The sides of the containing vessel are constructed from
double plates of Pyrex glass and are insulating surfaces. The bottom is a
water-cooled copper base plate in good thermal contact with the solution, but
insulated electrically by a 0.076-mm Teflon film. A series of experiments was
performed with an open top surface that was cooled only by surface vaporization.
Another series was performed with a water-cooled copper top plate in good thermal
contact but electrically insulated from the solution. Details of the experi-
mental method are identical with those described for the boiling experiments.9

Experimental results for nonboiling conditions are listed in Table I.

The molten UO9 experiments were performed in an apparatus composed of
alternating U-shaped copper and zirconia sections that contain the fuel on two
sides and the bottom, as shown schematically in Fig. 1. The U0;> is contained on
the two remaining sides by tungsten electrodes seated in electrically insulating
transite mounts. The copper U-shaped sections are water-cooled; the electrodes
and top of the sample are cooled by radiation to water-cooled plates. He.it
fluxes through the sides, bottom, and top of the cell are obtained by monitoring
the inlet and outlet temperatures of the cooling water flowing in these parts of
the apparatus, coupled with measurements of the water flow rate. Initial heat-
ing of UO2 is achieved by passing current through a tantalum coil embedded in
the powdered fuel, increasing the voltage across the conducting UO2, and shift-
ing to a low-voltage/high-current mode to allow larger currents to pass through
the cell. Post-test examination of the cell contents in all experiments revealed
essentially the same observations: (1) a hollow cavity in the region where the
tantalum coil had been located; (2) the cavity extended from electrode to elec-
trode; (3) the sintered upper surface of the cavity was very thin (yl to 2 mm);
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Table I . Experimental Heat Transfer Data: Water Pool

(Pool Cross Section: 190.5 x 152.4 mm)

Pool
Depth,

mm

114.3
114.3
114.3
114.3
114.3
114.3
114.3
114.3
92.4
92.4
92.4

92.4
92.4
92.4
92.4
92.4
63.5
63.5
63.5
63.5
63.5

114.3
114.3
114.3
114.3
114.3
114.3
114.3

Power,
kW

2.15
1.93
3.08
3.08
1.50
1.48
0.89
0.92
1.99
1.48
1.18
0.99
1.99
1.45
1.19
0.96
1.43
0.99
1.43
1.08
0.77

1.95
3.23
2.35
1.37
4.22
2.79
1.79

Heat
-

0

10.8
11.2
18.1
17.3

6 .5
6 .0
2 . 8
2.6

11.4
8.0
4 . 1
3.0

11.4
5.6
4.1
2.8
9.1
4 . 3
9 . 1
5 .2
3.7

21.5
35,5
29.0
15.9
42.9
34.0
24.3

Fluxes,
-

H

kW/m*

D

(Experiments

45.9
41.7
64.6
61.1
32.9
32.1
22.3
22.3
57.2
39.5
33.5
26.7
51.6
41.3
32.3
26.4
60,9
40,6
52.3
40,2
30,0

3.67
3.67
4.96
4.87
3.30
2.97
2.63
2.56
5.06
3.69
2.90
2.46
4.41
3.69
2.P8
2.68
4.56
3.63
4.99
3.92
3.04

(Experiments

31,6
58.3
38,0
24.2
73.0
50.8
29.8

3.48
6.41
6.65
4.07
7.37
4.86
5.04

Temperatures
T

with an

21.6
21.9
22.3
22.0
21.5
21.4
22.1
22.3
24.1
22.4
21.7
20.5
23.1
21.7
20.7
20.8
22.7
20.9
23.8
22.0
20.7

with Top

21.1
22.5
21.3
19.5

8 . 1
6 . 3
6 .6

T

Open Top)

38.8
38.3
40.9
40.3
35.7
36.0
30.6
32.2
39.0
34.7
31.6
29.0
38.2
34.1
30.8
29.6
33.2
28.7
33.7
29.8
27.0

Cooling)

31.2
41.6
35.7
28.4
28.9
21.1
14.2

T
TTJ

80
80
89
89
70
70
58
59
90
80
70

62
89
79
69
61
91
79
92
80
69

39
51
45
33
40
32
24

T
\

80
80
89
89
70
70
58
59
90
80
70
62

89
79
69
61
91
79
92
80
69

75
97
83
63
97
81
60

Heat
Balance, %

4.0
0.0
2.9
7.7
3.0
5.2

-5.9
-2.0
-7.3
-0.4

1.3
6 . 8

1.6
-0.9
4.8
4.7

-7.1
-4.1
-2.1

1.6
-2.8

6.5
-0.4
-0.6
-3,9

5,2
-4.0
-5.5

TUNGSTEN ELECTRODES
WATER-COOLED
COPPER " U ' s "

-ZIRCONIA lNSUUTING PAPER-

Fig. 1, Schematic of internally heated
molten UO2 pool

Table II. Preliminary Experimental Heat
Transfer Data: Molten U02 Pool

(Pool Cross Section: 92 x 92 mm)

Pool
Depth

25
35
38
51

Power

9.7
12.1
8.7

10.1

Heat Fluxes. kW/m2

50
65
46
63

857
725
490
441

168
242
171
152
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(4) the lower surface of the cavity was comprised of UO2 that had been molten;
(5) below this molten region there was usually a thin layer of sintered material.
In some experiments, there have been as many as three overlying layers or crusts
of solid !IO2.

CORRELATION OF DATA FROM OPEN-TOP WATER EXPERIMENTS

The upward heat fluxes from the open-top water experiments were relatively
small, being caused by surface vaporization to the ambient air above the heated
pool. Because of this, it was considered a reasonable approximation to assume .
that the sideward and downward heat fluxes were not significantly influenced by
the upward heat flux in these experiments. The interacting effects of downward
and sideward heat fluxes were assessed empirically by dividing the pool concep-
tually into four zones as shown in Fig. 2. The heat generated within Zone 1 is
assumed to transfer upward, that generated in Zone 2 is transferred downward,
and that generated within Zone 3 is transferred sideward. The heat generated
within Zone 4 is transferred partly downward and partly sideward.

Two heat fluxes, Q H and Q_ are defined as that which would be obtained if
there were -no interacting effects between the sideward and downward heat trans-
fer processes. The quantities QH/q and QD/q. where q is the volumetric heat
generation rate, define the dimensions of the zones as indicated in Fig. 2. The
experimental downward heat tlux, Q_, was considered to be a weighted average
between Q Q from Zone 2 and some fraction n of Q from Zone 4 as follows:

QDW = QD(W - 2 QH/q) + 2nQD(QH/q). (1)

Also the experimental sideward heat flux, QH, is QH from Zone 3 and (1 - n)QH
from Zone 4, or

QH(L - (QD/q)) - n)QH(QD/q). (2)

Equations 1 and 2 were solved simultaneously for each experiment for 0_ and
CL using the experimental values of Q_ and Q given in Table I and trial values
o? n. The results of calculations of Q for n = 0.5 are indicated in Fig. 3.
The ordinate in Fig. 3 is QD/(kATDq)

]I2, which is dimensionless and has the value
of 2 1' 2 or 1.414 for heat transfer by conduction through a stagnant layer with
uniform internal heat generation. It was found by varying n that a value of n =
0.5 gave the following empirical correlation of the data:

Fig 2. Arrangement of zones within an
internally heated pool with an
open top
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1.45 + 13.3%, (3)

which is closely equivalent to conduction heat transfer.

Various attempts were made to correlate the corresponding values of Q R

obtained by the solution of Eqs. 1 and 2 with n = 0.5. The best correlation
obtained is shown as the dashed line in Fig. 4. The correlation uses the
Kulacki-Goldstein Rayleigh number, which involves the total pool depth L:

= 0.59 RaKG
0.25 + 5#« (4)

However, the experimental data reported by Mayinger _et j3l_.8 at lower Rayleigh
numbers indicate that the sideward heat flux has an exponent of 0.19 instead of
the 0.25 indicated by Eq. 4. Also, Mayinger et &±. report results for the right
circular cylinder with unit aspect ratio obtained by the THEKAR Z code which
yields an exponent of 0.18 for the sideward heat flux. Because of these data, a
tentative correlation using a round figure exponent of 0.2 was chosen for cur-
rent use. This correlation is shown as the solid line in Fig. 4 and represents
the water data almost as well as Eq. 4. The correlation obtained by least
squares analysis is

NUJJ = 1.80 Raj^g0 '20 + 9.0%. (5)

f— POOL DEPTH, m
© 1H.3

Q 92.1

A 63. S

10*

m

£UNC ->D | turn, iu I

1 i-r

RAYLEIGH liUMBER. R A K G

Fig. 4. Correlation of sideward heat fluxes F 1 8 - 5- Arrangement of zones within
for nonboiling pools a n internally heated pool

with top cooling

DEVELOPMENT OF GENERAL MODEL FOR NONBOILING POOLS

The pool model is based on the correlations obtained from the open-top
water experiments combined with general observations of the heat transfer in the
series of top-cooled water experiments which were performed at a single aspect
ratio of L/W = 0.60. Analysis of the heat flux distributions in the experiments
indicated that the presence of a large upward heat flux induced by the top
cooling had the effect of reducing the sideward heat flux. The data indicated
that about 1/4 of the heat generated in Zone 3 in Fig. 2 was directed Upward and
about 3/4 was directed sideward for the particular aspect ratio of the experi-
ments. The experimental bulk pool temperatures were lower than values calculated
from the Kulacki-Emara correlation6 for the depth Lj, indicated in Fig. 2. This
is consistent with the presence of concerted upward convective flows in the
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central portion of the pool which facilitates upward heat transfer. The Kulacki-
Emara correlation represents the extreme condition when the upward flow is not
augmented by convective downflow at the cooled sidewalls.

The nature of the data with the cooled top suggested an empirical method to
take account of the augmented upward heat flux. The method involves the zone
arrangement shown in Fig. 5 where Zones 1 and 3 have each been divided into two
portions. The heat generated within Zone 3A is directed equally upward and
sideward while the heat generated within Zone 3B is directed sideward. The heat
generated within Zones 1A and IB are directed upward. The depth of Zone 1A and
3A, designated Y, is arbitrarily defined by the Kulacki-Emara correlation6

expressed as follows:

0.226
!Y2

kAT,
- = 0.403
U

gBqY5

av2k
(6)

which provides an implicit relation between Y and AT... The augmentation to the
upward heat flux is accounted for, empirically, by requiring the total heat
generated within Zone IB to equal that generated within 3A, i.e., Zones IB and
3A are of equal volumes. This requirement assures that the model will extrapo-
late to the infinite layer model of Ref. 3 where there are only two zones: the
upper Zone, 1A, is described by the Kulacki-Emara correlation and the lower
Zone, 2, by conduction. In the extrapolation to the infinite layer, Zones 3A
and, therefore, IB become negligible in magnitude.

The model was developed for three geometrical cases: (1) the rectangular
pool with heat removal at two vertical walls (water experiments), (2) the pool
with square cross-section with heat removal on all four vertical walls (UO2
experiments), and (3) the right circular cylinder with heat removal on the
vertical circumference. The models for cases (2) and (3) are identical, i.e.,
the pool width, W, in case (2) becomes the pool diameter in case '.3).

The calculational method is outlined as follows: The inputs are the pool
dimensions, L and W (see Fig. 5); the boundary temperatures, T^, T , and Ty; the
volumetric heat generation rate, q; and the fluid properties. The Kulacki-
Goldstein Rayleigh number is calculated directly, then a trial value of the
corrected sideward heat flux Q,, is used. From this, the dimension Qj,/q is
obtained and a tentative value of the pool bulk temperature, T_ is obtained from
Eq. 5 rearranged as follows:

Q H L

Tp = T + . (7)
k l S R a ^

The dimension of the conduction zone is calculated as

QD/q = /2k(Tp - TD)/q . (8)

The dimension Y is calculated by solving Eq. 6. The dimension Z is calculated
from the requirement of equal volumes of Zones 1A and 3B. If the total pool
depth, Y + Z + QD/q» is greater ti.an L, the actual pool depth, then the calcu-
lations are repeated with a smaller trial value of Q . Iterations are continued
until Y + Z + Q /q is equal to L within 0.03%.

Results calculated for the conditions of the top-cooled water experiments
are compared with experimental results in Table III. The results shown in Table
III indicate that the empirical model produces pool temperatures and heat fluxes
in reasonable agreement with experimental values.
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Table I I I . Comparison of Calculated and Experimental Data
for Cooled-Top Water Pool Experiments

Calc

30.7
49.6
36.8
21.1
64.3
43.6
26.5

Sideward
(Exp)

(31.6)
(58.3)
(38.0)
(24.2)
(73.0)
(50.8)
(29.8)

Heat Fluxes, kW/rn̂
Upward

Calc.

26.5
45.8
32.0
18.9
60.6
38.3
23.9

(Exp)

(21.5)
(35.5)
(29.0)
(15.9)
(42.9)
(34.0)
(24.3)

Downward
Calc.

3.84
6.09
4.59
2.88
7.70
5.38
3.63

(Exp)

(3.48)
(6.41)
(6.65)
(4.07)
(7.37)
(4.86)
(5.04)

Pool Bulk
Temperature, °C
Calc.

70.9
94.2
79.7
59.6
96.5
74.7
57.0

(Exp)

(75)
(97)
(83)
(63)
(97)
(61)
(60)

Table IV. Heat Transfer for Internally Heated Right Circular Cylinders with Equal Boundary Temperatures

Rayleigh
RaKG

1.56 x 103

1.56 x 1O1*

1.56 x 105

1.56 x 106

1.56 x 1O7

1.56 x 1O8

1.56 x 109

1.56 x 1O3

1.56 x 1O1*

1.56 x 1O5

1.56 x 106

1.56 x 107

1.56 x 108

1.56 x 1O9

1.56 x 1O3

1.56 x 10 "

1.56 x 1O5

1.56 x 106

1.56 x 107

1.56 x 108

1.56 x ID9

1.56 x 103

1.56 x lo"*

1.56 x 105

1.56 x 106

1.56 x 107

1.56 x 108

1.56 x 109

Number
(Ra'>

(105)

do6)
(107)

do8)
do9)
do10)
do11)

do5) .
do6)
do7)
do8)
do9)
do10)
do11)

do5)
do6)
(107)

do8)
(109)

do10)
(1OU)

(105)

do6)
do7)
do8)
do9)
(1010)

do11)

Percent
Heat

Sideward
This
Study

72.7

74.6

75.9

76.7

77.1

77.1

76.9

55.8

58.1

59.6

60.4

60.7

60.5
60.0

36.5

38.6

40.0

40.7

40.9

40.7

40.1

17.2

18.4

19.2

19.6

19.7

19.5

19.2

(Ref

(68

(68

(68

(72

(76

( -

( -

( -

( -

(54.

(54.

(53.

(52.

( -

( -

( —

(37.

(37.

(36.

(35.

( -

( —

( ——

(19.

(19.

(18.

(18,
/ __

• 8)

.5)

.7)

.6)

.6)

.4)

- )

- )

- )

- )

.8)

.5)

7)

5)

• )

• )

• )

7)

4)

7)

6)

)

)

)

5)

3)

8)

1)

Percent
Heat

Upward
This
Study

(Aspect

13.3

14.3

15.3

16.3

17.4

18.5

19.6

(Aspect

23.4

25.4

27.4

29.2

31.1

32.9

34.7

(Aspect

34.4

38.1

41.5

44.6

47.4

50.0

52.5

(Aspect

44.0

50.2

55.6

60.3

64.4

67.8

70.9

(Ref

Ratio

(18

(20

(22

(19

(16

( -

( -

Ratio •

( -

( -

(31

(34

(37,

(40.

( -

Ratio •

( -

( - -

(43.

(47.

(51.

(55.

( -

Ratio •

( -

( —

(56.

(61.

(66.

(70.

( —

• 8

- 1

.6)

.5)

.4)

.6)

.7)

- )

- )

* 0,

- )

- )

.5)

.6)

.6)

.6)

• )

• 0.

• )

• )

4)

5)

4)

1)

• )

•• 0 .

• )

)

1)

3)

0)

1)

I

.0)

.5)

25)

10)

Percent
Heat

Downward
This
Study

14

11

8

7

5

4

3

20

16

13

10

8

6

5,

29.

