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ABSTRACT

The most serious of the postulated accidents considered in
the design of the Liquid Metal Cooled Fast Breeder Reactor (LMFBR)
is the Loss of Pipe Integrity (LOPI) accident. Analysis models
used to calculate the consequences of this accident assume that
once boiling is initiated film dryout occurs in the hot assembly
as a result of rapid vapor bubble growth and consequent flow
stoppage or reversal. However, this assumption has not been put
to any real test.

Once boiling is initiated in the hot assembly during an LMFBR
LOPI accident, a substantial gravity pressure difference would exist
between this assembly and other colder assemblies in the core. This
condition would give rise to natural circulation flow boiling
accompanied by pressure and flow oscillations. It is possible that
such oscillations could prevent or delay dryout and provide
substantial post-voiding heat removal. The tests described in this
report were conceived with the objective of obtaining basic infor-
mation and data relating to this possibility.

To accomplish this objective a natural circulation test loop
was designed to simulate LMFBR geometry and flow conditions predicted
to exist at the time boiling is initiated in a LOPI accident. The
test loop included: (1) a vertical tube test section, {2) upper and
lower plenum tanks, (3) an external down-commer, (4) sight flow
indicators and (5) instrumentaiion. The test section was an
electrically heated tube designed with a hydraulic diameter and
length similar to current LMFBR (FTR) design. The upper and lower
plenum tanks were provided with means for controlling liquid
subcooling above and below the test section. The down-commer was
large enough to eliminate down-commer hydraulics. Water at a
pressure of 1 atmosphere was used to simulate sodium. Sight flow
indicators were provided to observe flow conditions at the test
section inlet and exit. Instrumentation was provided to measure
test section pressures, inlet and exit temperatures, tube wall
temperatures, heat flux and oscillation frequencies.

Steady state tests were conducted for subcooled flow boiling,
saturated flow boiling, CHF and post CHF conditions. Subcooled
flow boiling was observed for heat fluxes below 1 x 104 BTU/hr £t2.
For this condition, both pressure oscillations and temperature
oscillations at the heated surface were observed; but the pressure
oscillations were not observed continuously. Saturated flow
boiling was observed for heat fluxes between 3 x 104 BTU/hr ft2
and CHF. For this condition, pressure oscillations were observed
continuously. As the CHF condition was approached, a periodic
downward expansion of vapor from the heated section was observed at
the bottom sight flow indicator and the flow regime appeared to be
annular at the top sight flow indicator. CHF was observed at the
top of the heated section when the heat flux reached 6.4 x 104
BTU/hr £t2, but rewetting occurred after a few seconds. As the
heat flux was increased further, the maximum surface temperature
reached before rewetting increased; until, at a heat flux of 7.15 x
104 BTU/hr £t2, the maximum temperature exceeded 900° F and rewetting
no longer occurred.



A transient test was conductec for a post CHF condition. The
heat flux was 7.3 x 109 BTU/hr £t. The oscillations ebserved under
steady state conditions developed within a few seconds after the
power was turned on. The equilibrium tube wall temperature upstream
of the CHF location was rxreached in 10 gseconds. The equilibrium tube
wall temperature at the CHF location was reached in about 135 secoands.

A similarity analysis was done in order to scale the test results
to LMFBR LOPXI conditions. The results of this analygis indicate that
the CHF for the LMFBR (FTR) would be at least 5 x 104 BTU/hr ft2.

This cerresponds to a critical average linear power for the hot
assembly of 1l.06 kw/ft compared to an estimated 2.55to S.1 kw/ft being
trangferred to the coolant at the time boiling begins during a LOPI
accident. On the basis of this analysis, the results of the water
tests indicate that CHF would occur. But, this conclusion is
conservative for a number of reasons and further experimental work

on a more prototypical system is suggested.
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I. INTRODUCTION

A. Background
" In the Liquid Metal Cooled. Fast Breeder Reactor (LMFBR) , coolant”

voiding due to boilihg pauseé‘a'positive reaétivity féedback-and
makes reactor control m&re difficult. In addition, posteridihg heat
transfer in the LMFBR is thought to be.ineffedtiﬁé;-andvit‘is_pres~_'
ently assumed that coolant boiling would result in melting of the
fuel rod cladding. For these réascns LMFBR's‘;fe currently designed
so that the maximum coolant_temberature duriné‘normal operatién is
about 600°F below the saturation temperature.‘FNevertheleSS, even
with this large margin, .reactor safety analyses'ﬁQét considei,the 
pessibility of\uhanticipated trénsiénps»br postulateaiaccidents;“‘
that wouid lead to coolant temperature'éxcursions‘and boiling.

The most serious of the postulated accidenﬁs‘cdnSidered is the .
Loss of Pipe Integrity’(LOPI).acéident. ThiS'accideqt;is postulated
to occur as a result of a doublerended_guillotiné break of a reactorg_*'
coolant pipe aﬁ the inlet to the core. Calculations (1) indicate
that, as a result}of such a break,'reactor flow would,decrease to
about 20 to 30 percent of its initial yalue.within 0.5 seconds‘énd .
then remain approxiﬁééely at this lével over the next several sec- .
onds. The pressure in the reactor core is calculated to.chahge_ N
similarly, decreasing froﬁ its initial, fuli'flow value to about
25 psia within 0.5 seconds and then remaining approximatelyféonstant
at that level. Since the reactor protection system scrams the con-
tfol‘rods upon sensing the accident condition, the;reactor‘p6Wer .
also décreases quickly., However, because of the stored energy\inj'
the fuel rods and the thermailingrtia associated with thejprope;tiesgc

and dimensions of the fuel rods, the core heat flux drdps.more.slowly;
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and calculations indicate that it only decreases to about 25 to 50
percent of its initial, full power value Quring the first 1 - 2
seconds. Therefore, the sodium coonlant in the highest power power
fuel assembly rapidly increases in temperature and is calculated to
.begin boiling in about 1 sécqnd{ As soon as boiling begins, the
flow is assumed to stégnate,reéulting in "dryout" and an increase
'in clad temperature to its melting point within about 1 second after
the start of boiling or 2 seconds after ﬁhe staft of the accident.