23.

18.

14.

11.

9.

7.

38.

31.

25.

20.

15.

12.

9 .

.0

.1

.8

.0

.6

.4

.5

.7

.4

. 1

.4

.3

.6

.2

.1

,2

.5

.7

6

.2

,3

8

4

2

1

9

6

9

(Ref

(12

(10

(8

(7

(6

( -

( -

( -

( -

(13

(11

(8

(6

( -

( -

( -

(18.

(15.

(11.

(9.

( -

( -
( —
(24.
(19.
(15.
(11.
r

• 8 )

.9)

.7)

.9)

.9)

.9)

- )

- )

- )

- )

• 7)

.0)

.7)

.8)

- )

- )
- )
• 9 )

1)

9)

.3)

• )

• )

• )

4)

4)

2)

8)
. j

Overall
Danakohler
Number (Da)

This
Study

23.3

36.8

58.4

93.1

148.6

238

381

15.1

23.6

37.3

59.3

94.8

152

245

11.4

17.4

27.2

43.0

68.6

110.3

178

9.4

14.1

21.7

34.1

54.1

87.0

141

(Ref

(23

(34

(52

(75

(108

( -

( -

( -

( -

(46

(73

(114,

(181,

( -

( -

( -

(34.

(53.

(83.

(133.

( -

( -

( —

(26.

(41.

(65.

(105.

. 8)

.0)

.6)

.5 )

. 1 )

.0)

- )

- )

- )

- )

• 8)

• 0)

.6)

• 0 )

- )

- )

- )

0)

1)

9)

• 8)

• )

• )

. )

3)

2)

4)

2)

)
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COMPARISON OF MODEL WITH LITERATURE DATA

The Mayinger et_ al. calculations for pools in the form of right circular
cylinders of unit aspect ratio are summarized as follows:8

NiL = 0.34 (Ra')°>22 105 < (Ra1) < 1.5 x 107

Nuy = 2.8 (Ra')0'09 2 x 107 < (Ra1) < 109
 (9)

0.495 (Ra1)0*18 105 < (Ra1) < 109

NUp = 0.935 (Ra')°-10 105 < (Ra') < 109

The Rayleigh number Ra' = 64 Ra^- The calculations used the THEKAR Z code and
apply to the case where all boundary temperatures are the same T... = T,, = T_.
Because of this, a single temperature difference AT characterizes each case.
The temperature differences in the Mayinger et_ al. results refer to the differ-
ence between the average pool temperature and the boundary temperatures, whereas
the zone model implies differences between the mean peak temperature T_ and
the boundary temperatures. The difference between the two definitions of AT
should be very small at the high Rayleigh numbers of practical interest.

The Damkohler number (Da = qL2/kAT) is essentially a dimensionless reciprocal
temperature difference for the pool as a whole and was found to be a convenient
means to compare the results of the two studies. The o-"arall Damkholer number
for a right circular cylinder (or a pool having vertical sidewalls and a square
cross section) is given by

Da = 4 | Nuy + Nuy + Nu"D> (10)

The fraction of the total heat generated which is transferred sideward, upward,
and downward are:

F = 4(L/W)Nu /Da F = NiL/Da F = Nu/Da, respectively. (11)

Results calculated by the empirical model are compared with results calcu-
lated from Eqs. 9, 10, and 11 in Table IV, where it is apparent that the empirical
model predicts results for heat flux distributions which are in general agreement
with the THEKAR code calculations, although the differences in Damkohler number
are significant at high Rayleigh numbers. It should be noted that the THEKAR
code does not contain a turbulence model and could yield low values of Da at
high Rayleigh numbers.

Mayinger et al. report experimental results for pools in the form of right
circular cylinders of aspect ratio 0.5 or less as follows:6

= 0.345 (Ra')0-233

= 0.6 (Ra1)0-19

= 1.389 (Ra 1) 0- 0 9 5

107 < (Ra1) < 3 x 1010 (12)

Table IV includes comparisons of results calculated by the empirical model
with those calculated from Eq. 12 for aspect ratios of 0.5, 0.25, and 0.1. The
comparison indicates reasonable agreement between the heat flux distributions.
However, the empirical model predicts Damkohler numbers up to about 20% lower
than the experimental results. In general, the empirical model is considered to
represent the available experimental data with an accuracy of the order of +20%.
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APPLICATION OF MODEL TO MOLTEN UO2 EXPERIMENTS

The empirical model was applied to the conditions of the molten U02 experi-
ments, "iae sideward and downward boundary temperatures are expected to be equal
to the melting temperature of l/02, which is 2840°C. The temperature of the
upper surface of the pool could be higher because of the insulating effects of
the solid fuel crusts which formed above the surface of the molten pool. These
crusts acted as radiation shields and insulating layers which decreased the
upward heat flux to the water-cooled top plate of the apparatus. This is believed
to be the reason for the low values of upward heat flux apparent in Table II.
The downward heat fluxes obtained in the experiments were found to be about a
factor of two greater than those predicted by the model. A possible explanation
for the high downward heat fluxes is that pure molten U02 could be partially
transpar i-nt in the near infrared such that internal radiation could significantly
affect heat transfer. A recent study of radiative heat transfer in molten U02

was reported by Anderson10 who studied the case of the horizontal layer with
equal boundary temperatures. He concluded that the likely effects of internal
radiation heat transfer would be to increase the effective Nusselt numbers for
upward and downward heat flux by an additive factor as follows:

N" R
 = N U + 3 N ( 6 - 1 ) •

m

where N = a conduction-radiation coupling parameter which is probably 0.5 or
greater, and

6 = ratio of absolute peak pool temperature to the absolute boundary
temperature.

Studies are underway to determine if the heat transfer results from the molten
U02 experiments can be accounted for by incorporation of Eq. 13 into th>2
empirical model.

CONCLUDING REMARKS

Results from water experiments on internally heated pools with vertical
sidewalls have been used to develop a simple empirical model of pool heat trans-
fer. The model is capable of predicting heat flux distributions and pool peak
temperature given the pool dimensions, fluid properties, internal heat genera-
tion rate, and boundary temperatures. The model has been shown to generate
results in reasonable agreement with those reported by Mayinger e£ sil. Because
of this, the model should be extremely useful for engineering calculations of
heat-generating fluids, including molten pools containing fuel debris from
hypothetical core-disruptive accidents. The model offers a simple calculational
procedure to take account of the interacting effects of heat transfer in the
three directions.

Fuel-containing pools growing into concrete or sacrificial material beds
can be expected to develop curved lower surfaces and edges. The present model
does not take account of such curvature. However, it is likely that such grow-
ing pools can be satisfactorily represented as right circular cylinders for the
present time. In the near future, it is expected that the empirical model can
be modified to take more explicit account of curved boundaries.

At present, the model underpredicts downward heat flux values obtained in
preliminary experiments with molten U02 pools. A possible explanation for this
is that partial transparency exists within the molten U02 which is sufficient to
strongly affect the heat transfer. Additional experimentation and modeling
effort are required to explore this possibility.
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NOMENCLATURE

Da Damkohler number, qL2/kAT Greek Symbols:
F Fraction of total heat generated a Thermal diffusivity
g Acceleration of gravity 3 Coefficient of thermal expansion
k Thermal conductivity AT Difference between average peak
L Pool depth pool temperature and boundary
N Conduction-radiation coupling temperature

parameter v Kinematic viscosity
n Fraction of heat transferred 6m Ratio of absolute peak pool

downward temperature to absolute boundary
Nu Nusselt number, QL/kAT temperature
Nu Average Nusselt number over a

surface, QL/kAT Subscripts:
Q Corrected heat flux D Downward
Q Average heat flux over a surface H Horizontal (sideward)
q Volumetric heat generation rate P Average peak pool
Ra' Rayleigh number, gBqL5/avk R Thermal radiation
RaKG Rayleigh number, gBqL5/64avk U Upward
T Temperature
W Pool width
Y,Z Zone dimensions (Fig. 5)
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HEAT TRANSFER AND FLUID DYNAMICS IN A
VOLUME-HEATED BOILING POOL

W. R. Gustavson, M. S. Kaziml and J, C. Chen
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Upton, New York 11973, U.S.A.

ABSTRACT

An analytical and experimental investigation of the horizontal
heat transfer from an internally heated boiling pool to a vertical
wall has been conducted. A model is presented for the heat transfer
based on combined modes of natural and forced convection flow in the
liquid boundary layer at the vertical wall. The experimental
results, using Joule heating of a ZnSO^-I^O solution, indicate that
the pool may develop a low-density "foam-like" regime as well as a
dense "turbulent" regime. The analytic model compares favorably to
the results in the "dense" regime which show that the highest heat
flux will develop near the upper edge of the pool. Application of
the model to a boiling pool of U02 with a low level of boiling power
(decay-heat level) suggests that the sideward heat transfer rates
will limit the thickness of any fuel crust that may develop between
the pool and the surrounding steel structure to a few millimeters.
The stability and strength of such a crust have not been investi-
gated.

INTRODUCTION

Characteristics of internally heated pools is a subject that has received
increasing attention in the last few years due primarily to its application in
safety studies of liquid metal fast breeder reactors (LMFBR). As a hypothetical
loss-of-flow accident with failure to scram has been predicted to lead to
melting of a large part of the LMFBR core, it became important to estimate the
possible consequences of formation of fuel pools at various locations within
the vessel, due to either direct fuel melting or remelting of fuel debris. The
decay heat of the radioactive fission products may be sufficient to cause fuel
boiling. Indeed, analyses of post-accident heat removal for FFTF have required
consideration of a boiling fuel pool in the sub-core dome-like walls of the low
pressure plenum. Similarly, should a large amount of core debris be relocated
rapidly to the CRBR vessel bottom following a hypothetical core meltdown, the
fuel debris may form a boiling pool there, which may then proceed to melt
through the vessel steel wall.

+Current Address: Department of Nuclear Engineering, M.I.T., Cambridge,
Massachusetts 02139, U.S.A.

++Current Address: Department of Mechanical Engineering, Lehigh University,
Bethlehem, Pennsylvania 18015, U.S.A.
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Two aspects of the boiling pool behavior are of major interest:
(1) The heat loads that will be imposed by such a pool on the surrounding

structures, including the heat fluxes at any hot spots that may be
present (i.e. locations and magnitude of highest heat flux).

(2) The voiding pattern within the pool due to the internal vapor
generation (i.e. the possible density gradients in the pool).

Item (1) above is of concern in assessment of the potential and rate of melting
attack, on the structure surrounding the fuel pool. Item (2) above is of concern
in assessment of the post-accident recriticality potential due to accumulation
of the fuel debris in a pool form.

In this paper, an analytical and experimental study related to Item (1)
above will be discussed. In particular the horizontal heat transfer to a
vertical wall from the boiling pool is addressed. The experiments involved a
boiling pool of ZnSo4~H20 solution. The patterns of pool voiding and the
detailed results of the vertical profile of the void fraction in the pool are
addressed in a separate paper [1]. Applications of the study to a UO2 boiling
pool will also be discussed here.

The only previously reported study on the heat transfer from a boiling pool
is that of Argonne National Laboratory [2,3]. In the ANL study, also using salt
solutions, the effort has concentrated on the average heat transfer coefficient,
for both sidewards heat transfer and downward heat transfer. The present study
provides a mechanistic formulation for predicting both the average and local
heat transfer coefficient.

ANALYSIS

Considering the case of a volume-heated boiling pool, our interest is in
the heat transfer process between the pool and its side walls. Several inter-
acting phenomena govern the fluid dynamics of the situation. These may be
briefly described as follows:

(a) Heat generation in the bulk liquid creates a reduced fluid density by
both thermal expansion of hot liquid and by the formation of vapor
voids. The time-average void distribution results from a dynamic
balance between the kinetics of void formation, growth and trans-
lation.

(b) Upward flow of vapor toward the pool surface creates a "vapor lift"
which induces a net upward flow of liquid in the region where vapor
flux is highest, most likely in the central core region of the pool.

(c) This up-flowing liquid (by vapor drag) must be returned to the lower
part of the pool, with the exception of that fraction entrained into
the vapor free space above the pool. It is expected that this down-
ward net convection of liquid occurs in the region of lower vapor
flux, near the cold boundary walls.

(d) The cold side walls create a layer of colder liquid in the boundary
layer region next to the walls. A density-gradient driven natural-
convection flow occurs in that region.

In the present approach, the heat transfer due to the natural convection
component (item d) of flow and the forced convection component (item c) at the
vertical wall are combined to give the effective sideward heat transfer. The
approach is presented in what follows.

Natural Convection

It is suggested that the classical solution for the single-phase boundary
layer problem be generalized to obtain an approximate model for the natural
convection process in a boiling pool. Assuming that the wall temperature is
sufficiently below fluid saturation temperature, the boundary layer region (A
in Fig. 1) is treated as liquid with maximum density pg evaluated at Tw. The
fluid density in bulk region of pool (C in Fig. 1) is approximated by the two-
phase density,
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+ (1 - (1)

where pv, p., are vapor and liquid densities at bulk temperature Tg, and a is the
void fraction in bulk pool. The appropriate local and average Grashof numbers
for a boiling pool would then be, respectively:

(2.a)

and
(2.b)

Use of these Grashof numbers in the classical heat transfer correlations for
boundary layer heat transfer [4] gives a first-order approximation of the
natural convection heat transfer to the boundary walls of the boiling pool.

Void Fraction and Pool Density

To obtain a.quantitative estimate of pool density (pjj), some helpful indi-
cations can be obtained from the problem of co-current two-phase flow. For the
regime of churn-turbulent flow, Zuber et al [5] suggested the following relation
for phase-drift velocities

VD = (1 - a) VM (3)

where

and

V = drift velocity of vapor phase with respect to liquid phase
(equivalent to V . in Wallis's terminology [6])

V = terminal rise velocity of a bubble

= 1.4.
a . g . gc (Pjl - pv) 1/4

(4)

C- = constant with value of 0 for churn-turbulent flow

In the present case of boiling pool, in the core region, there is a net up-flow
of liquid caused by vapor lift as mentioned earlier. If V^ is defined as the
time-mean liquid velocity in bulk pool (relative to laboratory coordinate), then
the superficial vapor velocity Vv (in laboratory coordinate) may be given by:

a(V
D

and for churn-turbulent regime,

(5)

Since in the pool vapor is generated volumetrically, the quantities Vv and
a will vary with depth in pool. If V^ is assumed to be directly proportional to
V , then equation (5) may be written as:

(6)

the parameter B being a quantity to be determined empirically. Here B is
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assumed to be independent of a or y for a given boiling rate.
From conservation of vapor mass in a saturated pool we obtain:

dV

where Gv is the intensity of vaporization source (energy for vaporization per
unit time per unit liquid volume). In the cases here Gv is space-independent
and time-independent. By manipulating equations (6) and (7) we obtain the local
void fractions

a = 1 - exp (8)

From equation (8), the average void fraction can be obtained by integrating
over y:

a = 1 r - — 1 - exp
LG
v

Xp BV
v

(9)

Forced Connection

As mentioned earlier, an effectively forced convection flow component may
be present due to liquid return-drainage associated with vapor lift. This flow
may be characterized by a Reynolds number:

V x
Re = -^-; local at x (10)
x v '

where Vs is the superficial velocity of vapor at the upper pool boundary (i.e.
Vv at y = L). The choice of the characteristic velocity is somewhat arbitrary
and should be judged only in relation to its success in prediction of experi-
mental observations.

Combined Heat Transfer Relation

From other work on combined forced and natural convection in single-phase
fluids [7], it is known that the effective Nusselt number approaches asymptoti-
cally the natural convection Nusselt number, Nun, or the forced convection
number, Nuc, depending on Gr/Re

2:
Nu -*• Nu as Gr/Re2 •+ <*> and Nu •*• Nu as Gr/Re2 •*• 0

As a method in combining the modes of convection it is possible to corre-
late Nu/Nun against Nuc/Nun. Following a general correlation procedure [8], it
is suggested that the functional form be:

Nu/Nun = [1 + (Nuc/Nun)
n]1/n (11)

The parameter n is a single empirical parameter to be evaluated from data.
The average Nusselt number to the vertical wall of height L would then be

given by equation (11) and the following relations:

Nu T = 0.036 Pr
1/3 Re?"8; Re > 3 x 105

C,L L L

= 0.0664 (Pr Re T)
0* 5; Re. < 3 x iO5

Li LI
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Nu . = 0.0246 (GrT)
2/5 Pr7/1S [1 + 0.494 p r

2 / 3 ] " 2 / 5 ;

Gr.Pr > 109 (13)
L

= 0.547 (GrTPr)
0"25; GrTPr < 10

9

Li L*

The physical parameters in Gr, Pr and Re. are taken to be liquid properties at
the temperature (Tw + TB)/2.