‘It should be recognized, however, that the severe téméeréture
excursion just described is based on present calculational models that
assume flow éﬁagnation‘and dryout almost simultaneously with boiling.
This assumption resulﬁs'frdm”the fact that analysis and experiments
-shod'that,'beforé'boiling begiﬁs at the fuel clad surface during a
LOPI accident, the bulk temperature of the sodium would increase to
about .30 to 50°F above the saturatiOn'temperéture. Under these
circumstances, 6nce a vapor bubble is formed in the superheatéd liquid
its grthh rate would be very rapid and it would quickly fill the
cbolant‘channel cross section. This rapid formation of vapor would
be acébmpanied‘by a sharp 1océl increase in static pressure that could
‘stop;orféven'féverse the flow in the upstream section of the coolant
_ chanﬁel.' Although“a liquid film'WOuld probably initia11y remain
between the vapor bﬁbble and the wall, the concern is that because of
the flow stagnation, this film woﬁld be quickly evaporated, resulting
in overheating of tﬁé fuel clad. | ”

The'éssumption that film dryout occurs as’ a result of rapid vapor

bubblé»growth and consequent flow stoppage or reversal «hen boiling
“vis initiéﬁed‘during a LOPI accident may be'ﬁalid. fHowever; this
} assumption has,névér‘been put te any real test; aﬁa,‘if‘it could be

: shdwn‘that filmldryouﬁ does not occur immediately after boiling is
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initiated and that substantial heat can be removed under post. voiding
conditions, it may be possible to show that cladbmelting does not
occur. . ‘

A possible mechanism for prevention or delay of drydﬁt énd
substantial post-voiding heat removal has béen'suégésted by Griffith
(g); This mechanism is described in the following paragraphs from
Reference (2): o

"The cold regions of the core never will boil. As the flow
‘coasts down, boiling can occur in the hot assembly; however,
giving rise to a substantial gravity pressure difference
between the hot and cold channels. This pressure difference
is about 1 ft. of liquid per foot. This pressure head can
be ‘used to overcome the friction and momentum pressure drops
for the evolved vapor in the hot channel. Making the
assumptions of steady flow, no entrainment, and saturated
vapor out, it is calculated that about 2 kw can be removed in
this way...More, or less, is possible. :

A combinaticn of hot rods and two phase flow similar to that
which we have after first voiding in a LMFBR occurs in the
FLECHT-SET experiments (3). In the FLECHT-SET experiments we
find flow oscillations, much carry over, better cooling with
carry over, superheating of the evolved vapor and a host of
other phenomena that are not yet adeguately described. It is
not evident which of these will occur in an LMFBR and whether
. indeed, they will help or hinder the heat transfer."
The tests described in this report were conceived with the purpose of

~obtaining basic information and data felating to this suggestion.

B. Objective

The objective of the tests was to obtain data and information
concerning the nature and effect of flow oscillations on heat transfer
in a low-pressure natural circulation system‘similar to the LMFBR under
conditions approximating thdse predicted to exist during a LOPI
accident at the time boiling bégins'(about 1 second}after the start of
the accident). It was expectéd that this data and information would
help to answer some important questions rélating‘to Suchbconditions

and, therefore, would be of value in designing and interpreting more
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prototypical experiments to be conducted with sodium cooled rod

bundles at the Oak Ridge National Laboratory. These questions are the

folloﬁing:

1)

2)

‘What types of oscillations occur? What appears to be the

cause of these oscillations? How do they affect post-
voiding, pre-CHF heat transfer?

Under what conditioné does CHF occur? What is the mechanism?
What is the role of the observed oscillations? How is
rewetting and post-CHF heat transfer related to the

© oscillations? How does the power corresponding to CHF
~compare to the power it takes to completely vaporize a

3)

steady homogeneous flow driven by the hydrostatic pressure
difference between the inlet and outlet of the test section
(or the appropriate length)? '

To what extent are the answers to the previous gquestions

applicable to the LMFBR during the first few seconds of a
LOPI accident?
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II. APPARATUS

A. Design Basis

In order to accomplish the objective given in Section I.B, a
test loop was designed to simulate natural circulation boiling in the
LMFBR under conditions approximating those predicted to exist during
a LOPI accident at the time boiling begins. This design was based
on several simplifying assumptions concerning LMFBR geometry and the
flow conditions that would exist during such an accident. These
assumptions were the following:

1) Although, as discussed in Section I.A, there would still
be some pump induced flow through the core when boiling begins,
it was conservatively assumed that this flow is negligible.
Under this condition, the only flow would be due to the
buoyancy force resulting from the density difference between
the boiling sodium in the hot assembly and the liquid
sodium in the colder assemblies. The reactor vessel wouid
then become a natural circulation "loop" as shown in
Figure II-la. The test loop was therefore designed to
simulate this reactor vessel "loop."” This test loop con-
sisted of a vertical tube test section and a down-commer
pipe connected to upper and lower plenum tanks as shown in
Figure II-1b.

2) As mentioned in Section I.A the sodium coolant pressure is
approximately 25 psia at the time boiling begins and does
not change much over the next several seconds. Because of
the similarity between the liquid and vapor densities of
water at 14.7 psia and sodium at 25 psia (and the expecta-
tion that these properties would be of major importance in
determining post voiding hydraulics and heat transfer under
natural circulation conditions), the test loop was therefore
designed to operate with water at a constant pressure of
14,7 psia.

3) During the first several seconds of a LOPI accident the bulk
liquid sodium temperatures in the upper and lower plenum
would remain at approximately the same temperature as before
the accident. _nerefore the test loop was designed so that
the bulk water temperatures in the upper and lower plenum
tanks could be held constant. (The temperatures selected
were such that the negative quality or subcooling in each
plenum tank was the same as for the sodium in each plenum
of the reactor vessel, u4s will be discussed in Section III.)

4) Although the heat flux would be changing (decreasing) at
the time boiling begins, the rate of change is sufficiently
small so that the transient natural circulation condition
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at a particular heat flux should be approximately the

same as the corresponding steady state condition at the same
heat flux. Therefore, it was assumed that the test loop
could be operated at constant heat flux using the test
procedure outlined in Section III.B. (However in order to
provide a check on this assumption, a transient test was

run as described in Section III.C.)

5) The CHF mechanism under I,0PI accident conditions would
probably be liquid film "dryout" as discussed in Section I.A.
For this mechanism, CHF generally occurs at the end of the
heated channel or tube and is primarily a function of
channel power rather than local heat flux. Therefore it
was assumed that non-uniform heat flux effects would not be
of major importance, and the vertical tube test section was
designed to operate with a uniform axial heat flux distri-
bution over its heated length.