In a similar manner, the local Nusselt number at the vertical wall would be
given by equation (11) and the following relations.

Nu = 0.0288 Pr1/3 Re0*8; Re > 3 x 105 (14)
C,X X ' X

= 0.332 (Pr Re ) 0 * 5 ; Re < 3 x 105

X X

Nu = 0.0295 (Gr ) 2 / 5 (Pr) 7 / 1 5 t1 + °'494 ^^'r^l (15)
n )X x

Gr Pr > 10 9

X

= 0.41 (Grx Pr)°"
25; GrxPr < 10

9

It should be mentioned that the boundary layer approach used here implies
an infinite heat transfer coefficient may be obtained in the limit x -»• 0. In
fact, the approach is invalid for small x since the dominant direction of liquid
flow changes from parallel to perpendicular to the wall. It may be that a
stagnation-point heat transfer model would be more representative in such
conditions. More detailed experimental information is needed to arrive at a
quantitative model for the corner heat transfer.

Comparison with Previous Data

Recently, Gabor et al [3] presented data for boiling pools of ZnSO4 and
and CuSO^ acqueous solutions. These data, for cases of side-wall cooling only,
are compared to the model predictions in Figure 2. The predictions are based
on equations (11)-(13), with the ct values reported in the experiments and
n = 0.7. The reasonable agreement obtained tends to confirm the basic
hypothesis of the proposed phenomenological model.

EXPERIMENT

Several tests have been performed in which a ZnSOz,-H2O solution was Joule
heated to form the boiling pool. The apparatus used is shown schematically in
Figure 3. It consists mainly of (1) the pool container, (2) the power supply
including the electrodes, (3) the test plate used in obtaining the heat transfer
rates, (4) water make-up system, and (5) the pressure probe and traversing
mechanism. The container was an open top Corning Pyrex glass jar with nominal
inside dimensions of 17 cm by 23 cm in cross section and 32 cm in height. The
copper electrodes, 0.64 cm thick, were placed opposite to the wider sides of
the container. The electrodes were cooled by water flowing inside 0.64 cm
copper tubes that were silver soldered to the back of the electrodes. The power
source used in the experiment had a maximum capacity of 80 kilowatts. Both
power and voltage were controlled through a bank of twenty-four powerstats. The
power signal was recorded on a continuous single pen recorder with 2% accuracy.

The test plate consisted of a block of aluminum alloy 6061-T651. The plate
was 2.5 cm thick, 12.7 cm wide and 33 cm high. The plate was divided along its
height into thirteen equal segments. Each segment was isolated thermally by a
2.0 cm deep cut into the plane facing the boiling pool. Each segment had a
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central groove from the back that was 1.25 cm deep and 1.25 cm wide to allow
individual cooling of the segment by water flow. The flow into each segment was
controlled by a fine metering valve. The flow would enter and leave through
nozzles fitted on a lexan plate covering the back of the aluminum plate. The
coolant temperature rise between the inlet and outlet of each segment was
measured. Thermocouples were also placed in the center of each segment close to
the plate surface. The test plate was electrically insulated by a 0.075 mm
thick layer of teflon film. A silicone based adhesive on the inner side of the
teflon provided contact with the aluminum surface.

The water make-up system consisted of a constant liquid level weir con-
nected to the bottom of the boiling pool container by a 1.9 cm I.D. rubber hose.
Fresh water was supplied to the weir from a storage tank above the pool at a
steady flow rate determined from a rotometer type flow meter. The weir overflow
was measured. The difference between the inflow and outflow established a
continuous rate of water make-up to the boiling pool.

A differential pressure transducer with range 0-0.5 psig was used to
measure the static pressure at any point in the boiling pool. The transducer
was located outside the pool and fastened to a screw jack placed on an X-Y
traversing table, enabling the device to translate in 3-dimensions. A rigid
2 mm I.D. glass tube probe led from the signal port of the transducer to a point
in the pool. The location of the probe tip was known from calibrated scales
outside the pool. Air pressure from a compressed air tank was introduced into
the glass probe at the transducer. The pressure was controlled to cause a slow
stream of air bubbles to exit the probe tip in the pool. Tests in a still pool
for widely varied air flow rates and bubble formation frequencies indicated no
error in static head measurement from the pressure drop in the glass probe or
bubble frequency at the probe tip. The output signal from the transducer was
recorded on a two-pen Honeywell 196 chart recorder.

Three thermocouples were located at various positions in the pool to
measure the actual boiling temperature. Three thermocouples were placed in
holes in the electrodes. All thermocouple readings were recorded on multipoint
Honeywell recorders referenced to a physical ice bath. Absolute temperature
measurements were within - 0.5° F. The relative temperature measurements of the
plate coolant teaperature had better accuracy because of thermocouple matching.

For each teflon sheet used in the experimental series a calibration was
made to determine the thermal resistance of the teflon sheet before and after
the experimental life of the teflon. This was accomplished by measuring the
temperature profile through a heated aluminum block covering one cooled
segment of the test plate. The accuracy of the calibration was estimated to be
± 10%.

RESULTS AND DISCUSSION

In operation of the experiment, it was observed that two different flow
regimes occur - a "dense" regime and a "foaming" regime. The latter was
characterized by a cellular two-phase structure whose void fractions tended to
be high through the major faction of the pool.

Results in the "Dense" Regime

As described above, local heat transfer coefficients were obtained over
^2.5 cm segments of the vertical test plate. For the "dense" pool (non-foaming)
runs, smooth curves were fitted through the measured local coefficients, as a
function of distance from pool surface (X). Results for a typical run are
shown on Figure 4. Average heat transfer coefficients were then obtained by
integration of the smoothed curves. The results for the dense-pool runs are
summarized in Table I, along with some pertinent variables.
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TABLE I

Dense-Pool Heat Transfer Runs

Run

44

45

46

47

48

49

50

51

52

53

54

55

56

57

r f Cal' ̂
1 9 1

1.11

1.12

0.83

0.93

1.21

0.50

1.77

0.890

0.053

0.059

0.130

0.549

0.276

0.382

L (cm)

14.1

14.1

16.6

12.8

15.4

14.1

7.43

6.16

21.9

23.3

17.0

13.8

15.2

11.9

a

0.36

0.37

0.43

0.36

0.43

0.46

0.42

0.31

0.11

0.12

0.20

0.10

0.23

0.28

'iCal.
2

ec. cm .

0.084

0.088

0.113

0.074

0.059

0.072

0.084

0.064

(0.087)

(0.110)

(0.137)

0.066

0.084

0.056

V°C.J

The coefficients for Runs 52-55 are placed in parentheses to indicate
that some questions exist regarding their accuracy, as a result of
operational difficulties.

These measured average heat transfer coefficients were compared with the
phenomenological model proposed above. Using a value of 0.7 for the constant n
(see Equation 11), the average NUL calculated by the model are plotted against
the experimentally determined NUL ̂ n Figure 5. Also shown is the region
obtained for ANL data (from Figure 2). With the exception of the four question-
able data points noted above, these results showed reasonable agreement with
both the ANL data and the proposed correlation. An even better agreement
between experimental and calculated Nu^ is obtained for the reliable data if a
value of n = 1 is used in the proposed model. This is shown in Figure 6.

In actual application, one may know the boiling source intensity (Gv) but
have no information on the average pool density ("Pg) or void fraction (of).
From equation (9), the value of a may be estimated when B is given. For the
cases of a dense pool, B was evaluated [1] by using the vertical profile of the
void fraction data and the vertical profile of the vapor velocity as estimated
from test conditions. This results in an approximate relation given by:

B = 1.55 (VS/VJ°-
65 (16)

Equations (9) and (16) have been used to obtain an estimated ct, which can
then be used to predict NUL a priori. The results are shown in Figure 7.
Again, the agreement is reasonable.

In comparing the results to the analysis, a note on the transition from
laminar to turbulent boundary layer is in order. The values of Grj, for these
runs ranged between 8.6 x 10 and 2.3 x lO-^, thus leading to a Gr^Pr range
between 5.3 x 10 ̂ and 1.4 x 10-H. Experiments on boundary layers have shown
that the transition from laminar to turbulent regime occurs between GrPr = 10^
and 1010. For practical reasons, a value of 10^ is usually used as a transition
point. Since Grx is proportional to x

3, a laminar regime may better charac-
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terize the natural convection flow on a major part of the vertical test plate
(in the current experiments). Similarly, the values of Re^ in the current
experiments range between 1.3 x 10^ and 6.9 x 10^. Thus, the forced convective
flow regir is expected to be in the laminar regime all the length of the plate.
The transition from laminar to turbulent forced convective flow has been
observed to occur between Re = 10^ and 10^. For practical reasons, an inter-
mediate value (3 x 10-5) is usually used.

In Figures 8 and 9, the predictions of the correlation of equations 11, 14
and 15 (with the empirical constant n=l) are shown using two sets of assumptions:

1. Assuming that both the free convection and forced convection
components are in the laminar regime (solid line).

2. Assuming that both the free convective and forced convective
components are in the turbulent regime (dotted line).

It is clear from the figures that the laminar-laminar assumption does
indeed represent the observed vertical profile of the heat transfer coefficients.

Results in Foam Regime

In Runs 29-43, the boiling pool was observed to be in a "foam" regime with
a cellular vapor/liquid structure throughout the greater protion of the pool.
The average void fractions measured in the foam boiling pools were significantly
higher than those in a non-foaming pool. Using the experimentally determined of,
the phenomenological Model was used to calculate Nut, for these foaming runs.
The results shown in Figure 10 indicate that the average Nusselt numbers for
boiling pools in the foam regime are slightly higher than those for dense pools
at comparable conditions. It is possible that condensation of the foam mixture
at the cold wall enhanced the heat transfer process.

Since applications for reactor safety may in fact encounter boiling pools
in the foam regime, further investigation of the different phenomenological
process should be undertaken, and an adequate model to predict the heat transfer
rate in such a regime should be sought.

Application to Fuel Pools and Safety Implications

The relationships developed for the average heat transfer coefficient to a
vertical wall, equations (11)-(13), can readily be applied to a UO2 pool.
Consider a numerical example for illustration purposes. If the liquid fuel
effective height LQ = 10 cm and Gv = 2.0 cal/cm3 sec, the average void fraction
"a is predicted from equations (9) and (16) to be ̂ 0.5. For liquid UO2, Pr=0.8,
V = 0.047 cm^/sec and k = 0.006 cal/cm sec °C. Thus, based on L = 20 cm (actual
pool height), the value of GrLPr = 1.42 x 10

9 and Rei, = 1.7 x 10^.
In this case, the natural convection layer undergoes the transition from

laminar to turbulent regime (GrxPr=lo')at a distance x = 0.9 L down the
vertical wall. An exact determination of h requires using a weighted average of
both regime-dependent Nun>L correlations given in equations (12) and (13). For
simplification, the laminar regime relation will be used here to illustrate the
application combined with the laminar forced convection relation, to obtain

I 10.517 I 1 + 1.178 S „ „„ GrT
0-25

(17)

For the case under consideration, a = 0.5, L = 20 cm and Vs = 40 cm/sec, the
value of hL is 0.0518 cal/cm2 sec °C. It should be noted that the value of hL

is not sensitive to the boiling specific power (in the decay-heat region). For
example, if Gv = 1 or 3, hi, is predicted to be 0.047 or 0.051 respectively.

In a situation in which a boiling pool of fuel is to be retained within a
steel structure, a fuel crust of thickness 5p has to develop between the boiling
pool (̂ 3300 °C) and the steel melting point (Ts = 1400 °C). The steel structure
will then experience a total heat load, qT', equal to the heat flux from the pool,
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qp, and the crust, qc; as the crust will be heat-generating. From heat conduc-
tion considerations 6-p may be related to the available heat flux from the boiling
pool, qp by:

6F = G~ (18)

where Tp and Tg are the melting points of fuel and steel respectively. The
value of q_ is:

qp = 0.0518 (3300-2800) = 25.9 cal/cmZ sec.

Thus, from equation (19), SF is determined to be equal to 0.083 cm. Higher heat
transfer rates are expected at the upper edge of the pool. This will further
reduce the fuel crust thickness that will be able to conduct the heat load to
the steel structure at the upper edge of the pool.

The above calculations indicate that only very small thicknesses of fuel
crust can conduct the horizontal heat load from a boiling fuel pool. The
integrity of such a thin crust under the turbulent conditions in the pool and
the possible steel ablation remains to be investigated.
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ABSTRACT

Tests on the compatibility between UO2-pellets, UO2/stain-
less steel mixtures (7O w/o UO2, 3O w/o SS) and graphite were
carried out at 16OO °C, 2OOO °C and 24OO ° C The test duration
was O,5 h. UO2-pellets are only completely converted to carbides
at 24OO °C, when liquid U-carbide phases occur. In the presence
of SS the liquefaction temperature was lowered to 2OOO °C. The
conversion rates in the case of UO2-liquefaction as indicated by
the corresponding CO-generation are high. The interactions are
completed within a quarter of an hour. Apart from the release of
O in the form of CO, the pick-up of C and the evaporation losses
at the highest temperatures no significant changes in the chemi- -
cal composition could be found. Post melting analyses by micro-
sections, microprobe and X-ray investigations detected UFeC2~
phases and carbides from the M^Cg-type together with Austenite.
A thermodynamic evaluation revealed, that the C-activity of the
melts after UO2 -liquefaction is nearly 1.

INTRODUCTION

Although the German 3OO MW-LMFBR (SNR-3OO) will be equipped with
a number of special safety systems - e.g. 2 independent and diverse shut-
down systems and an additional redundant emergency core cooling system -
the German licensing authorities require the installation of a special core re-
tention device j_ 1_J. To fullfill these requirements a special, supplementary
retention device will be installed underneath the reactor tank. Due to this de-
sign any core material penetrating the reactor tank bottom in case of an acci-
dent will reach a catch tray cooled from below by a special NaK cooling sys-
tem. The catch tray must be coated by a protective layer. This protective
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layer has a double buffer effect: It reduces and smoothes out the heat flux
downwards by its big heat capacity and ;t prevents the propagation of the mol-
ten core debris. The protective coating is of the so-called sacrifical layer
type. The reference concept at the moment is a liner for the catch tray con-
sisting of depleted dense UO2 or ThO2» ^ s a n attractive alternative to this
undoubtedly highly expensive arrangement a graphite liner is being consid-
ered.

OBJECTIVES

The IMF/GfK j_ 2_y has conducted a series of sodium compatibility ex-
periments with various graphite and hard-coal varities to determine what
graphite qualities are suitable. Graphite of quality LN was found to be com-
patible with the sodium coolant. Therfore all investigations reported were car-
ried out with the Na-compatible graphite of the quality LN.

A typical core melt composition of the SNR reactor contains, by weight,
"O % UO2/PuC)2 and 3D % SS 1.4981 {Table 1). The material for the protec-
tive layer of the core catcher must meet very stringent requirements as to
temperature resistance and compatibility with the core debris, since the de-
cay power may cause the melting core to attain very high temperatures. In
order to characterize the compatibility of the molten core debris with the
graphite liner of the SNK-3OO tank external core retention device, the fol-
lowing questions, had to be answered:

- What are the short-time liquefaction temperatures of steel, UO2 and a
steel-UO2 mixture in contact with the graphite?

- What amount of carbon monoxide is released in what time during the inter-
action between the SNR-core-melt and the liner graphite?

- What are the caracte-ktics of the interfacial reactions of the core debris
interacting with the graphite?

- What characteristic changes in the chemical composition of the SNR core
melt will occur in contact with the graphite liner?

- What influence does uie gaseous atmosphere have c "• the processes to be
examined?

EXPERIMENTAL METHODS

To avoid uncontrolled influences on the result of the experiments because
of the high operating temperatures, the heating element and all structural
materials within the heating zone of the furnace were made of graphite. The
actual test crucible was made of the quality LN graphite to be tested. It con-
tained the SNR core melt in its typical composition. Test duration was
3O minutes. The furnace atmosphere used was either argon or nitrogen. The
pressure during the melting experiments was 3OO mbar, while the test tem-
peratures were 16OO, 2OOO or 24OO ° C The furnace was equipped with
pressure, temperature, and partical pressure monitores.

Institut fiir Material- und Festkorperforschung
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The weihgt loss of the melt samples was always measured. ICach sample
was also investigated by metallographie examination. The results were sup-
plemented by microprobe investigations, chemical analyses and X-ray dif-
fraction analysis.

EXPERIMENTAL RESULTS

Liquefaction of Uo?-pellets

The liquefaction temperature of UO2-pellets in contact with graphite was
found to be between 24OO-25OO °C. Below this temperatures onJy_sol_id state
reaction were detected,_as_decribed earlier by B. Craven et al. J_ 3_J and
T.B. Lindemer et al. j_ 4_/. The reaction zones are small, the .".eight loss
and the CO-generation is negligible in agreement with the results in the liter-
ature. However excessive reactions take place, when the melting point of the
rat.c-controling U-carbide layers between UO.> and C is reached. WO.,-pellots
are completely reacted in less than 15 minutes. Weight loss and CO-genera-
tion corresponds to 1OO '','0 conversion of UO.; to uranium-carliido.

Liquefaction of UO;>-pellets within a stainless-steel mult

The liquefaction temperature of the UO9 in the steel melt is 19T>() t<>
2O5O °C, e.g. nearly 4OO °C lower than that of the pure UOo in contact wi'.h
the UO2.

Fig. 1 shows a typical test result. The left part of the picture consists of
survey photographs covering the entire crucible. It can be seen that at
1COO "C the LJC>2 is still preserved in its original ueometry, while at 2OOO "C
disintegration is already completed.The r.trht side, of the figure shows the mi-
crophotographs of the correspondingly marked areas. The lower rk'lit detail
picture of the 24OO °C test shows the occu"rence of characteristic graphite
lamellae, presumably formed during the cooling of the melt through carbon
segregation due to supersaturation of the molt with C.

Molten steel dissolves at 2OOO UC a considerable amount of C. In our
experiment sufficient C can be transported via liquid steel phase from the
graphit to UO?. As reported by Baldock et al. J_ 5_/ it exists a UFeC.j-phase
with a molting point lower than 2OOO °C. The lowering of the liquefaction
temperature of UO; in liquid SS-phases thus indicates, that the I'C^-C-reuc-
tion is_not diffusion controlpd in the UC or UC.,,-layers as rejjoiled i)y
j_ 4-5_/ fur the solid state reaction between lioth comjjonents. Due to the re-
sults of [_ 5_/ it can be assumend, that the main reaction product besides
the gaseous CO is the liquid UFeC2-pha.s^.

C( /--Generation from UCJ^-SS-AIelts in Contact with Graphite

Fig. 2 shows gas release data from typical tests. At l'i()() °C no CO gen-
eration was observed. This i>: understandable, since UO2 cloes not apprecia-
bly react with the graphite at the ^ven geometry. A1 2OOO "C, where UO2
disintegration is observed within the core melt, a clearly measurable CO

2079



peak is observed. Owing to the continuous removal of CO by the detection
system, it shows a subsequent decrease, indicating that CO release is termi-
nated some JO to 12 minutes after the start of melting. This was also observ-
ed at 24OO °C.

Due to the mass-transport by the CO-release, the melt shows a weight
decrease. Fig. 3 summerizes the results of weight loss measurements. The
uppor curve I shows the pure UO2 weight losses measured, which are attrib-
utable in the final analysis to the transformation of UO2 into UC and/or UC2
and the release of CO. The 1.4981 steel weight losses (curve II) can be ex-
plained by simple evaporation. The dotted line in the lower part of fig. 3 rep-
resents the weight loss curve calculated from I and II. The upper unbroken
curve shows the weight losses as measured. The steep increase of the weight
loss to its ultimate value at 2OOO °C can be explained by the fact that in a
steel environment the UO2 already completely reacts with the carbon at this
temperature. The weight loss measurement thus confirms the microscopic
findings.

Characteristics of the interfacial reactions

Fig. 4 summarizes the test results concerning the question of the inter-
facial reaction between the liquid core melt and the solid graphite. The total
disintegration depths observed were between O.6 and 1 mm. The influence of
temperature on penetration depth is small once the UO2 disintegration temper-
ature lias been reached. Extension of the holding time likewise lias only a very
minor influence on disintegration depth, which can be regarded as an indica-
tion that, once the melt has been saturated with carbon and all reactions ini-
tiated by the carbon have completely taken place, the melt will stabilize in the
graphite. The figure 4 shows the result of a microprobe investigation at the
interface between the core melt and graphite after a holding time of 3O min-
utes at a temperature of 24OO °C, with the furnace atmosphere being nitrogen.
It is evident, that the melt penetrates into the porosity of the graphite, with
penetration depth not being higher than 5Oyum, however. As far as penetra-
tion is concerned there is no significant preference for any of the components
of the corium, as is shown by the element distribution pictures for uranium,
iron., chromium and nickel underneath.

The driving forces for the interfacial reactions after the contact of the
molten SS and the UO2 with the graphite are the gradient of C-activity and
capillary forces due to the pore structure of the graphite. The gradient of
the C-activity decreases rapidly due to C-pick-up by the melt and the lique-
frction reactions of UO2. When chemical equilibrium is reached it is con-
cluded that the core melt only will penetrate into the graphite only due to the
capillary forces.

Changes in chemical composition

The dominant change in chemical composition taking place in the core
melt is the escape of oxygen via the CO generation, i .e. the fact that after
its formation in contact with the graphite the core melt will contain practical-
ly no oxygen. The results of the chemical analysis have been compiled in
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Fig. 5. The uranium, iron, nickel,and chromium concentrations hardly change
within O. 5 h by increasing the test temperature. With increasing test duration
and constant temperature, the iron, nickel,and chromium concentrations de-
crease due to evaporation processes, thus increasing the relativ uranium
content.

Influence of gaseous atmosphere

Use of argon or nitrogen in the furnace atmosphere did not affect liquefac-
tion temperatures, gas-generation, interfacial reaction and chemical compo-
sition.

Phase analysis

Austenite and its carbide phases as well as the needle-shaped UF0C2
phase were detected. The absence of UC and UC9 in the equilibrium melt in-
dicates that UFeC2 is more stable. When the core melt is in equilibrium the
excess carbon present must cause the corresponding steel carbides to devel-
op. In point of fact the carbides of the M7C3 type found should meet these r e -
quirements at least at 24OO °C, when the Boudouard equilibrium is shifted
.strongly toward the CO. From the results of phase determination described
one must therefore conclude that the test results describe the behavior of an
SNR core melt in equilibrium with graphite. Fig. G shows the appearance of
the core melt under the microscope, together with the U, Fe, Cr, Ni and Nb
concentrations as measured with the microprobe.

CONCLUSION

- The short-time liquefaction temperature of the SNR curium in contact with
the graphite lies around 2OOO °C.

- During liquefaction most of the oxygen inventory of the UO2 is converted
to CO within 15 minutes.

- The interfacial reaction between the SNR curium and graphite stops following
the UO2 liquefaction, since the core melt then formed is in equilibrium with
the graphite.

- The chemical analyses confirm the results as to gas generation and inter-
facial reaction.

- The gaseous atmosphere N2 or Ar has practically no influence.
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TABLE 1

Composition of SS 1.4981

Fe 67 - 61 w/o

Cr 15,5 - 17, 5 w/o

Ni 1 5, 5 - 11, 5 w/o

Mo 1,6 - 2,0 w/o

C O, O4 - O, 1 w/o

Si O, 3 - 0 ,6 w/o

Nb max. 1,2 w/o
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Fig. 1 Interaction of UO2/1.4981 (7O/3O w/o) with graphite
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Fig. 3 Weight losses from UO2,
3.4981 and UO2/ 1.4981
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Fig. 4 Microprobe investigation of
the interfacial reaction between
UO2/1.4981 (7O/3O w/o) and
graphite at 24OO °C
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(Icour)

Fig, 5 Influence of temperature and time on the chemical composition of
a UO2/ 1 • 4981-melt after interacting with graphite
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THERMOHYDRAULICS OF THE INTERACTIONS BETWEEN MOLTEN
CORE MATERIAL AND REACTOR CONCRETE

R. Schramm and K. H. Reineke

Institut fur Verfahrenstechnik
T. U. Hannover, West-Germany

ABSTRACT

Investigating the consequences of a core meltdown,
a computer code was developed to calculate convective
interactions in a system of two fluids with different phy-
sical properties such as molten core material and molten
concrete after the failure of the reactor pressure vessel.

It is assumed that these two fluids will not be
mixed immediately so that the molten concrete will first
rise in the core material due to its lower density. The
calculations consider different properties and the sur-
face tension between the materials. First calculated re-
sults are given for varying the densities, the surface
tension and the viscosities. They show, that the lighter
material will rise up at fixed points, which are stationary
in time. The wavelength is determined mainly by the surface
tension. The transport of the lighter material effects a
modulation in heat flux density over the surface of the
still solid concrete, which will cause locally a different
penetration of the melting front into the concrete.

INTRODUCTION

Previous investigations /1/ have shown that the reactor pres-
sure vessel will fail within a short time in a core meltdown acci-
dent. Therefore the molten material of the core and the pressure
vessel structure will come into contact with the concrete of the
reactor containment. Under consideration of the high temperatures
of the molten core, it is obvious, that the concrete will be de-
stroyed. The aim of the theoretical investigations presented here,
is to answer the questions, how the concrete will fail, i.e. whe-
ther local caverns could be formed during the melting process, ac-
celerating the penetration effect. Experimental investigations /2,
3/ show, that the concrete melts at temperatures of about 1300°C,
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if it mainly consists of silicates as given in German power sta-
tions. In a horizontal layer of molten core material the heat flux
at the lower boundary would be constant. The strong buoyancy ef-
fects due to the great density differences between the two liquid
phases cause a violent convection at the bottom. The consequences
of this convection are great differences in the local heat flux
density, which can lead the built up of caverns. The computer code
BETON was developed calculating in a first version the thermohy-
draulics between the two phases with the assumption that there is
no instant mixing. The aim of these calculations is to show, in
which way the molten concrete will behave under the molten core
material and how it is transported to the upper surface by buoyancy.
Because the physical properties of the materials are not known
exactly, parameter studies were performed to demonstrate the possi-
bilities of the behaviour. For code verification some experiments
were done with low melting paraffins and water.

MATHEMATICS

The calculations for such a system of different phases have
to start from the differential equations ensuing from the conser-
vation laws for mass, momentum and energy. In these differential
equations the physical properties are not constant. Additional the
interface forces between the two phases have to be taken into
account. Especially the Bussine^que approximation is not valid, be-
cause the great density differences effects the inertia forces in
an strong manner. The following assumptions were made to establish
the code:

1. The system is treated only in two dimensions.
2. Metallurgic and chemical processes in the fluid

are neglected.
3. The exact penetration of the melting front is not yet

included in the code, but a homogeneous movement of
the melting front into the solid concrete is assumed.

The conservations of energy leads to an equation describing
the temperature field:

Q.C.SLL + p-Cp-V'lvT) = 7"{AVTJ + q=

(D
The conservation of mass leads to the equation:

P- + V-(v-p) = 0 <2>

In regions far from the phase border the density can be as-
sumed constant. At this border exists a discontinuity in the den-
sity field. Therefore in the area of each phase equation (2) can
be simplified to the form

V? = 0
(3)

This equation leads to a stream function for each phase. The
assumption of a constant density in each phase includes that the
velocity field has the same value at each side of the phase border.
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Therefore the stream function must be constant over the whole con-
sidered area.

From the conservation of momentum the Navier-Stokes-equations
follow

(5)

If it is assumed, that the density is constant in each phase, the
treatment of the pressure can follow a proposition of Chorin /4/,
who introduced a new velocity field due to the definition:

\r = o-v • v / P a t (6)

In this way the Navier-Stokes-eguation first can be integrated
with respect to time and the pressure than can be diminuted by
takiny the curl of equation (6).

Vx(pv) = Vxv* (7)

From this equation the velocity field V can be determined
from the field V* by the help of the stream function. The surface
tension at a bended phase border creates an additional pressure in
the fluid due to the Laplace equation. To calculate the interface
tension, the rising plumes of concrete are assumed to be rotatio-
nary symmetric. Therefore two curvation radii have to be taken
into consideration, one following from the curvation of the phase
border in the plane considered, the other following from the assump-
tion of rutationary symmetry. Consequently one gets two additional
terms in the Navier-Stokes-equations, acting only in the region of
the phase border:

The variables are transformed in a dimensionless form and doing
this, the following dimensionless groupings are derived.

modified Rayleigh-number Ra
Prandtl-number Pr y/a
dimc-nsionless surface tension W L(J/Q.0

Louis-number Le Q/_ •

The boundary conditions are set in the following manner:

1. Upper surface = free surface isothermic
2. Lateral walls = rigid walls adiabatic
3. Bottom = rigid wall isothermic
At the bottom it is assumed that the concrete is at its mel-

ting temperature. At the beginning of the calculation a linear
temperature profile is assumed in the layer of the molten concrete.
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NUMERICAL TREATMENTS

The iartial differential equations are integrated by the help
of the finite difference method. A detailed description of the
r.urrijri-jal treatment can be found in /5/ . The phase border is re-
[.resented by foodholds located on the meshlines. It is assumed
t'-.nL Lbo foodholds will follow the fluid motion like massless par-
ticles similar to the assumption made in the MAC-method developed
by Harlow /6/.

EXPERIMENTS

•\s mentioned before experiments with water and low melting pa-
raffins were performed to verify the code. In this experiments a
[•jyer :>f solid paraffin was molten by electrically heated water.
The test chamber was a small rectangular channel to simulate the
region c<.-sidered in the code. The experiments were done with the
following characteristic numbers:

Ra"-1Q10 A? = 0.1 Pr=7. Le = 0.
W - 107....108

To change ~he interface tension, some admixtures to the water were
used. Doing this, variation of the tension between 10 and 6O dyn/cm
could be obtained. The experiments are not yet finished, but the
first results show the principal behaviour of the rising paraffin
pluir.es .

RESULTS

The first calculations were performed to give some information
about the principal behaviour of the rising lighter phase. These
results can be compared with the experiments done up to now. The
calculations as well as the experiments show, that the phase inter-
face is deformed wave-like, at which the wavelength is a function
of the interface tension. This is shown in figure 1. If the theo-
retical wave lenyth does not fit with the width of the test cham-
ber, the interface is defcrmed in an unregular manner at the rigid
walls.

In figure 2 the dependency of the wave length from the inter-
face tension is shown. These results are computed numerically. In
a good agreement with the analytical investigation of LAMB /7/ ,-
the relation .2 ... is valid approximately.

If the layer of light material at the bottom is growing by
melting up of solid material, the layer becomes instable. The wave-
like deformation of the interface leads to the formation of plumes
which are rising up to the top of the fluid. Figure 3 shows a com-
puted example of this plume formation. Additionally in this picture
it can be recognized, that the rising top of the plume is connected
with the material at the bottom by a thin stripe during a relative
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long time. This effect is also verified by th2 experiments.

A serie of pictures taken from the experiments is shown in
figure 4. A rather good principal agreement can be observed between
experiments and computations. Both, the experiments and the calcu-
lations show, that the rising plumes are effecting- each other. The
convective motion in the molten core material, evented by a rising
plume is first delaying the motion of the plumes, formed in the
neighbourhood.

Further on the calculations have shown, that the Prandtl-
number does not effect the occurences in a strong manner. Some test
calculations, performed to test the influence of the density dif-
ference between the two phases show, that the wavelength decreases
nearly linear when the density difference increases.

Figure 5 shows an other computed example. The light material,
risen up forms a stable layer at the top of the fluid. Besides, in
this picture it can be recognized, that the plumes are formed al-
ways nearly exactly at the same locations.