As stated in Section I.B, the objective of the tests was to obtain
data and information concerning the nature and effect of pressure and
flow oscillations on CHF and post-CHF heat transfer. Therefore the
test loop was designed (and operated) to have flow rate - pressure
drop characteristics similar to the LMFBR vessel "loop" shown in
Figure II-la. The analysis that was done to identify the key geometry
parameters and fluid conditions that need to be matched in order to
.obtain this similarity, as well as similarity in other respects, is

described in Section II.B which follows.

B. Similarity Analysis

Consider the active section of the reactor hot fuel assembly
(Figure II-la) or the heated section of the test loop (Figure II-1b).
Assume that the liquid and vapor are flowing upwards in one~dimen-
sional, homogeneous flow as shown schematically for the heated section
of the test loop in Figure II-2, For this flow condition, the conser-
vation laws for mass, momentum and energy applied to the control volume

*
shown in Figure II-2 give the following equations:

* (3 [ 3 ]
For symbols not defined in the text or in Figure II-2, refer to
NOMENCLATURE section at end of report.



II-4

?
[ PVt 3z (ppVp) 9212

ooz ta._1
m Vi vf+xvfg Mass
. . Fluxes
Ym * 5A
[pmeA]
Qo
o@D
ap 9 1l
(1>+—5-z- dz) A {Vm(p meA) +§E[Vm(pmeA) le}az

N

Forces and
TrDdz Momentum
Fluxes

1
Vm ( pmeA) 6—(;-

Flow

3
Direction h(pmeA)+~mE[h(pmeA)]dz

Assume 2z=0 at

the Entrance to dQ=q" {z) D4z Enthalpy
the Test Section Fluxes
h(p V. A)
Figure II-2

Control Volume Used for Similarity Analysis
(Section I1.A.2)
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3p__

75? =T a-z(pm.vm) S (11-1)
_ 3 _ 4t _ _ .0 3 2,1
-5 omé’; = [=zlp V) + 7z Pnin) g r-2)
d (e
dg = E(upm)Adz + -é—z'[h\pmvm) JAadz v (I1I-3)

where

fm is the density of the liquid-vapor mixture

Vin is the velocity of the liquid-vapor mixture, W/pmA

Equation (II-1l) can be combined with Equations (II-2) and (II-3)

to give the following equations for conservation of mass/momentum and

mass/energy:
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- 3h _ 1 3P 3h
dQ = &pm % 7 -BT:-) +p V 5—} Adz (II-5)
.

Equations (II-4) and (II-5) can also be applied to single phase
liquid flow in other sections of the reactor or test loop providing
that:

Py i8S replaced by PL,

. _ W
Vm is replaced by VL = EZK

z is defined more generally as the distance along the flow
direction rather than just the vertical distance

Then, Equations (II-4) and (II-5) can be integrated around the loop

to obtain the following integral equations:

L L 511—6)
1 CA™ 1 v
g. (o at)dz = — (p -pf) - E';[pmvm 32 > ldz | :
¢—W——J 0 > 7
GRAVITY ACCELERATION

INERTIA FRICTIOV

. (XI-7)
f o

0

where L is the length of the reactor fuel assembly or test section in

Figure II-1l. Implicit in these equations are the following assumptions:
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1) During pressure and flow oscillations, energy storage and
inertia effecits external to the reactor fuel assembly or
test section are assumed to be negligible compared to those
within the reactor fuel assembly or test section.

2) The friction and acceleration effects external to the test
section are negligible compared to those within and entering
or leaving the test section. (The friction and acceleration
effects associated with entering or leaving the fuel assembiy
or test section are assumed to be included in the first and
third terms on the right hand side of Equation [II-6]).

3) The liquid density, Py is approximately equal to the density

of saturated liquid, F%.

4) In Equation (II-5) the part of the energy stcrage term
associated with changes in pressure is assumed to be neglible
compared to the part associated with changes in enthalpy (i.e.,

[ B e[, o

5) The heat capacity of the part of the loop external to the
test section is such that

L
f (0. Byaz = f(pv)ahdz
mat
external ) 0

with essentially no change in the upper and lower plenum
temperatures (as would be the case for the reactor): or
an external heat removal system is provided such that

L
Qexternal J;(p V ) Adz

Equations (II~6) and (II-7) can be further simplified by using

the following additional approximations and relationships:
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LAY dL ap.
1 m L aw W —- 20
! 2 o (=m)dz = —— N, - < . -
9. P 3T Ag, 4t prl¢+D L, 26 [(og Pp) dt LZQ dt]}
1, ) ,Ll ] : -.2 ) !
. L '
f 4z = {4f( 1o, R 24’)] w.__
5 D ) 2
- o= . '20eA7g,

x|

- _71__ £L1¢*L2¢ ("f)
L2

m -
J’L 9 Emv*n 3z ]dz =0
0 .
I,
] - __ = - - i

L +L ‘
= 1 1o 72¢
p. = — p_dz

C1¢
Pe
P = 5
1+ (55)
°g
T, dL , ap.
5h L(p ) =224 1, -L“]
r,:..p ._dz o~ h f m dt 2‘@ dt i
- Jo m ot fg g +5 )
. [P L1o ¥ Pml2g
T
I,
dh . _W
o (pme) 9z dz = Ahfg(xout—xl)

where

Li¢ is the length of the single phase lquld reglon within
the reactor fuel assembly or test section.

L' is the equivalent length of ‘the single phase region,
1nclud1ng the effect of inlet contraction and orifice..

Loy is the length of the two phase region w1th1n the reactor
fuel assembly or test section.

is the equivalent length of the two phase region,
including the effect of outlet expansion.

f is the Fanning friction factor.
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Xout~X1-1s the quality change along the test section, where
C£(T1-Tsat)

X; is equal to hi and T, is the inlet plenum
temperature. * I ' )
Thus s aL, - ap,
L aw W —
Ag. {‘&? ¥ 7L “pf-pm)'Tf:g" Lyp &
c 1¢ m 29 2¢ dt
. .
_ 2 (I1-8)
= (pf-pm)g-g-x.% . [4f( R §¢) L
c D .
| . ZDfA 9
: dL dp,
and 5 2¢ Pm
[(p .~ +L., —]
= f dt at
Q=h__ pA Q; (11-9
fg Pg ¢+’D’ T * Wheo (Xoue™¥y) )
aw e . Py

Now, for steady flow, the dc’ a5 and TT" terms in Equations (II-8)

and (II-9) are equal to zero and these equations become:

LZQ)] w2

2
D 20fA 9e

: L
0 = (pgF) oLy, - 145 S0 4R

mg, (I1-10)

and

(x__-x.) (II-11)