A typical example for the computed temperature fields is
shown in figure 6. At the top of the rectangular area a layer of
the lighter molten concrete is already formed. In this layer there
are no internal heat sources, but it is heated from below by the
hot core material. Therefore in this layer Benard convection oc-
cures. This can be clearly obtained from the isotherms in figure 6.
At the phase border a high temperature gradient can be seen, ob-
viously the material rises faster than the heat is conducted across
the phase border.

To calculate the penetration of the melting front into the
solid concrete, the temperature gradients at the bottom of the li-
quid layer have to be known. As it can be recognized from the iso-
therms in figure 6, this temperature gradient at the bottom is
high between and low at the locations where the light molten con-
crete is rising up.

Figure 6 also shows local temperature gradients after several
time steps. In the local temperature gradients there are pronounced
maxima which stay at the same location for the considered time.
Therefore differences in the local penetration of the melting front
can be expected. To investigate whether this local differences in
the penetration velocity will lead to a faster destruction of the
foundation concrete is one of the main topics of the further re-
search work.
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STUDIES ON MOLTEN FUEL-CONCRETE INTERACTIONS

J. F. Muir, D. A. Powers and D. A. Dahlgren

Sandla Laboratories
Albuquerque, New Mexico 87115, U.S.A.

ABSTRACT

An ongoing experimental investigation of the phenomena associated
with contact between molten, reactor core materials and structural con-
crete is described. The program uses prototypic light water reactor
materials to qualitatively define aspects of the melt-concrete system
which are pertinent to questions of nuclear reactor safety. Major ele-
ments of the program include exposure of calcareous and basaltic con-
crete to high heat fluxes on one surface and the deposition of proto-
typic melts into crucibles of these same concrete materials. Early
results of the program are presented which demonstrate the rate and
mechanism of concrete erosion under thermal attack and qualitatively
describe gas evolution and concrete behavior when in contact with high-
temperature melts.

INTRODUCTION

Nuclear reactors are designed and operated to minimize the probability of
accidents involving '•.ore meltdown. Nevertheless, to completely assess risks
associated with the use of light water reactor (LWR) power plants, it is neces-
sary to analyze realistically phenomena which would be associated with such
hypothetical meltdown accidents. Interactions between molten core materials
and the concrete support structure of LWR reactors have been identified as es-
pecially pertinent to such an analysis.^ Core melt-concrete interactions could
affect the potential failure modes of the reactor containment as well as the
composition and temperature of the containment atmosphere.

Under the sponsorship of the Reactor Safety Research Division of the U.S.
Nuclear Regulatory Commission, Sandia Laboratories has undertaken an experi-
mental, scoping study of core melt-concrete interactions.2-5 The study is
intended to qualitatively define the major phenomena associated with melt-con-
crete interactions which are pertinent to questions of reactor safety, and
attempt to identify physical and chemical processes influential in the develop-
ment of these phenomena. Prototypic materials have been used to the extent
possible throughout the program.

Two important elements of the experimental program are:

1. Investigation of the response of concrete bodies exposed to heat fluxes
of magnitudes typical of those expected in a hypothetical meltdown
accident.

2. Exposure of concrete to molten core materials.

This paper presents abbreviated descriptions of these two studies and early
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results obtained t'.ierefrom. Although these studies are related, they address
different aspects of the molten core-concrete interaction problem and hence are
treated separately. Additional details of both investigations can be found in
the program quarterly reports3-5 and in forthcoming topical reports.

RESPONSE OF CONCRETE TO HIGH HEAT FLUXES

The objective of this phase of the study is to investigate the response of
concrete exposed to a high heat flux on one surface in the absence of chemical
interactions with molten core materials. Primary emphasis is on determining
the uominant surface erosion mechanism--violent spallation versus quiescent
melting—including the importance of thermal shock; the surface erosion rates;
and the effects on erosion of aggregate material and size, surface heat flux,
material removal mechanism, and conduction of heat into the concrete through
exposed reinforcing rods. Such information is important for defining the
response of concrete to seven, tnermal attack, for uncoupling the purely ther-
mal phenomena from the overall results of the molten core-concrete interaction
experiments, and for developing improved phenomenological models suitable for
inclusion in a coupled model for predicting molten core-concrete interactions.

Estimates in the literature of the heat flux from molten core materials to
the concrete floor of the containment building during a reactor meltdown range
over two orders of magnitude, between approximately 3 and 300 w/cm2. ~" The
present study is concerned only with the higher order of magnitude range, from
30 to 300 W/cm2. A search of the literature revealed a dearth of information
on the response of concrete to heat fluxes of this magnitude. In the absence
of definitive experimental data, the only available information on concrete
erosion or penetration rates is based on theoretical models and estimates.
Values were found which also span two orders of magnitude: from roughly 8 to kk
cm/hr for decay-heat controlled erosion to from h.6 to 9-1 m/hr for spallation.°

Experimental Program

In order to cover th«* desired range of heat fluxes and to assess the ef-
fects of different material removal mechanisms, experiments were conducted in
two Sandia facilities: the 2-Megawatt Plasmajet and the Radiant Heat Facility.
J&rameters varies during the experiments included: aggregate material (lime-
stone and basalt), aggregate size (0.95 and 2.5k cm maximum), and surface heat
flux (~ 28, 57, 122 and 280 W/cm2) and pressure (~ 0.18, O.63 and O.83 atm).

The concrete test samples consisted of a flat-faced cylinder, approxi-
mately l̂ g- cm in diameter by 8 cm deep, encased in a 15-24 cm O.D. by 3-4 mm
thick steel liner. Chromel-alumel thermocouples were imbedded in the concrete
parallel to the sample centerline (one on the centerline and from h to 6 equally
spaced around a 7.62 cm diameter circle) at depths from the exposed surface
ranging from 0.635 to 5-08 cm. The influence of reinforcing rods was studied
by imbedding in some of the samples a single 1.27 cm diameter rebar along the
sample centerline with one end flush with the heated surface.

Measurements made during the tests included: surface erosion characteris-
tics, as recorded bj regular and high speed motion pictures; in-depth tempera-
tures, using the imbedded thermocouples; surface temperature, but means of an
optical pyrometer; initial surface pressure an', cold wall heat flux distribu-
tions, using a specially designed calibration model; and surface erosion his-
tories, by an acoustic imaging technique. The radiant heat tests were
restricted to the first two types of measurements, while all the above measure-
ments were made in the plasmajet tests. In addition, time integrated spectro-
scopic measurements were made during the plasmajet experiments in an attempt to
identify gaseous concrete constituents evolved during the tests.^-

The radiant heat facility provided the heating environment for the low end
of the heat flux spectrum, from 28 to 122 W/cm2. The two vertically mounted
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heater arrays used to cover this range consisted of three graphite elements for
the 122 W/cs/ condition and a large number of cylindrical quartz lamps for the
28 and 57 W/em2 tests. The resulting heat sources had surface areas of approx-
imately 29 x 30 cm and 1+6 x 1+1 em (height x width), respectively, and provided
relatively uniform distributions of incident radiation over the front face of
the samples. This is illustrated in Figure 1 which shows the heat flux dis-
tribution estimated from calibration data for the 122 W/em2 condition (the
surface pressure was constant at the local ambient value).

The well insulated test samples were positioned with their exposed sur-
face parallel to, and from 10 to 16 cm away from, the vertical heater array.
A step change in heat flux at the beginning of each test was achieved using an
insulated steel plate shutter, positioned between the heaters and sample, which
was raised pneumatically to expose the sample face in about 0.20 to 0.25 sec.

A total of 12 tests were performed in this facility, the bulk of which
were conducted at the higher heat flux condition (122 W/cm2, O.83 atm) for a
nominal test time of approximately 10 min. One test was conducted at each of
the two lower heat fluxes, 57 and 28 w/cm , for test times of approximately •§•
and 1 hour, respectively.

The 2-Megawatt Plasmajet Facility is equipped with a Linde N-1000, high
pressure arc heater. When used with a 2.5*+ cm exit diameter conical nozzle
(1.59 cm throat diameter), it was possible to obtain maximum surface heat
fluxes (at the jet stagnation point) ranging from approximately 120 to 300
W/cm2 at a nominal surface pressure of 0.18 atm. The convective heat transfer
and pressure distributions produced by the underexpanded free jet impinging on
the sample face at a location 7.62 cm downstream of the nozzle exit are illus-
trated in Figure 1 for the two nominal neat flux conditions, 122 and 280 w/cm .
Because of the nonuniformities in these distributions, the nominal values repre-
sent average quantities over only the central portion of the sample face; an
area roughly k to 5 cm in diameter.

The test samples and the heat flux/pressure calibration nodel were mounted
on a rotating support and injection mechanism which automatically positioned
them coaxially with the eenterline of the jet at the desired downstream
location. Rotation of the sample from just outside the flow to the jet .center-
line at the initiation of a test occurred in about 0.1 sec, providing the
desired step change in heat flux.

A total of 19 tests were performed in the plasmajet about equally split
between the 122 and 280 w/cm , 0.18 atm, nominal test conditions. The nominal
test times were 31 and 1-3/^ min. at the lower and higher heat fluxes,
respectively. To minimize the effect of atom recombination at the concrete
surface (catalyticity unknown) on the heat transfer to the samples, all but one
of the tests were performed using nitrogen rather than air as the test gas. To
explore the effects of this phenomena and of higher surface pressure, the final
two tests were run at approximately O.63 atm pressure using nitrogen and at
0.18 atm using air, both at the highest heat flux.

Observations and Results

Visual observations of the tests in both facilities and analyses of the
motion pictures provide the following observations concerning the erosion proc-
ess. A sudden exposure of basaltic cr calcareous aggregate concrete to a high
heat flux (~ 122 W/cm ) is followed by an initial period of from approximately
5 to 10 seconds durii-j which the concrete heats up but no erosion takes place.
This is followed by a transition period of perhaps 30 to 60 seconds during
which the cementitious material in the matrix begins to melt, a definite ero-
sion pattern develops (depending on the melt removal mechanism), and the
erosion rate increases continuously. At the end of this period, a steady ero-
sion sequence is established,, with a concomitant steady erosion rate, that re-
mains essentially unchanged for the remainder of the heating period.

These observations are borne out by the erosion history data from the
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accoustic measurements made during the plasmajet tests, typical results of
which are shown in Figure 2. These data demonstrate further that the periods
of zero and transitional erosion are shortened considerably, and the con-
dition of steady state erosion reached in roughly 30 seconds, when the heat
flux is increased to approximately 280 w/cm . The steady state erosion rate
also experience::; a proportional increase. Since the acoustic transducers
were focused on the centerline of the sample, the results reflect the erosion
history of this region of the exposed surface, i.e., in the stagnation region
of the jet.

In both facilities;, and for both types of concrete, the dominant erosion
mechanism appeared to be melting of the cementitious material in the matrix
accompanied by dehydration and decomposition of the concrete beneath the melt
and periodic removal of the larger aggregate. In the radiant heat environment,
the steady state erosion process was characterized by a layer of melt over the
entire exposed surface that had the appearance of a vigorously boiling liquid
of shallow depth, a condition that is believed to result from the bubbling
through the melt o.f water vapor and gaseous decomposition products released
from the underlying concrete. The melt flowed down the surface and off the
sample under the action of gravity. The only exceptions to this pattern were
the few isolated instances of spallation or exfoliation observed during some
of the radiant heat tests. In these instances, small platelets (generally less
than 3 cm diameter by 3 mm thick) of concrete either fell or were ejected from
the surface. Only a very few of these were observed to leave the heated sur-
face with any appreciable normal velocity. In several of the calcareous con-
crete tests some larger pieces of aggregate were observed to slide down the
face of the sample in the melt layer.

The melt on the basaltic concrete appeared much thicker than that on the
calcareous concrete and the number of bubbling sites and the bubbling frequency
were both much lower for the basaltic concrete while the bubbles were much
larger. These differences suggest 1) that the gas evolution rate was lower for
the basaltic than for the calcareous concrete, or 2) that the melt of the ba-
saltic concrete was more viscous than the calcareous melt.

In the plasmjet, on the other hand, the steady state erosion pattern
consisted of the melt being driven out from around the aggregate by the action
of the jet. The melt then flowed radially outward to solidify in a ridge
around the periphery of the sample. The aggregate exposed by this process
appeared to become much hotter than the molten material (although this could
also be an emittance effect) and, in the case of the limestone, remained in-
tact and in place until the surrounding matrix was almost completely removed,
at which point aggregate pieces were blovm off the face by the jet. This was
also true of the basaltic aggregate, except that they appeared to decrease in
size with time as if they were melting.

The basaltic aggregate samples appeared to have a larger quantity of melt
flowing out over their faces during the tests than did the limestone samples.
There was also a greater accumulation of solidified melt around the inside of
the test ehaitib_r following the basaltic concrete tests than after the limestone
runs. Finally, although particles of solid and molten concrete were observed
shooting off the face of the samples almost continually during these tests, no
spallation of the type seen in the radiant heat experiments was detected in
any of the plasmajet tests.

Micrometer measurements were made of all samples to determine post test
surface profiles and overall erosion. Representative results from each test
facility are presented in Figures 3 and k. Not surprisingly, the eroded pro-
files reflect the heat flux levels and distributions characteristic of the
two facilities. Samples tested in the radiant heat facility eroded quite
uniformly over the exposed surface, while samples tested in the plasmajet ex-
perienced nonuniform erosion yielding surface profiles similar to the inverse
of the heat flux distributions (Figure l).

Unfortunately, these measurements were complicated by hydration of the
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decomposed concrete in the surî .ce layer of the limestone samples ove- a period
of several weeks following the ttsts. This caused the eroded surfaces, which
were hard immediately following tht tests, to turn to a soft powder to a depth
varying from about 0.3 to 2 cm below the original post test profiles. In
addition, the frozen ...elt layer covering the surfaces of the basalt samples
tested in the radiant heat facility looJ£ned and in most cases fell away
during the post test period. As a result, surface profile measurements were
made, where possible, both before and aftei these occurrences.

For comparison purposes, average overall erosion depths were determined
by passing a straight line, perpendicular to ti= sample axis, through the full
profile of the radiant heat samples, but only thi-ough the central region (the
top of the hump), from 2.5 to 5 cm in diameter, of the plasmajet sample pro-
files. The reascu for the latter is that the continually changing shape of
the exposed surface in the plasmajet tests undoubtedly produced changes in the
heat flux distribution. The stagnation region in the center of the surface,
however, should have experienced the mGst nearly constant heat flux throughout
each test.

The results of .the post test surface measurements are summarized in
Figure 5. Overall erosion rates were computed using the average overall ero-
sion depths from the no- and before-hydration measurements (including estimates
of the latter where necessary) and the total test times. Where comparisons
were possible, tin se values ranged from approximately 3 to 18 percent below the
corresponding steady state rates from the acoustic history data (for test times
of 1-3A to 3i min). In view of the uncertainties involved, however, tnese
results must be considered more qualitative than quantitative.

Examining the results in Figure 5 provides the following observations.
Overall erosion rates vary by an order of magnitude over the range of test
conditions, increasing rfith increasing heat flux, as would be expected. The
dependence on heat flux is not linear, however, and is a function of the test
facility, i.e., the heating environment and :naterial removal mechanism. This
is illustrated by the factor of 5 variation in the normalized erosion rates
over the heat flux range and the factor of almost 3 difference in the slopes
of the curves for the two facilities (Figure 5). The data also indicate that
significantly higher erosion rates were obtained in the radiant heat facility
than in the plasmajet, at approximately the same heat flux (~ 100 w/cm2).
This is somewhat surprising in view of the nature of the material removal
mechanisms characteristic of the two facilities.

The effects of aggregate material on erosion rate appear to be reversed
between the two facilities with the calcareous concretes eroding generally
faster than the basaltic concretes in the radiant heat tests, but slower in
the plasmajet experiments. The data suggest a similar reversal in the effect
of aggregate size on erosion, primarily for the basaltic concretes, with the
coarser aggregates eroding faster in the plasmajet and slower in the radiant
heat facility.