14’ L1¢’ L2¢, and L2¢ can be expreSSed in terms of Ll' Ll (the

equivalent length of the unheated inlet section), L 27 L2 (the eguivalent

‘Also, L

length of the unheated outlet seétionh L, (the heated length) and

H

LB (a "boiling" length) for the test section or reactor assembly by
the expressions:** e |
- (L. - i 7
»L1¢ Ll + (LH LB) : S
. l’ - .l‘ .o
‘ > (I1-12)
L} ]

B 2 . . _

*Note that x_ . # Xy = Cf(TZ’Tsat) where T, is the upper plenum
temperature.

hfg
**See Fidure II-3.
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Figure II-3

Schematic Diagram Relating L

: 14 and L
t;o Ll' L2' LI-I and LB

29
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where LB is defined in terms of mass flow rate, inlet quality, power,

heat flux distribution and LH by:

/‘ L;+Ly-Lp
q" (z)dz - :
L, Wx, - (I1-13)

Ly+Ly = Q/h
7 q" (z)dz T Eg
Ly

which, for a uniform heat flux distribution would become:

LH--LB -le

Ly /hg)

(II-14)

Therefore, for steady flow conditions and uniform heat flux distribu-

tion, one can conclude from Equations II-10, II-11, II-12 and II-14

that: w=w (pf'pg'xl'ﬁg_v f or Ve and wall xroughness,
" e, (11-15)
Ll'Ll'LH'LZ,LZ'A'D)
or
Xout = Xout (Same parameters as for W) - . (II-16)

This means that, for steady flow conditions and neglecting effects of

non-uniform axial heat flux distribution, W andxout will be the same
for the test loop and the reactor providing the following parameters

are the same for the two systems:

pflpg }
(Tq-T
xl or Cf‘—é%riﬁﬂi
fg
9 -

_ufvand wall roughness
_ ~ .
Ll'LlfLH'LZ'LZ
A

D .
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For unsteady flow conditions, such as would result from oscilla-
tions between two possible steady flow conditions, the above result

{(along with consideration of Equations [II-8] and [II-9]) indicates

aw 9L av,
that JEr —dt ' and —— ¥y (and therefore W[t] and xout[t]) would -also be

the same for the test loop and the reactor if the above parameters are
the same. However, Equations (II-8) and (II-9) were derived for up-
flow; and, since flow osc1llatlons might cause ‘momentary downflow of
liquid from the upper plenum, the following additional parameter

should probably also be included if W(t) and x (t) are to be the

out
same for.the two systems:

Xy Or Cg(T,-T
h

sat)

fg

For both the test loop and the reactor, it is expected (as discussed
previously in Section II.A) that CHF would betdue to "dryout" of the
liquid film under'annular flow conditions. Under such conditions, CHF
wouid occur at the top of the heated length when (Q/hfg) is sufficiently
high so that the exit quality exceeds some critical value. If one
assumes that any liquid present at the CHF location would wet the
heated surface, this critical quality would be 1.0; and the critical
value ef Q/hfg corresponding to CHF could be determined- from Equation
Q

out = 1l.0. Moreover, this critical EEE wquld be

the same for the reactor and the test loop providing the parameters

(II-16) by setting x

listed previously are the same for the two systems.

However, it is probable that some of the liquid at the CHF lucation
would be entrained by the vapor aad would not_belable to wet the heated
surface. In this event, the quality at the CHF location would be less
than l 0 and the critical (Q/hf ) would also be a function of any
parameters that would affect the amount of liquid entrainment. Such

parameters would include the liquid surface tension in addition to the
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parameters listed previously. Therefore, the 1iquid surface ténsion
should be the same for the reactor and the test loop if the critical
(Q/hfg) is to be the same.‘ (Of course, this condition could pot be *
even approximately satisfied, since watef was the fluid used for thé
test loop and the surface tension for water is substantiaily less
than for sodium. Neﬁertheless, because of this difference, sodium .
would be expected to have less entrainment for an otherwise identical
flow condition. Therefore, the water tests should indicate a conser-
vatively low exit quality or [Q/hfg] at CHF.) | - 1

If the flow is oscillating wher CHF occurs, the liqﬁid film flow
rate at the CHF location would also‘oécillate and could.be very small or
essentially zero for short periods of time. Under such.conditioﬁs,
the critical (Q/hfg) would probably be influenced by the,conductivity
of the liquid film, in addition to the previous listed parameters.
(As for the surface tensioﬂ, it was not possible to satisfy this
condition, since the conductivity of wa;ervis much less than for sodium.
However, this is again conservative in that a lower liquid conductivity

£g°) .
Post CHF hydrodynamics and heat transfer would be a function of

should result in a lower critical value of Q/h

parameters that influence the Liedenfrost temperature. But, such
pafameters would include only the liquid surface tension and those
parameters previously listed as detérmining the mass flow rate and
exit quality. The surface tension (aiong with the surface magerial
‘and roughness) would determine the contact angle and therefore the
wetting characteristics of the fluid-surface_combinétion. (See
parenthetical comment regarding surface tensioh in prévibﬁsrparagraph;)
For post CHF conditions where the heated surface 6sciilateé as

a result of periodic dryout followed by rewetting,‘the"initiél rate
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of temperature rise subsequent to dryout {and therefore the time
available for rewetting before the Liedenfrost temperature is exceeded)
would depend upon geometry and thermal properties of the tube wali or
clad. This is shown by the following approximate equation derived from
an energy balance on a differential length of the tube wall or clad,

assuming negligible heat transfer to tne coolant:

g{—i =°sC;5 (11-17)
where Py Cs and 6 are, respectively, the density, specigéc heat and
thickness of the tube wall or cladding. Therefore, if -a—t-:—%is to be

the same for the test loop and the reactor for a given post CHF q",

oy Cs and § for the tube wall and clad would have to be the same; and
these parameters should also be added to those listed previously.
(Since stainless steel was used for the test section and is also the
xeactor clad material, Pg and CS were about the same. However, it was
not possible to métch §; and therefore § for the test gcction tube was
about a factor of three greater than for the reactor clad. Also,
because of the difference in hf g between water and sodium, the value
of g" correga’ponding to a given post CHF value of (Q/hfg) would be lower
for the test loop than for the reactor by about a factor of 2. There-
fore -aEgr”for the test loop under post CHF conditions was about a factor
of 6 lower than would be expected for the reactor for the same (Q/hfg).
This, of course, is not in the conservative direction; since the lower

ar
a‘T:—s-would allow more time to rewet the heated surface before the

lLiedenfrost temperature is exceeded.

c. Description of Test Loop

1. General
A schematic diagram of the test loop is shown in Figure I1I-4,

Tables II-1A and II-1B compare values of the parameters identified from
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Parameter

Heated Surface

Material & Geometry

Surface Roughness

Table II-1A

Comparison of Test Section Parameters

with Current LMFBR Fuel Assemblies

Test Apparatus

Electrically
Heated Tube

7 in.

10.5 in.**
36 in.

48 in.

55 in. **
0.152 in.
9l in.

0.0181 in?

Commercial Tubing
494 1b_s£t>

m
0.12 BTU/lbm°F

0.049 in.

FTR

316 ss Clad
Fuel Rod Bundle

7 in.

131 in.**=*

36 in.

48 in.

57 in, ***

0.128 in,.*** for

average subchannel

91 in.

0.0154 in.

Approximately Same

3
498 lbmft

0.12 BTU/lbm°F

0.015 in.

i for
average subchannel

II-16

CRBR

316 ss Clad
Fuel Rod Bundle

14 in.

36 in.

62 in.

112 in.

as Commercial Tubing
498 1b_/ft3
m
0.12 BTU/lbm°F

0.015 in.

*See Figure 11-1 and NOMENCLATURE for definition of symbols
**See discussion in Section II.C.2 '

***See discussion in Section V.B.l



Flu

id

Table II-1B

I1-17

Comparison of Fluid Conditions for Water Tests

at 14.7 psia with Those for LMFBR at Inception

of Boiling During LOPI Accident*

Condition**

Ce (T

lfTsat

)

Cf(T‘

fg

1"Tsat

)

fg

Water
Tests

14.7 psia
212°F
59.8 1b_/ft>

¢ m

3

0.0373 1b_/ft
1603
970.3 BTU/1b_
1.0 BTU/1lb_°F
70°F
~0.146
110°F

-0.105

0.687 lbm/ft hr

0.004 lbf/ft

0.394 BTU/hr £t°F

FTR
25 psia
1670°F
46.4 1b_/f£t>
m
3
0.025 1b_/ft
m
1865
1650 BTU/lbm
0.31 BTU/1b °F
792°F
-0.165
1100°F

-0.107

0.363 lbm/ft hr.

Approximately
0.012‘lbf/ft

31.5 BTU/hr £t°F

CRBR
25 psia

1670°F
46.4'1bm/ft3
0.025 1b_/ft>
1865

1650 BTU/Ib,
0.31 BTU/lbm°F
725°F

-0.173

995°F

~0.126

0.363 1b_/ft hr

Approximately -
0.012 lbf/ftv

31.5 BTU/hr ft°F

*In accordance with assumptions outlined in Section II.A.1
**See NOMENCLATURE for definition of symbols
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the similarity apalysis in Section IX.A.2 with corresponding values of
these parameters for current LMFBR designs (FTR, CRBR).

The principal components cf the test loop included: (1) a verti-
cal tube test section, (2) two sight flow indicators, {3) upper and
lower plenum tanks, (4) an external down-commer, (5) a power supply
and (6) instrumentation. A description of each of these components
is given in the subsections that follow.

2. Test Section

The vertical tube test section was made from commercial, Type 304
stainless steel tubing with an inside diameter of 0.152 in. and a wall
thickness of 0.049 in. It consisted of three sections: (a) an unheéted
inlet section that was 7 in. long, (b) a heated section that was 36 in.
long, and (¢) an unheated outlet section that was 48 in. long. The
total length was therefore 91 in.

The equivalent length of the unheated inlet section (including the
effect of the inlet contraction) was 10.5 in. The equivalent length
of the unheated outlet section (including the effect of ;pe outlet
expansion) was 54.;n. (See Table II-1A.) These equivalent lengths

were obtained from the following equations:
' K.D

= 1 -
. ]
and _ L, = 48 + %20 (1I-19)
ar

where K,, K, and f were assumed to have values appropriate to single
phase flow regardless of the flow conditiqn. These values (based on

information from Reference (4) were the following:

K, = 0.5
K, = 1.0
£ = 0.0055
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The test section was connected at each end to a sight flow
indicator by means of a Swagelok fitting. The sight flow indicators
were in turn connected to the upper and lower plenum tanks by means
of a bushing and a coupling welded to the tank covers. All of these
fittings were stainless steel. The test section, sight flow indicators
and plenum tanks were supported by a Dexion frame, bolted to the floor
and ceiling of the laboratory room. The test section was vertically
aligned by means of adjustable clamps made of aluminum.

3. Sight Flow Indicators

The sight flow indicators also were obtained from a commercial
supplier (Ernst Model No. EEP 4000-S). Each of these indicators
consisted basically of a glass tube with an inside diameter of 7/8 in.
and a length of 4 7/8 in. The glass tube was partially enclosed within
a bronze support structure with 1/4 pipe fittings at each end. See
Figure III-5.

4, Plenum Tanks

The upper and lower plenum tanks were made from 8 in. stainless
steel pipe and 1/4 in. stainless steel plates as shown in Figure III-G,
Stainless steel couplings were welded to each tank to make connections
to the test section and external down commer as indicated.

The upper plenum tank was provided with additional couplings
and fittings for: (a) avent to the atmosphere, (b) hot and/or cold
tap water to flow through a coil of copper tubing located inside, (c)

a sight glass to allow viewing of the water level, and (d) a thermo-
‘couple well. The lower plenum tank was provided with additional.
fittings for: (a) allowing direct flow of cooling water to and from

an external pump and heat exchanger and (b) a thermocouple well.
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A schematic diagram is shown in Figure II -7 of the hydraulic
system and heat exchanger used to control the fluid temperatures in
each of the plenum tanks. The heat exchanger for the upper plenum was
located within the tank and consisted of two 6 £t. long coils of
3/8 in. O.D. copper tubing. Hot and/or cold tap water was circulated
through the coils to a drain. The heat exchanger for the lower plenum
was a couterflow, shell and tube heat exchanger and was located
external to the tank. Cold tap Qater was supplied to the shell and
water from the lower plenum tank was circulated through the heat
exchanger tubes by means of a small centrifugal pump. Flow rates
were controlled with globe valves located as shown in Figure II-6.

The heat exchangers‘and all piping and valves were made of copper and
bronze.