The in-depth and surface temperature data obtained during the experiments
have not been analyzed to date. Maximum temperatures indicated by the imbedded
thermocouples just prior to failure are approximately 1600 K. Surface tempera-
tures measured with an optical pyromever during the plasmajet tests range from
approximately 1350 to 1700 K, based on an assumed surface emittance of 1.0.

Conclusions

Based on the results of the concrete heat transfer experiments described
above, it may be concluded that:

1. The dominant erosion mechanism for I.oth calcareous and basaltic con-
crete appears to be melting of the cementitious material in the matrix
accompanied by dehydration and decomposition of the underlying
concrete.
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2. Erosion is a quiescent process with neg-̂ igî le spallation. Violent
erosion, characterized by the removal of concrete in large chunks,
and controlled by thermal shock, aoe$ not appear to have occurred.

3. Erosion becomes a steady process, with an essentially constant erosion
rate, 30 to 60 sec. after initisiion of heating.

h. Erosion rates range from approximately 6.^ cm/hr at a heat flux of
59 W/cm2 to between 40 and 70 cm/hr at heat fluxes ranging from 2^0
to 300 W/cm2.

5. The erosion rate increases with increasing heat flux. v

6. The effects ct heat /lux, aggregate material, and aggregate size on
erosion rate are dependent upon the heating environment and the mate-
rial removal mechanism.

7. The effect of exposed reinforcing rods on concrete erosion is negli-
gible.

Attention is directed to the fact that the above observations and conclu-
sions are applicable only to the conditions and environments peculiar to the
present experiments. Extrapolation of these conclusions to other situations,
outside the yegimes of the experiments, should be undertaken with considerable
caution.

MELT-CONCRETE EXPERIMENTS

The focus of this scoping, experimental study is on tests involving the
interaction between melts of prototypic materials and concrete representative
of that found in existing light-water power reactors. The two experimental
efforts being pursued to this end are:

- large-scale experiments involving the deposition cf 200 kg
mild steel melts at 1973 K into concrete crucibles, and

- small-scale experiments involving 12 kg steel or eorium
melts generated metallotherznally in concrete crucibles.

The experiments are designed to obtain at least qualitative data on the rate of
melt penetration >nto concrete and the nature of noncondensible gases generated
during the melt-concrete interaction. The responses of concrete with calcar-
eous aggregate and concrete with basaltic aggregate have been compared in the
tests. Since steel would constitute a major fraction of the molten core debris
in a hypothetical meltdown accident, the early phases of this study have con-
centrated on molten steel-concrete interactions.

The large-scale melts are produced in an 165 Kw induction furnace from
open hearth, hot-rolled, commercial grade, mild steel (0.2-0.3 w/o carbon).
Once the melt has reached a temperature of 1973 K, it is teemed into a con-
crete crucible and no further external heating is supplied. The concrete
receptacles are 1.07 x 1.07 x 0.67 neter blocks with hemispherical cavities
0.31 meters in diameter and have internal volumes of 59. ̂  liters. The maximum
depth produced by the melt in these crucible cavities is about 0.22 meters-
The crucibles are instrumented with imbedded thermocouples to sense both the
thermal response of the concrete ar.i the rate of penetration of the melt into
the concrete. Displacement gaugf;-; attached to the crucibles monitor tlK>
mechanical response of the concrete to the melt. A probe at the crucible
cavity orifice allows gas samples to be collected during the tests.

Small-scale steel melts are prepared by the metallothermic reaction
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3Fe 0]( -i PA! - 9I-e ( 'i<\l,v-,

AH -= -?65 Kcal/mole Fe Oj,

The maximum adiabatic temperature of t M s reaction is ~ 3300 K. The progress
of the reaction in the experimental situation i:; sufficiently rapid that adia-
batic conditions may be nearly reached. t:xperi:nents with the above reaction
in inert crucibles have shown t'nat little gar evolution or violence is associ-
ated with the reaction itself. Fission product rnochs such as I-toO-j, La^ 0~,
ZrC^, UOg, SrO and Ce02 are sometimes included in the reaction charge to the
extent of ~ 2 w/o. Typical charges weigh 12 kg.

The metallothermic reactions are run within concrete crucibles having
cavities kj.k cm long by 12.1+ cm diar.eter. Again, the crucibles are instru-
mented with imbedded thermocouples to monitor the rate of melt penetration and
the thermal response of the concrete. The crucible i.r: also fitted with a steel
instrumentation tower which is bonded to the concrete '-.Tith a graphite compres-
sion seal. The tower permits sampling of gases generated by the melt-concrete
interaction and monitoring their rate of evolution. Aerosol sampling devices
within the test cell permit identification of the nature and particle size
distributions of solids discharged from the reaction zone.

Conclusions, which are admittedly preliminary, that have been drawn from
the early results of both the large- and small-scale tests are as follows:

1. Concrete made with basaltic aggregate and concrete made with
calcareous aggregate behave in qualitatively similar ways
when exposed to the high temperature welts.

2. Contact between the melt and concrete is narked by the vigorous
evolution of gas. This evolution appears to hp unimpeded by
interfacial layers and is sufficient to levitate and disrupt
the molten pool. Gas evolution renders natural convection an
unimportant aspect of pool behavior. 7he melts--at least early
in the melt-concrete interaction—may be considered ris approxi-
mately isothermal, well-stirred pools.

3. Gas evolution during melt interaction with calcareous concrete is
noticeably greater than during interaction with basaltic concrete.

h. Evolved gases burn brilliantly in air and '/.re self- i KniLed.
Chemical analysis shows the compositions of the gases to be
predominately mixtures of CO. COp, Up and Ii;p'>. Carbon dioxide
and water are formed by the thermal decomposition of concrete.
Hydrogen and carbon monoxide are formed ar, th^se volatile
decomposition products percolate through arid are reduced by
the metallic melt.

Gas flames formed in the small-scale tests are sufficiently
energetic to melt elements of the instrumentation tower used
in these tests.

5. Some spallation of surface layers of concrete is observed in
the tests. However, the principle mechanism of erosion of
the concrete is by melting. Experiments in this laboratory
have shown that the onsets of melting in both concrete with
calcareous aggregate and concrete with basaltic aggregate
occur at nearly the same temperatures - 1379 and 1363 K,
respectively. The liquidus of both mixtures is approximately
I67O K. The onset of melting is associated with cementitious
material in the concrete. The melt readily dissolves refractory
constituents of the concrete such p.n Cad.
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6. The rates of melt penetration observed in the large-scale
tests were 2k cm/hr for "both types of concrete. Results of
the small-scale, higher temperature tests indicate penetration
rates as high as 100 cm/hr.

7. Attack on the concrete by the melt is far from uniform. Little
aggressive activity could be assigned to the oxide phase of
the small scale melts nor to the slag phase formed in the
large-scale tests. Most of the penetration of the concrete
was associated with metallic portions of the melt. Since the
solid decomposition products of concrete are largely immiscible
with steel, this penetration must be the result of the heat
flux imposed on the concrete by the molten metal. Non-uniformities
in the attack by the metal phase appear to be the result of forced
convection effects brought about by evolved gases.

8. Density driven stratification of the melt into slag and metal phases
occurs quickly and is not greatly disrupted by the gas evolution
processes.

9. Interfacial layers between the melt and the concrete depend on the
type of aggregate used in the concrete. With both concrete types,
an incipient melt region 0.2-0.5 cm thick forms adjacent to the
melt. The layer is thinnest when calcareous aggregate is present.
Certainly at temperatures of 1973 K or higher, this layer is not
structurally sound and is readily breached by thermally liberated
gases. When calcareous aggregate is present, a powdery, solid layer,
rich in CaO, is formed adjacent to the incipient melt region.
Below this CaO layer the concrete is obviously dehydrated and
devoid of structural integrity, but otherwise is not greatly
altered. When basaltic aggregate is used, the dehydrated, heat
effected zone lies adjacent to the incipient melt region. For
both types of concrete the heat effected zone is one to three
centimeters thick.

Since the interfacial zones are both dehydrated and decarboxylated,
interaction of these materials with the steel melts may differ from
the interaction of virgin concretes with the melts. To investigate
this possibility, the large-scale tests have been repeated with used
concrete crucibles having intact interfacial zones. Differences in
the interactions are modest and appear to be in the direction of
slightly increased penetration rates and depressed gas evolution
rates.

10. Cracks develop in the concrete soon after the melt contacts the
crucible. These cracks have appearances consistent with thermally
induced tensile failure of the material. The cracks are sufficiently
narrow (1-3 mm) that no penetration of melt material into the
fissures has been noticed in the tests to date.

11. At least some of the water in the concrete vessels migrates along
the crack pathways away from the hot zone of the crucible.
Noticeable amounts of liquid water issue from fissures in the
crucible walls 15 to 20 minutes after the onset of melt-concrete
interaction. During this period, the external walls remain cool.
The temperature of these external walls increases significantly
1-3 hours after the onset of melt-concrete interaction.

It must be emphasised that the above observations and conclusions are
applicable only to the described experiments. Great caution should be used,
along with a clear recognition of the limits of these tests, before any ex-
trapolation of these conclusions to other situations is attempted.
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ABSTRACT

Experiments were conducted to study each of the four processes
of importance in the analyses of the interactions of LMFBR core
debris with concrete, including: (1) concrete dehydration, (2)
interaction with molten stainless steel, (3) interaction with molten
U02, and (4) interaction with liquid sodium. The dehydration experi-
ments, performed with one type of limestone concrete, indicated that
as a result of dehydration and moisture migration within the concrete,
the effective thermal diffusivity at higher temperatures is several
times that at room temperature. Based on the observed rate of thermal
diffusion in concrete, a preliminary model of heat transfer in con-
crete has been developed. Penetration of concrete by molten stainless
steel was studied by an induction heating technique. It was found
that the CO2 and HjO which are continuously released from the con-
crete, are largely converted to CO and H2 and the steel is oxidized
to a molten mixture of oxides of the FeaOi, type, which is then mis-
cible with the concrete constituents. Penetration of concrete by
molten UO2 was studied by an electrical heating method. The U02 was
mutually soluble with the molten oxides from the concrete and a
glassy melt was generated. Interaction with sodium was studied by
an immersion technique. Results showed that large quantities of
carbon were generated, indicating that some or all of the CO2 was
reduced to elemental carbon.

INTRODUCTION

Analyses of the behavior of core debris following an HCDA require a thorough
understanding of the interactions of core debris with concrete. The nature of
the attack of core debris on the concrete below the reactor cavity is important
since it involves the final line of defense against violation of the containment.
Evaluation of such an attack may involve interactions of molten fuel, molten
steel, and molten sodium with concrete. The transient heating of concrete is a
key part of each of the three interaction processes. In addition, the transient
dehydration of concrete is an important consideration in the design of steel
liners to prevent contact between hot sodium and concrete.

The general features of the behavior of concrete at temperatures up to the
order of 1000°C have bean established by experiments concerned with the fire
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resistance of structures. Detailed specification of the behavior of concrete
under transient thermal conditions is complicated by large number of types and
compositions of concrete. While the general features of dehydration and decar-
boxylation of concretes are known,1 means to prtdict detailed behavior for
specific compositions are not available. Moreover, there is almost no informa-
tion on the behavior of concrete at temperatures where fusion and dissolution of
concrete constituents into core debris melts would be expected.

Accordingly, experiments have been conducted to study each of the four
processes of interest, including: the transient heating of concrete, interaction
with molten stainless steel, interaction with molten UO2, and interaction with
liquid sodium. Also, an analytical method lias been developed to account for the
internal processes within the concrete of heat diffusion and moisture migration.
The experiments have been preliminary in nature and were designed primarily to
establish the important features of the interaction and heat transport processes.
Therefore, an important result of the study is the definition of specific experi-
mental needs to evaluate particular postaccident situations.

The experiments were performed with a single concrete composition which
corresponded approximately to one which was under consideration for the Clinch
River Breeder Reactor Plant.* Future experiments will include concretes with
different compositions.

CONCRETE

The concrete samples were prepared following the procedures of ASTM-C192-
69. The composition included 858 lb/cu yd (510 kg/m3) of Type I Portland Cement;
209A lb/cu yd (1242 kg/m3) of coarse aggregate, 513 lb/cu yd (305 kg/m3) of fine
aggregate, and 338 lb/cu yd (200 kg/m3) of water. The coarse aggregate was an
Illinois limestone which was predominantly dolomite, CaMg(CO3>2. The fine
aggregate was Ottawa sand (SiO2). The mixture produced a concrete with a water/
cement ratio of 0.39 and an overall water content of 8.9%. The maximum size of
the dolomite aggregate was about 10 mm. The mixes were tamped and some were
vibrated for one minute using a Syntron vibrator operating at about 12 Hz. The
samples used for all of the tests except for some of the UO2 interactions were
cured for 30-60 days while samples for UO2 interactions were cured for at least
7 days.

The cotal concrete composition was 3800 lb/cu yd, corresponding to a density
of 2260 kg/m3. The specific heat of the concrete at 25°C was estimated from the
composition by the method outlined by Harmathy1 and was calculated to be 1025
J/kg-K. Using the Harmathy model for cement paste, it was calculated that of the
total water in the concrete, 55% was evaporable and 45% was combined as water of
hydration. Thus it was expected that ̂ 55% of the water could be removed by
heating to slightly above 100°C. The CO2 content of the concrete was calculated
to be about 26 wt%. Thermodynamic calculations for the specific composition,
using best available data, indicated that: removal of evaporable water at ̂ 100°C
would require a.112 kJ/kg-concrete, removal of bound water over the range from 100
to 800°C would require ̂ 168 kJ/kg-concrete, and removal of the CO2 at about 700°C
would require 878 kJ/kg-concrete. The overall composition of the H2O- and CO2-
free mixture was calculated to be about (CaO)(MgO)0#5i(SiO2)0#58 and the heat of
fusion was estimated to be 562 kJ/kg-concrete.

DEHYDRATION EXPERIMENTS

The experiments were designed to study the dehydration of concrete which was
heated on one plane surface. The objective was to determine the rate of

*The project has since changed the composition to one which includes flyash and
has corresponding changes in water and aggregate content.
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penetration of heat into the concrete and of water out of the concrete. The
results of one experiment and a preliminary model of the dehydration process
have been described in detail elsewhere. 2 The apparatus is shown schematically
in Fig. 1. The concrete billets were about 150-mm diameter and 200-mm length
and were cast into pipes made of either Transite or clay tile. The lower surface
of the sample faced a thick stainless steel plate which was rapidly heated by
induction to the order of 900°C and maintained there. Although the plate tem-
perature reached 900°C, the concrete surface was judged to be about 800°C because
of the temperature drop across the gas gap. Five thermocouples were imbedded
into the concrete at various depths from the exposed circular cross section. A
gas collection system was used to condense the released water vapor and to collect
samples of the released gases.

In the experiment with the transite pipe enclosure, the pipe fragmented
badly near the heated surface. However, no spalling or disruption of the con-
crete was apparent, although cracks parallel to the heated surface were observed
after cooling as shown in Fig. 2. The measured transient temperature distribu-
tions from the experiment are shown in Fig. 3. The distributions show that for a
continuous heating of over 4000 s, only about 15 mm of material adjacent to the
heated surface reached temperatures above 500°C. This thickness is about the
same as that of the dried surface layer apparent in Fig. 2. The sample mass
decreased by an amount approximately equal to the mass of evaporable water (^300
g) although it was apparent from visual observations of the course of the experi-
ment that large quantities of water were coming off from the cool end as well as
from the heated end of the sample. The water leaving the cool end was liquid
while that leaving the heated end was steam. No gas samples were obtained from
the experiment.

TO TC RECORDER
ARGON SHEEP GAS

STEEL ENCLOSURE

CONCRETE SAHPLE

INSULATION

CERAMIC PIPE

GAS GAP

INDUCTION COIL

TO GAS
-r^r COLLECTION
J SYSTEM

Fig. 1. Diagram of Apparatus
for Concrete
Dehydration Experiments

Fig. 2. Cross Section from Concrete
Dehydration Experiment (Ruler
along Heated Surface)

In the experiment with the clay pipe enclosure, the pipe cracked into
several pieces near the heated end and some concrete was broken away around the
periphery of the heated end. It was uncertain whether this occurred during the
experiment or upon cooling. However, because of this uncertainty and because the
heated plate did not reach 900°C rapidly enough to simulate an initially hot
surface, no transient temperature data are reported. This experiment demonstrated
clearly that liquid water was being rejected at the cooled end of sample. Gas
samples were obtained from the heated end. Compositions were as follows:
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Heating
Time, s

J300
1600
2250
4100

Ar

13.4
2.2
2.1
2.4

Composition, /
H2

7.6
2.6
5.2
5.6

CO

3.0
3.6
4.0
1.8

CO?