5. Down~-commer

The down-commer was made from 1 in. I.D. stainless steel pipe
and fittings except for thé7fle#ible section included to allow for
thermal expansion of ﬁhe test sectioh. The flexible section was made
from 1 in; I.D. braided brass pipe. The‘l in. pipe. size was chosen
on the basis that it Qas sufficiently large compared to the test
section diaﬁétér of‘b.152 in. so that down-commer hydraulics had
essentially ho effect on the lqop-flow-éressure~drop characteristics.

6. Power Supply

Power to the test section was sﬁpplied'by a 15 kw DC generator,
rated at 154volts-and 1000 amperéé; The generator was driven by a
220 v¢1t, 3 phase Ac‘motor.’ A portab}e control console was provided
tp regulate'the generator power from éeré to_the maximum as reéuired.
This regulation was accompliéhed by a set of coarse and fine rheostats.

'.A knife switch located on the portable console cculd be used to quickly
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stop (or start) the flow of current from the generator without stopping
it or changing the rheostat settings.

Current from the generator was suppliedlfo the test section
through four flexible neoprene welding cables connected to each end
of the heated section. The cableé were clamped to an aluminum lug
which was in turn clamped to the test section, as shown in Figure
II-8. |

The heated section of the test section was electrically insulated
from the rest of the loop by two flanges located about 3 in. upstream
and downstream of the heated section. The flanges were designed in a
way such that the continuity of stainless steel along the test
section was interrupted by a small teflon insert that, in effect,
replaced the tube wall at the location of the flange. The design of the
flange was such that the effect on flow through the test section would
be negligible.

7. Instrumentation

Instrumentation was provided to measure loop temperatures and
pressures and power to the heated section of the test section. A
schewmatic diagram is shown in Figure II-9.

Temperatures were measured by thermocouples located to provide
measurements at 15 locations. Thermocouples 'I'l through T10 were
located at 10 positions along the outside wall of the heated section
as shown in Figure II-10. T11 was located on the outside wall of the

unheated inlet section. T,, was inside the thermocouple well located

12
in the top cover plate of the lower plenum tank. Tl3 was located
on the outside wall of th:> unheated outlet section. T14 Was inside

a thermocouple well located in the lower cover plate of the upper

plenum tank.
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All thermocouples were made of 30 ga. chromel-alumel thermocouple
wire. The thermocouples attached to the test section were electrically
insulated by a 0.002 to .003 in. thick layer of mica. They were held
against the tape by means of asbestos string wrapped several times
around the thermocouple and mica.

Thermocouple output could be measured by either a potentiometer
or an XY recorder. This was made possible by connecting each of the
15 thermocouples to a 16 position switch which was in turn connected
to a double pole switch connected to the potentiometer and recorder.
See Figure II-9.

Pressures were measured by three Tyco Type AB pressufe transducers
with a range of 0 - 6 psig. Excitation was provided by 6 volt dry cell
batteries. The calibrated full scale output of each transducer at
6 volts excitation was 120 mv + 1%. The transducers were located as
shown in Figure II-9. Pl was mounted in the wall of the lower plenum
tank. P5 was mounted in the lower half of the insulating flange below
the heated section. P3 was mounted in the upper half of the insulating
flange above the heated section.

As for the thermocouples, the output of the pressure transducers
could be measured by either a potentiometer or an XY recorder. This
was accomplished by connecting each transducer to a three position
switch which was in turn connected to the potentiometer and recorder.
See Figure II-9.

Power to the test section was obtained b& measuring'the current and
voltage drop. The current was determined by measuring the voléage drop -
across a standard shunt using a Model 322 No. 396 millivoltmeter with a

0-18 mv range. The shunt was calibrated to give a voltage drop of

~
~.
~.

50 mv at 1000 amperes. The voltage across the test section was measured

\»
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directly with a Triplett Model 4235-F multirange digital voltfieter.
The voltage taps were clamped between the test section wall and the

aluminum power lug shown previously in Figure II-8.
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III. TEST PROCEDURES

A. Generai

The test procedures were designed to simulate heat transfer and
flow conditions approximating those predicted to occur at various
times during the first few seconds of a LMFBR LOPI accident. The
choice of these procedures was based on cohsider;tion of the LOPI
accident sequence described in Section I.A.and the assumptions outlined
in Section II.A.

Three types of tests were conducted. The first was a stéady state
test in which the test section power was. slowly increased to the desired
test condition and then held constant while data was taken. The second
was a transient test in which the test section power was increased
almost instantaneously to tﬂe leVel_correspdnding to the desired
condition. The third was a transient cooling test to determine the

Liedenfrost temperzt:ra. The detailed procedures used for each of

these tests are out. a=d in the subsections thaf foliow.

B. Steady State Tests

During a LOPI accident, the coolant in the hot fuel assembly goes
through a succession of flow conditions ranging from'forced convection
of subcooled liquid to natural convection flow boiling and CHF. The
procedure used for the steady state tests was designed to produce this
same sequence of conditions, except that for each condition the only
flow was dqe to natural éirculation. The procedﬁre wés the following:

1) The water temperatures in the upper and lower plenum tanks
were adjusted by controlling the flow of hot and/or cold tap
water to the heat exchangers described in Section II.C.3.

The upper plenum temperature was adjusted to 110°F. The

lower plenum temperature was adjusted as nearly as possible

to 70°F. These temperatures were selected to produce upper
and lower plenum qualities approximately equivalent to those
that would be expected in the FTR during the first few seconds
of a LOPI accident (see Table II-1A).



2)

3)

4)

5)
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The power to the test section was then slowly increased

until the heat flux was at the desired level; and the water
flows to the upper and lower plenum heat exchangers were
adjusted as required to maintain the temperatures set in Step 1.

Once the desired flow condition was established, data was
recorded and conditions observed at the sight flow indicators.
Data taken included: (a) test section power (voltage and current)
and (b) test section and plenuvin temperatures and pressures
(potentiometer readings and XY recorder traces). Observation
of conditions at the sight flow indicators were made with the
following questions in mind: What is the flow regime entering
or leaving each end of the test section? If the regime is
two-phase, what is the spatial configuration of wvapor and
liquid? 1Is the observed flow regime steady? If not, what is
the nature of the observed oscillations? How do these oscil-
lations appear to correlate with data taken with the XY
recorder?

During a particular run, while data was being taken as
described in Step 3, the upper and lower plenum tank tempera-
tures were periodically checked and adjustments were made to
the water flows to the upper and lower plenum heat exchangers
as necessary to maintain the conditions initially established
in Step 1. (For some of the runs, problems with the pump used
to circulate water to the lower plenum heat exchanger made
this step difficult, as noted in Tables IV-1, IV-2, and IV-3
of Section IV.A.)

Three test runs were conducted as outlined, in Steps 1 through

4. The first was at a heat flux of 1 x 104 BTU/hr £t2 .
(approximately the onset of subcooled boiling). The second

was at a heat flux of 1.75 x 104 BTU/hr fzz (subcooled boiling).
The third was at a heat flux of 3.83 x 104 BTU/hr ft2 (bulk
boiling). The fourth was at a sequence of heat fluxes ranging
from 1.3 x 104 to 7.3 x 104 BTU/hr ft2 (beyond CHF).

C. Transient Tests

After completion of the steady state tests, two transient tests

were conducted using the following procedures:

1)

After the steady state test at 7.3 x 104 BTU/hr ft2 (beyond
CHF) was completed, the power to the test section was
decreased to zero by opening a knife switch in the power
supply circuit. Then, after waiting for the test section
temperatures to decrease to their equilibrium, zero heat
flux levels, the test section heat flux was increased almost
instantaneously to its initial value by closing the knife
switch. During the initial part of the resulting transient
the test .section wall temperature at location Tg (near the
center of the heated length) was followed using the XY
recorder. Later in the transient the temperature at location
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T, (near the top of the heated length) was followed.
Observations of the conditions at the sight flow indicators
‘were also made during the transient to see how fast the
original flow condition appeared to be reestablished.

3) Next, a transient cooling test was run to determine the
Liedenfrost temperature. This test was initiated from a zero
heat flux condition. First the test section power was slowly
but steadily increased until the heat flux was about 8 x 104
BTU/hr ft2.  The tube wall temperature at the top of the
heated section was allowed to increase to a temperature beyond
1500°F (well above the Liedenfrost temperature expected on the
basis of previous steady state tests beyond CHF). When the
temperature had exceeded 1500°F the power was quickly
decreased to well below the power required for CHF. During
the resulting transient, the temperature at location T; was
followed using the XY recorder in order to determine the
tube wall temperature at which the cooldown rate increased
significantly (Liedenfrost temperature).

D. Data Reduction

1. Thermocouple Data

The thermocouple data was obtained as mv readings from the
potentiometer and‘the XY recorder tfaces. The Y scale 6ﬁ the
recorder traces was converted to mv by setting the pen at zero for
the zero mv condition and then using the Y scale setting (mv/division).
This conversion was periodically cross checked by comparison with the
potentiometer reading of the same thermocouple. |

The fluid temperatures were relatively steady at Locations Tll'
T13 (inlet and exit pf the heated section) and le, T14, T15 {plenum
tanks). Therefore the mv readings corresponding to these temperatures
were obtained from the potentiometer readings. On the other hand,

temperatures at Locations Ty through T (along the outside wall of

10
the heated section) were observed to change with time as a result of
oscillations of the test section pressuré and flow. Therefore, mv
readings corresponding to temperatures at these locations were

obtained from the XY recorder traces by estimating the average reading

‘over several minutes.
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Millivolt readings obtained from the potentiometer and/or recorder
were converted to °F by means of standard calibration tables for
chromel-alumel thermocouples. The £luid temperatures obtained from
this conversion are the values listed in the data tables given in
Section IV. The test section outside wall temperatures along the
heated length (obtained from conversion of the average readings
estimated from the XY recorder traces) were, however, first corrected
for the temperature drop across the tube wall. This was done using

the following equation from Reference (12):

2

q"Ry 2R, Ry
Ti—TO+T (l-—-z——z-ln E—) (I11-1)
R,-R 1
271
where
T;» T, are the inside and outside tube wall temperatures

Rl' R2 are the inside and outside tube radii

k is the thermal conductivity for
110 BTU/hr £t °F
150 BTU/hr ft °F

stainless steel
at 212°F
at 950°F

q" is the inside surface heat flux
The resulting inside tube wall temperatures are the values listed
for locations T, through Tloin the data tables given in Section IV.

Errors in the temperature data would be due to thermocouple and
and measurement error. This error should be within + 1°F for those
temperatures which were not oscillating and were obtained directly
from the potentiometer readings. On the other hand, for those
temperatures that were oscillating and therefore were averaged, the
error could be as much as + 5°F.

2. Pressure Transducer Data

The pressure transducer data was obtained as mv readings from

the potentiometer and XY recorder traces in the same manner as described
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for the thermocouples. However, because of the large pressure oscil-
lations observed for most of the test conditions, the potentiometer
was only useful as a check on the recorder Y scale conversion
(mv/division).

Millvolt readings from the XY recorder (or the potentiometer when
- such readings could be made) were converted to psig. using the follow- -

ing equation based on information provided by the manufacturer:

nv, readlng
excitation x 0.3
voltage

(II1T-2)

P(psig) =

(The excitation voltage provided by the dry ceil batteries'was.measured
before each run by -the dlgltal voltmetar descrlbed in Sectlon II C.7.)
According to the manufacturer, the full scale accuracy of the
transducers used for the pressure measurements was + 1 percent of the
full scale reading of 6 psig. This was checked by comparlng measured
and calculated static pressures at zero power and found to be a little

low. Differences of up to + 3 percent were observed in these
comparisons. |

3. Test Section Power Measurement

Test section power was obtained from'the'measurements of test
section current and voltage using the following equation:
(volts) (g5 x 1000)

Q(kw) = 1000 : (11143)

where (%% x 1000) is.the test section current in amperes based on the
millivoltmeter readings and the shunt calibration.'

The test section heat flux was obtalned from the power measurement

by means of the equatlon°

= Q(3413)

qil = 2
nDLH
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or

q" (BTU/hr £t%) = Q(kw) (2.859 x 10%) (I1I-4)

Errors in the power measurement and therefore in the heat flux
would be due to instrument error and unsteadihess during a test run.’
Error:in the heat flux would also be due to heat loss to the atmo;
sphere. (For the initial runs_atllower heat flux {Runs 1, 2 and 3]
the test section was not insulated. But, for the later runs up to
and beyond CHF, ebout-1/4 in. of asbestos tape was wrapped around the
heated section.) Considering both sources of error, the error in the
calculated heat flux values is estimated to be less than + 5 percent.