76.0
91.6
88.7
90.2

During the experiment, the flow of argon sweep gas was approximately constant.
The high argon content at short times indicated that the total gas flow rate was
lower. Later, the flow rate was approximately constant. The results indicated
that significant quantities of C02 were being generated and from 2 to 4% of the
C02 was reduced to CO. Some reduction of the steam occurred as evidenced by the
hydrogen content. It is not clear what reducing agent was responsible for the
generation of CO and H2. Metallic constituents of the apparatus or organic
materials in the concrete are possibilities.

DEHYDRATION MODEL

Detailed development of a preliminary model of transient heat transfer in
concrete was reported in Ref. 2. The model employs a moment method similar to
the technique detailed in Ref. 3 to seek an approximate analytical solution to
the partial differential equation for heat flow in a one-dimensional infinite
body with heat sinks. Two heat sinks were considered in the original formula-
tion: one at 100°C corresponding to the heat effect of vaporizing some or all of
the evaporable water and one at 500°C to take account of the heat effects of
vaporizing bound water and/or decomposing the limestone to release CO2. The
model was modified in the present study to account for the variation of thermal
diffusivity with temperature. Effect of internal migration of water on heat
diffusion was also included through the use of an effective thermal diffusivity.
Three heat sinks were considered in the present formulation with decomposition of
the limestone being considered to take place at 700°C. The governing equations

S - k a If - g AVi / c
P> T(0>x> - *<*.-> = v T<c'°> = Ts (1>

where T and T are the initial and surface temperatures of concrete, a is the
effective thermal diffusivity, C is the average heat capacity, and X is the
summation of the various heat sinks under consideration (AH. and r. are the heat
and the rate of reaction of the ith species, respectively). Using^an analytical
technique similar to that reported previously, a similarity solution was obtained
for the concrete temperature transients:

T = T Q + <Tg - TQ)[erfcn + g(ierfcn - 2.2568 i
2erfcn)], (2)

where

n = x/2 /ort

[1 - /a /a 2a.AH.6. /a./a IT "I
s av 1 ri 1' av I 1 . , C 1 C /—;

0.134 + 0.0756 C (T - T ) P" + 3'616 /as/aav
p S O J L- J

In Eq. (3), a± is the mole fraction of the ith species per unit mass of concrete
and a is an average thermal diffusivity.
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The propagation of the dehvdration and decomposition isotherms X. (i =
1,2,3) were found to be of the squire wave type

where 8. is the propagation constant and a. is the thermal diffusivity of the
corresponding isotherm. In the solution or Eq. (1), the effective thermal
diffusivity was taken to be of the following semi-empirical form:

a
a

= 1 -
1 - a /«

s o
J + erf (5)

where a and a are the thermal diffusivities of concrete at temperatures T and
T , respectivefy. The empirical constants were determined experimentally as a
= 1.60 mm2/s, a =0.20 mm2/s, and n = 0.3. The calculated temperature tran-
sient is shown in Fig. 4 along with the experimental data. The calculated
values corresponding to the case of constant thermal diffusivity (Ref. 2) are
also plotted in the figure for comparison.

THC0RLT1CAL

THERKAL DIFFUS1VI7Y
VARIABLE

(X- 1.60 2

0.90 «nJ/s

Of- 0,20 wV

SIMILARITY VARIABLE,(Fig. 3. Transient Temperature Distribu-
tions in Heated Concrete. Lines
are at 100, 500, 1000, 2000, and pig- 4. Diffusion of Heat in Concrete
4000 s, respectively. a t Elevated Temperatures.

MOLTEN STEEL EXPERIMENTS

The interaction experiments of molten steel on concrete were performed
using 68- and 86-mm-dia concrete samples cast into zirconium silicate crucibles.
A disc of stainless steel, ''̂ 20-mm thickness, was placed on top of the concrete
and heated rapidly to melting by induction. The internal heat generation rate
of the molten steel was calibrated and had a typical value of 10 MW/m". The
crucibles were covered by a loose-fitting inverted-crucible with openings to
allow escape of released gases. The initial experiments were perform.d with the
crucible openings in contact with room air. In these experiments, the released
gases maintained a continuous flame in the air caused by the combustion of CO
and H2- In later experiments, the crucible was enclosed in a fused silica tube
with water-cooled stainless steel end plates. In these experiments a sweep gas
of argon flowed through the enclosure and released gases were collected and
analyzed in the same way as in the dehydration experiments.

Violent spall ing of the concrete was observed in some of the experiments.
In one experiment, the rapid heating of the steel disc caused a spall of about
10 mm of the surface layer of the concrete. After removing the loose debris,
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reheating caused another spall. However, continued heating without removal of
the fragments resulted in no further disruptive events. I A another experiment
there was no spall ing. The cross section of the crucible from that experiment
was typical of all of the steel experiments and is shown in Fig. 5. Two other
experiments produced delayed spal.ling events. In both cases, the spalls occurred
about 20 min after heating began and the concrete column separated about 25 mm
below the concrete-molten layer interface. The mechanical effects from the
spall in one of those experiments was sufficient to break the fused silica
container and terminate the experiment. In the other one, the experiment could
be continued. In that case, the spall had the effect of introducing a gas gap
within the concrete column which clearly affected the subsequent heat transfer.
Downward penetration of heat below the gap was decreased, which decreased the
rate of gas release in the latter stages of the experiment. It is felt that the
occurrence of spalling depends strongly on (1) the microscopic structure of the
concrete (v,hich can be quite different for concretes with same macroscopic
compositions), (2) the initial moisture distribution in the surface layer of the
concrete, (3) the initial thermal condition of the overlying molten steel layer,
and (4) the uniformity of the downward heat flux distribution along the steel-
concrete interface. Further experiments with different types of concrete,
different depths, and internal heating rates of the molten steel layer are
needed to explore the mechanism of spalling of concrete upon rapid surface
heating.

During the experiments, the molten stainless steel (MP Vl410oC) was con-
tinuously oxidized to a molten oxide phase. The molten mixture was in a con-
tinuous state of agitation caused by bubbling gases. Previous studies of the
stainless ;teel-steam reaction4 have shown that the reaction begins at about
1400°C and that a molten oxide of the y ~ F^O^ type is produced. F6301J is a
spinel-type addition product between FeO and Fe2C>3. In the case of stainless
steel, the nickel substitutes for FeO as NiO and the chromium substitutes for
Fe2O3 as Cr2Oj. The minimum melting point of the iron-oxygen system is about
137U°C, which is consistent with the direct formation of a liquid oxide just at
the onset of melting of the steel. Gross examination of the solidified melts
indicated only two Uquid phases: the molten steel and the molten oxide.
However, microscopic examination indicated that the oxide phase is an intimate
mixture of two phases. It is considered likely that only one molten oxide phase
was present because there was no evidence of macroscopic layering among oxide
phases.

The chemical reaction between the oxidizing gases (H2O and COj) and the
molten steel was quite efficient as judged by the composition of the evolving
gases and the decrease in quantity of the metallic phase in the melt. The
following gas composition is typical of the experiments:

Heating
Time, s

1000
1500
2100

Ar

4.
3.
1.

4
2
8

Composition,
Hp

34.7
46.2
20.9

CO

31.
40.
62.

%

7
4
6

C02

29.
10.
14.

2
2
7

Early in the experiment, the quantities of CO and CO2 are about equal, but later
about 80% of the CO2-CO total is CO, suggesting a very efficient reduction of
CO2 and corresponding oxidation of the steel. After about 1 hour, the quantity of
steel is so reduced that coupling to the induction coil is decreased and the
experiment terminates itself.

The dried surface of the concrete adjacent to the molten layer appeared
refractory, i.e., there was no indication of an intermediate layer of melted
concrete. This is consistent with the expacted composition of the concrete
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residue which should have a melting temperature >2000°C while the pool tempera-
ture was probably about 1500°C. Accordingly, the penetration of the concrete is
considered to be a dissolution process whereby the molten mixture of steel
oxides dissolves the concrete oxides forming a melt with increasing quantities
of CaO, MgO, and SiO2. It should bt noted, however, that it is necessary for
the melt to supply an effective heat of fusion (modified by a heat of solution)
so that the process still depends on heat transfer just as it would in the case
of a direct melting attack. The overall average penetration rate under the
conditions of the experiments was ^0.02 mm/s.

MOLTEN UO2 EXPERIMENTS

The experiments were designed to study the penetration of concrete by
internally heated UO2• Concrete samples wjre fabricated in the form of bricks
100 x 100 x 200 mm. A trough, 100 mm long, 40 nan deep, and 25 mm wide, was
located in the center of each brick and tungsten electrodes were positioned at
opposite ends of the trough. The electrodes were cast into the bricks so that
they extended 25 mm below the bottom of the trough so that electrical continuity
could be maintained as the UOg penetrated into the bricks. Some of the bricks
were prepared by the specifications of the ASTM Standard, noted previously,
while some of them received additional heavy tamping. Some of the bricks were
prepared with chromel-alumel thermocouples embedded at intervals of 6.4 mm from
the vertical surfaces and from the bottom surface of the trough.

Before an experiment, the trough was loaded with powdered UO2. A layer of
a thermite mixture of uranium metal and molybdenum trioxide powders was placed
on top of the UO2 powder to form a bridge between electrodes. Figure 6 shows a
cross-sectional view of the experimental arrangement. To begin an experiment,
an alternating-current voltage was applied across the electrodes. Subsequently,
the thermite mixture was ignited. The thermite reaction heated the UO2 to
temperatures where it became conductive and current flow between the electrodes
was initiated. The power input was adjust-d tc the desired level and maintained
manually. Power input was continued until loss of current indicated that pene-
tration had proceeded beyond the electrodes.

Typical response of the embedded thermocouples during an experiment is
shown in Fig. 7. Each of the three thermocouples quickly reached the "ol00°C
isotherm for removal of evaporable water. Then each la turn exhibited a rapid
increase leading to thermocouple burnout. From time differences corresponding
to burnout for each thermocouple, it was possible to calculate.average rates of
penetration in two sideward directions and in the downward direction for each
experiment. Typical results are shown in Fig. 8. Significant differences such
as those apparent in Fig. 8 were observed in most of the experiments between the
two sideward penetration rates. This is judged to be caused by complex factors,
including: (1) vigorous bubbling caused by the continuous release of gases from
the concrete, and (2) the fact that the volume of the initial charge of molten
UO2 did not fill the trough because of the large difference between the bulk
density of the original powder charge and that of the molten material. The
molten mass tended to spread over the available surface of the growing trough
instead of forming a well-defined pool with a level surface. Because of this,
the total heat generation per unit area of the original trough was considered to
be of significance. Accordingly, the heating rates per unit area are listed for
all of the experiments in Table I. Also listed are the volumetric heating
rates, the time of the experiment, the range of measured penetration rates, and
the volume increase of the trough measured at the end of each experiment.

The evolution oi* gas during the experiment resulted in ejection of freezing
droplets of a glassy material composed of solutions of UOg and the oxides of
concrete. The solidified pools appeared to be an opaque glass. One sample was
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Table I
EXPER1HENTAL RESULTS ON THE PENETRATION OF CONCRETE BY IWLTEN UOj

SURFACE
HEAT FLUX.

* » !

VOLUHETRIC
HEAT GENERATION

RATE. K H / K G

SPECIFICATION CONCRETE

32
95

134
161
406

1.6
3.2
4.4
5.3

13.6

HEAVILY TOTED COdCRETE

75
Ml
246
348

2.9
5.6
9.7

13.7

TIME.
HIN

111
26

39
21
21

91
54
21
15

PENETRATION RATES
SIDEWARD

-

-

0.0073
-

-

0.0027
0.0076
0,017
0.013

•

-

0.0069

-

0.0074
0.022
0.028

. rtJ,
DOMl'WRP

-

-

0.0058
0.032
0.D38

0.0038
0.0068
0.017
0.016

PERCENT
VOLUME

INCREASE

0

150
330
145
360

ISO
270
150
160
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analyzed to be about 45% UC2 and the remainder was CaO, SiO2, and MgO. As the
concrete oxides dissolve in the melt, the melt density decreases. The initial
molten UO2 density was about 8400 kg/m3, while measured melt densities ranged
from 3000-4000 kg/m3.

The results in Table I indicate generally that the sideward penetration
rates are greater than downward. Also, it is apparent that the heavily tamped
samples had a generally lower penetration rate. The internal heat generation
rates ranged from 1.6 to 13.7 kW/kg U02, which is equivalent to 1.1-9.8% decay
heat based on the average FFTF operating power density. Although these rates of
internal heat generation cover the range of interest, the quantities of fuel
were quite small, so that there were relatively large heat losses from the j
system. Thus, at the lowest power level, there was no apparent penetration .'
because the fuel was solidified owing to heat losses. At the higher power
levels, the penetration rates were roughly consistent with the likely heat
fluxes. For example, at a surface heating rate of 400 kW/m2, it is likely that
about one-half or 200 kW/m2 is effective in transferring heat to concrete.
Assuming that 1500°C is a reasonable effective interface temperature between the
melt and the concrete, the penetration rate can be calculated by dividing 200 .
kW/m2 by the product of the total heat of fusion, including all of the heats of
dissociation of the concrete from room temperature, ̂ 3300 kJ/kg and the density,
2260 kg/m3, which yields 0.027 mm/s, which is of the same order as the observed
values for molten UO9 penetration into concrete as well as for molten steel
penetration into concrete.

SODIUM EXPERIMENTS

The concrete samples in the form of cylinders, 27 mm in diameter and vl30
mm long, were loaded into stainless steel mesh baskets. The baskets were placed
in an inert atmosphere above the surface of liquid sodium at 500°C. The samples
were then partly immersed in the sodium, held there for either 2 min or 10 min,
and quickly withdrawn. One specimen which was tamped during preparation but not
vibratorily compacted was severely fractured during a 2-min exposure. A speci-
men which was tamped and vibratorily compacted during preparation was in better
condition although broken. A third sample was preheated for 260 min at 145°C,
which resulted in a weight loss of 4.3%, i.e., most of the evaporable water.
This sample survived a 10-min immersion intact. A fourth sample was preheated
for 170 min at 500°C and lost 7.1% of its weight, i.e., nost of the water con-
tent. This sample also retained its integrity through a 10-min immersion.

Following each experiment, the sodium clinging to the sample was removed by
reaction with butyl alcohol. The immersed surfaces of the samples were covered
with a black deposit which was identified as carbon. X-ray diffraction analyses
of material from the immersed surfaces indicated the presence of a hydrated
sodium silicate (NagSioOy 11H2O), MgO, CaO, as well as carbon. An interaction
layer of about 1.1 mm was apparent on one of the samples.

The presence of significant quantities of free carbon suggested that the
reaction

4Na + C02 -> 2Na2O + C (1)

is occurring. Thermodynamic data have indicated that this reaction should be
important at 800K. At HOOK, another reaction

2Na + 2C02 -> Na2CO3 + CO (2)

should be important. Reaction 1 is significant in that possibly large quantities
of the C02 released from the concrete might be converted to carbor and therefore
not released as gas.
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CONCLUDING REMARKS

The experimental results have demonstrated the key features of the infr-
actions of core debris with one type of limestone concrete. The analysis of the
dehydration experiments has shown that the conctete at room temperature exhibits
a very high thermal conductivity, 3.7 W/in-K, which then decreases to the order
of 0.46 W/m-K at ^300°C. The value at' room temperature might be an effective
value which is augmented by the flow of liquid water away from the 100cC iso-
therm. This is speculative and requires additional analysis and experimentation.
Thick sections of concrete might not be capable of significant backflow of
liquid water and could lead to different behavior. The extremely low conduc-
tivity at 800°C is probably caused by the porosity generated by the loss of more
than 25 wt% of the concrete in the form of CO2. Such a low value might not
result from carbonate-free concretes. The heat transfer model enables tentative
extrapolation to much longer times and to other concrete compositions. Confi-
dent extrapolation to different compositions and conditions requires additional
experimental verification.

The molten steel experiments showed the tendency to produce spalling of the
concrete. The spalling was relatively small-scale, i.e., the concrete involved
in the spalling process was always within about 25 mm of the heated interface.
Larger scale tests are needed to establish if this is 3 general situation. The
experiments indicated that all of the concrete penetrated was dissolved in the
growing quantity of molten steel oxides. Thus even concrete fragments produced
by spalling are likely to be effective in absorbing decay heat and diluting the
heat source in postaccident situations.

The molten UO2 experiments and the molten steel experiments indicated that
concrete oxides are mutually soluble with UOg and with the oxides derived from
stainless steel. Experiments are needed which include sodium oxides. Solu-
bilities and phase compositions of the concrete oxides in mixtures of UO2,
steel oxides, and sodium oxides at temperatures in the 1000-2000°C range are
likely to be important in analyses of accident situations.

Analytical work is needed to combine the results of pool heat transfer
models such as that of Ref. 5 with the interaction data generated in this study
in order to predict the behavior under large-scale conditions. The sodium
experiments.have offered the possibility that large quantities of CO2 in the
concrete might be reduced to carbon and not contribute to the accumulation of
gas in the containment, provided that the sodium would be cooled at temperatures
much below its normal boiling point.
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ACOUSTIC DIAGNOSTIC TECHNIQUES FOR POST-ACCIDENT
HEAT REMOVAL EXPERIMENTS*

H.' -J. Sutherland, G. A. Carlson, and L. A. Kent
Sandia Laboratories

Albuquerque, New Mexico 8711?

ABSTRACT

Two acoustic techniques which have applications to reactor
safety studies are described here. Both techniques are adaptations
of the pulse-echo ultrasonic method. The first technique uses acous-
tic waves to measure temperature. It will be used to monitor the
temperature of U0 2 from 2000 K to above the UO2 melting point (3130 K).
The second technique uses acoustic waves to measure erosion rates and
its use is illustrated by monitoring the erosion of a concrete inter-
face by a plasma jet.

INTRODUCTION

As reactor safety experiments become more sophisticated, advanced diag-
nostic techniques must be developed to provide the required data measurement
capabilities. A particularly challenging problem is presented by the moltaa-
fuel-pool interaction studies — simulations of a hypothetical accident in
which the entire core fails and falls onto the main vessel and eventually onto
the reactor's substructure. Although the probability of this type of accident
occurring is extremely small, experimental information about these interactions
is required in order to assess their consequences.

The simulation experiments involve very high, temperatures (3130 K or
higher), intense radiation fields (~ 2 x l<y-T n/m^s), and aggressive material
interactions (UOgj molten steel, container, substructure, and diagnostic
materials at extreme temperatures). These extreme environmental conditions,
combined with limited visual and physical access to the experiment (personnel
safety considerations and physical layout of the experiments), preclude the use
of most standard measurements for monitoring the important parameters that
govern the interaction phenomena.

In this paper, we examine two applications of acoustic technology, both
based on the ultrasonic pulse echo technique, to fast reactor safety studies.
In the first part, an ultrasonic thermometer is described, and its use is
illustrated by monitoring temperatures as high as 3150 K. In the second part,
an erosion-rate ultrasonic technique is described and its use is illustrated

*This work was supported by the U. S. Energy Research and Development Adminis-
tration, ERDA, under Contract No. E(29-l)789, and the U. S. Nuclear Regulatory
Commission, NRC.
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monitoring the erosion of concrete by a plasma Jet.

ULTRASONIC THERMOMETRY

Among the LMPBR safety studies being conducted at Sandia Laboratories for
the KRC are a series of in-core "molten pool" experiments in which granular UOg
in a steel container is fission heated to melt, to simulate fission product
decay heating of a debris bed following dryout. The experiments are designed
to answer questions about the heat transfer characteristics of and the rate of
steel erosion by internally heated granular and molten UOg fuel. In order to
monitor the progress of the experiments and to determine the heat transfer
characteristics of the fuel, it is necessary to measure the temperature distri-
bution within the U02. However, the very high temperatures to"be measured
(2000 K to 3130 K or higher), coupled with the hostile environment (radiation
fields of ~ 2 x 10 ^ n/m s; limited physical access; aggressive high-temperature
materials interactions), preclude standard thermometry techniques.

Measurement of temperatures in UO2 with sheathed thermocouples is generally
limited to 2200 K and below, due to insulator shunting effects at higher tem-
peratures. Op cal pyrometry is not useful for measurements inside the opaque
fuel material. The only technique which has been used for temperature measure-
ments above 2^00 K in UOg is ultrasonic thermometry. A relatively new technique,
it has previously been employed to measure UOg fuel pin centerline temperatures
as high as 3000 K.3'

Ultrasonic thermometry depends on the temperature dependence of acoustic
velocity which all materials exhibit. For example, for extensional waves, the
wave velocity is given by

ve = (E/p)
1/2 = f(T) , (1)

where both E (Young's modulus) and p (the material density) are temperature
dependent. Thus, if the acoustic wave velocity of a material can be measured
in a temperature zone of interest, the temperature in that zone can be deter-
mined from prior calibration data.

Instrument ation

In typical ultrasonic thermometry applications, a short length acoustic
pulse is produced in a magnetostrietive material by a pulsed magnetic field
generated by an exciting coil (see Fig. 1). A DC magnetic field is also used
to obtain the maximum magnetostrictive effect. After transmission through a
wire line, the pulse reflects from impedance discontinuities in a sensor wire
in the temperature zone to be measured. The acoustic pulse reflections are
determined. A calibration curve of the time interval versus temperature is
then used to determine the temperature of the measured zone.

Besides a very high temperature capability (tungsten alloy sensor wires
could theoretically be used nearly to the melting point, 3680 K), ultrasonic
thermometry offers the possibility of making multiple temperature measurements
on a single sensor line' by using multiple acoustic discontinuities. This
feature is an important advantage for the present application. Disadvantages
of the technique as previously employed were limited spatial resolution
(typically 30-50 mm), signal attenuation at high temperatures, and interfering
sensor reflections at high temperatures due to contact welding of the sensor
to the sheath or other surrounding materials.3J^ These disadvantages have been
addressed and largely solved for the molten pool application.
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Fig. 1. Schematic representation of ultrasonic
thermometry apparatus and signal.

The 2 percent thoriated tungsten material used for sensor wires in fuel
pin centerline temperature measurements has proven very satisfactory for the
present application. In particular, the signal amplitude remains greater than
50 percent of the room temperature value at temperatures up to 3150 K, for 2 us
acoustic pulses. However, the 30-50 mm spatial resolution attained previously
was not acceptable. For the molten pool studies, a spatial resolution of 10 mm
or better was required.

To attain this resolution of 10 mm or better, advances suggested by delay
line technology were employed.0 To generate the required very short acoustical
pulse in the magnetostrictive stub, a short (2 mm) pulse coil was used, wound
with 150 turns of #(-4 copper wire. The generated pulsed magnetic field was
further confined by 1.5 mm thick ferrite discs at the ends of the coil. A 1-2
Us current pulse was used to excite the coil, which was placed very near the end
of the magnetostrictive stub. Maximum signal amplitudes were obtained using
Remendur 48, a cobalt-iron-vanadium alloy, as the magnetostrictive material.
The Remendur was heated with a torch to a dull red heat before use, to maximize
the magnetostrictive effect. To minimize signal dispersion with the short
pulses, a 0.7 mm diameter Remendur s+="b was used, coupled to a 0.5 nan diameter
(impedance matching) tungsten transmission line. Larger diameter stubs and
transmission lines caused unacceptable broadening and distortion of the refected
signals. Discontinuities in the sensor section were provided by cutting no-ches
in the tungsten wire at desired intervals, or by reducing the diameter of alter-
nate wire sections by chemical etching.

Sample Experiments

The sensors have been tested to 3150 K in an inert gas furnace. Fig. 2
shows the signal reflections recorded at 3150 K from a sensor with three diame-
ter discontinuities spaced approximately 15 mm apart. The signal reflections
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Fig. 2. Ultrasonic thermometry signal with three 15 mm long sensor elements
at 3150 K. Vertical scale 50 mV/div, horizontal scale 5 |is/div.

from successive discontinuities are clearly resolved, and could easily have
been used for temperature measurements (accomplished, in this case, by optical
pyrometry). The sensor described was not within a sheath as will be required
for use in UOp medium. However, another sensor in this experiment which had a
surrounding sneath operated at 3150 K without developing interfering reflec-
tions. The sensor and sheath were separated by a loose helical wrap of 70 um
tungsten wire, which effectively prevented the contact and welding of sensor
to sheath.

Future Applications

In the first in-core experiments next Spring, one ultrasonic thermometer
with multiple sensor elements will be employed. In a later experiment series,
it is anticipated that five ultrasonic thermometers will be used, each of
which will have five 10 mm long sensor elements positioned to give a swo-
dimensional array of 25 temperature measurements in the fuel at 10 mm intervals.
Sophisticated signal-conditioning electronics will be required to acquire the
reflected signals, accurately measure the time delay between reflections, and
convert the time delay data to temperatures. Much of this electronics has been
fabricated. A current driver is now being used in place of a voltage pulse
generator to energize the pulse coil. Because of the driver's high impedance,
shorter current pulses are possible (L/R controlled decay), and higher ampli-
tude signals are obtained from the reflected acoustic pulses. These signals
are fed to a high gain amplifier and limiter, which detects the zero-crossing
points of each reflected signal with less than 10 ns jitter. An automatic
tracking system allows the signals to be followed when they move in time rela-
tive to the input pulse, as will happen with changes in temperature of the
sensor. The signals from the zero-crossing detector will be fed to a 10 ns
resolution time interval counter, and the time interval data to a time-sharing
computer for storage and analysis. Theoretical temperature resolution of the
system, assuming a 10 mm sensor length and 10 ns timing accuracy, is 10-15 K
between 2000 K and 3000 K, based on calibration curves of /ffl? versus At. For
the molten pool measurements, 30 K resolution may be adequate due to the very
large temperature gradients expected in the UOp fuel (~ 20 K/mm).

EROSION RATE MEASUREMENTS

The measurement of the erosion rate of the debris (pool) into the liner
and/or substructure is also limited by the hostile environment and the materials
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being investigated. With simulated pools (paraffin on ice), photographic
techniques have proven to be successful,' because the ice is translucent to
visible light and pool temperatures are relatively low. However, when sub-
structure materials, as concrete, MgO, and other liner materials are considered,
this technique must be discarded because the materials are opaque to visible
light. Other imaging techniques, such as x-rays and radiographics, cannot be
used in large experiments because of the extremely large power requirements
that are required to obtain flash pictures of the position of the pool-
substructure interface. Thus, in early investigations erosion rates in opaque
materials were calculated from post-test depth of penetration measurements* and
time variations could not be obtained. Here, we demonstrate how an acoustic
technique may be used to monitor the position of a moving interface, and there-
by determine the time dependence of erosion rates during an experiment.

Instrumentation

A schematic diagram of the erosion measurement system is shown in Fig. 3.
This ultrasonic pulse-echo apparatus is similar to that previously reported.*
The output of a stable variable-frequency oscillator is shaped and then used to
provide a synchronized trigger for the system and a time-sweep calibration for
the oscilloscope. The trigge: is obtained by dividing the shaped signal, using
a binary divider, to a pubnmltiple that produces a repetition rate sufficiently
small to allow all internal reflections in the specimen to die out between
pulses. The trigger fires an ultrasonic pulser which excites the transmitting
transducer with a square wave of up to 350 V that can be centered about fre-
quencies of 1 kHz to 10 MHz. The emitted acoustic pulse traverses the thickness
of the sample, reflects from the interface, and is monitored by the receiving
transducer after retraversing the specimen. The received signal is displayed
on the oscilloscope.

VARIABLE
FREQUENCY

OSCILLATOR

PULSE
SHAPER

FREQUENCY
COUNTER

BINARY DIVIDER PULSE
GENERATOR

o
TRIGGER

INPUTS
O -

1
TIME DELAY
GENERATOR

1
FIDUCIAI
CIRCUIT

CRUCIBLE

DUAL BEAM
OSCILLOSCOPE

Fig. 3. Schematic diagram of the pulse echo ultrasonic apparatus.

To provide a constant time reference between the received signal and the
system trigger, a time delay generator is used in coordination with a fiducial
curcuit (i.e., a double differentiator). The resulting time "spike" can then
be added to the received signal and displayed with it or displayed on a separate
trace. The time delay generator is used to position the spike before the experi-
ment is started and the delay is not changed throughout the experiment, thus
providing a constant time reference for the system.

A dual beam oscilloscope allowed both the sweep calibration, the fiducial,
and the received signal trace to be displayed together and recorded with a

*Steady state conditions were assumed throughout the experiment.
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camera. To obtain the exact time of each frame, a digital clock was incorporated
into the system. The clock, with a LED display, has both a reset and a hold
capability. Its digital display was placed in front of and at the bottom of the
oscilloscope screen. With proper focusing tae resulting frame includes the
oscilloscope traces and the digital display from the clock.
Position Measurement

From each frame and a knowledge of the acoustic wave velocity, we are able
to determine the position of the interface relative to some arbitrary, but fixed,
reference point. This measurement is accomplished by measuring the time from
the fiducial to the arrival of the reflected wave, via the sweep calibration
trace. When this time t is multiplied by the acoustic velocity divided by two
(double transit time), the interface is located with respect to a hypothetical
fiducial surface.* Thus each frame will locate the interface as a function of
time (via the clock display) with respect to the arbitrary reference, and
differences between frames yield the absolute change in position. By taking
the first frame before the test has started, each additional frame can be
referenced to the first frame and the absolute position of the interface with
respect to its initial position can then be determined. From the position-time
plot obtained in this manner, the average erosion rate between frames can be
computed by dividing the distance change by the time between frames.

Concrete-Plasma Jet Experiments

To test the system, a series of erosion rate experiments were conducted
on reactor-grade concretes. In these tests, 80 mm high by 152 mm diameter
specimens of concrete, moulded into a steel support ring, were subjected to a
high heat flux from a plasma jet on the front surface. A pair of 0.5 MHz
center-frequency transducers were mounted on the rear of each specimen and were
focused 10 mm below the initial position of the front surface (see Fig. 3).

The results from one of the eight tests in this series of experiments is
shown in Fig. k. In this particular experiment, a "fine basaltic aggregate"
concreted? was subjected to a 2.8 MW/m

2 heat flux from the plasma jet. As one
may note in this figure, after injection into the flame (zero time in the figure),
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Fig. 4. Results of concrete-plasma test , specimen No. 35.

*Tne value of the acoustic wave velocity i s assumed to be known.
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the erosion of the concrete began slowly and then built to the steady state
value of 9.1 mm/min. After the plasma jet was turned off, the total depth of
penetration was measured ultrasonically to be 22.1 nun. This value compares with
a post-test micrometer measurement of 22.0 mm. The average erosion rate (depth
of penetration divided by the total time of the test) is computed to be 8.0
mm/min. These results are typical of the results of all eight tests. Namely,
the depths of penetration as measured acoustically and by post-test micrometer
measurements were within 1 mm of each other except for two cases in which
large pieces of aggregate were protruding from the front surface after the test.
One case produced an absolute error of 1.2 mm and the other 3.5 mm. In these
tests, the steady state erosion rate that was measured acoustically was of the
order of 30 percent higher than the average erosion rate measured with a microm-
eterpfor a heat flux of 2.8 MW/m

2 and 15 percent higher for a heat flux of 1.1
MW/m .

Remarks

We have demonstrated here an acoustic technique, based on a pulse-echo
ultrasonic method, which allows one to monitor an interface between two media
that have different acoustic impedances. The technique has been shown to work
in controlled experiments with a heterogeneous material in an adverse environ-
ment. Although only one experimental configuration has been examined, the
technique is not limited to this application. With proper consideration for
the subleties of the technique (e.g., center frequency of the transducers, cross-
talk between transducers, temperature dependence of the acoustic wave velocity,
acoustic noise from the erosion process), the technique can be modified easily
to locate interfaces in a wide variety of other applications.
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