4. cCalculation of Flow from Energy Balance

For those test conditions for which the test section exit fluid
temperature Wae less than the saturation temperature , the average
flow through the test section was obtained from an enexgy balance on

the heated section. The equation used was the following:

e
wh

Q(kw) (3413)

W(lb/sec) = Ce(T, 5-T,,) (3600)

(ZII-5)

5. Calculation of Heat Transfer Coefficients

The heat tranfer coeffigient.at the top of the heated section
was calculated using an average of the inside tube wall temperatures

at Locations T, and Tz. The equation used was the following:

1

— 1" .
hl'2 = T (III-6)
1 2) Lo
' 2 13

12 are also included in the data tables given in

The‘values of Wand h

Section IV.
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IV. DATA AND OBSERVATIONS

A, Steady State Tests

1. Onset of Subcooled Boiling (Run £1)

Steam bubbles resulting from subcocled boiling‘wereufirst
observed at the top sight flow indicator when the‘heat fluu was about
1 x 102 BTU/hr ££2, vData for this test condition’ are given in Table’
IV-1 and Figures IV-1A" and IV-1B. The corresponding'observations at

the sight flow indicators were the following~

Top. Conditions changed perlodlcally. Small bubbles were
observed continuously at the top sight flow indicator. Period-.
ically, the flow would appear to slow down momentarily followed

by the appearance of much larger bubbles over the next several
seconds. . :

~ Bottom. Only liguid was observed.

2. Subcooled Boiling (Run #2)

- Subcooled boiling was the heat transfer mechanism at the top of
the heated section for heat fluXes between 1x 104 and_3 x'104;'

BTU/hr £t%. As the heat flux was increased within this range the

following observations were made at the sight flow indicators:

Tcg.' Conditions continued. to chanée periodlcally as observed
for Run #1l. However, the frequency of these changes increased
as the heat flux was increased.

Bottom. Single phase liquid flow contlnued to be observed until
onset of saturated boiling at about 3 x:104 BTU/hr ft2., At this
heat flux, a spurt of small steam bubbles was observed every

few seconds at the lower sight glass. However, these bubbles:
condensed within the first inch or two below the'tOp of the glass.

4. 2

Data correspondlng to. a ‘heat flux of l 75 x 10% BTU/hr ft are

glven in Table IV—2 and Flgures IV-ZA, IV—2B, IV—2C, IV—2D, and IV-2E

- The data in Table IVv-2 "are an avetage of results obtained on’ two |
succe551ve days. Flgures Iv-2A and IV-2B show the pressure and
temperature traces taken on the first day, 1mned1ately after completlon

of Run #1. Figure IV-ZC shows pressure and temperature traces taken
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Table IV-1l

‘Data for Run #1 (Onset of Subcooled Boiling)

Power 0.363 kw
Heat Flux 1.04 x 10?7 BrU/Nr £t2 " -
Average Flow 3.74 x 1073 1b /sec.
‘Heathtansfer 2
Coefficient at 1,2 © .325 BTU/hr ft“°F
Average Tube Wall . .
Pemperatures Average Pressures (psig)
Location . °F ; :
X Location Wtﬁ?%?t Kltg
T 206 ‘ ca ea
1 )
Py 4.01 3.92
T
T, 210
Py 2.30 2.21
Ty
T5 189
Te
T7 176
Ts ,
T9 169
Tlo 147
Tll 78-85 NOTES
T 77-85 1) See Figure II-9 for locations of
12 . pressure and temperature measure-
. 174 ments (T,, P;...etc.).
13 2) Circulating pvump for lower plenum
cooling was overheating. Therefore,
T14 109 it was necessary to turn it off
during the run and T1]1 drifted from
T 107 78.5 to 85°F while other data was
15 being taken.
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Figure IV-1B

Temperature Traces from XY Recorder for
Run #1 (Onset of Subcooled Boiling)
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Table IV-2

Data for Run #ZI(Subcooled Boiling)

Powé; 0.606 kw
‘Heat Flux 1.75'x 10° Bro/hr ££2 . .
Average Flow 4.73 x 107° lbm/séé.
Heat Transfer ' N
Coefficient at 1,2 865 BTU/hr ft°°F
Average Tube Wall ;
Temperatures Average Pressures (psig)
Location °F . Without With
Tl ‘ 215.5 Location Heat - Heat
T2
T3 218.5
‘ P, 2.30 2.18
'I'4 '
T
89.
T6 189.5
T7 183
NOTES
T
8 1) See Figure II-9 for locations of
' pressure and temperature measure-
Tq 175.5 ments (T;, Py...etc.).
2) 1Instead of leaving circulating
T10 176.5 pump off as was done for Run #1,
it was turned off and on period-
ically. 1In -this manner it was
T 7742 N " . :
11 ~ vossible to maintain T3y and T34
. constant to within about + 2°F.
12 741 3) . Sstart and stopping the circulating
; pump and varying the flow to the
Ty3 195.5 external heat exchanger was found
to have no effect on the pressure
traces.
TlS 107 .
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Pressure Traces from XY'Recorder for Run $#2

(Subcooled Boiling - Taken on First Day Just
After Completing Run #1)
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Day Just After Completing Run #L
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Pressure Traces from XY Recorder for Run #2
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Temperature Traces from XY Recorder for Run #2
(Subcooled Boiling - Taken on Seccnd Day 20-40
Minutes After Heating Up Test Section)
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on the second day within 10 minutes after heating up the test section.
Figures IV-2D and IV-2E show pressure énd ﬁempeiature traces taken

the second day between 20 and 40 minutes after heating up the test
section. A comparison of these figures shows that the pressure and
temperature oscillations observed for Run #1  (and for Run #2 on the
first day) did not develop until sometime beyond 10 minutes after
initially heating up the test section on the’secénd day. Figure IV-2D
indicates thét the high frequency pfessure oscillations oécdr at
locations P,, P, and P, at'ébout the same time. :Figure IV-2E shows
that the peak in the temperatﬁre oscillations occurs at locations Tl'
Ts and T,, at about the same time.  Thus the pressure (and témperature)
oscil;ations at various locations were approximateiy in phase with

each other.

3. Saturated Boiling (Run $3)

Saturated boiling was the heat transfer mechanism at the teop of

the heated section for heat fluxes between 3 x 104 BTU/hr ft2 and

the CHF condition. As the heat flux was increased within this range,
the following observations were made at the sight flow indicators:

Top. Above 3 x 104 BTU/hr £t2 bubbles became larger and were
observed continuously. Above 4 x 104 BTU/nr £t2 these bubbles
appeared to have agglomerated and the flow configuration appeared
more annular or semi-annular than bubbly.

Bottom. As the heat flux was increased, the spurts of bubbles
into the lower sight glass became more noticeable and more
frequent. _Also these bubbles became larger. Above 5 x 104
BTU/hr ££2 only one large bubble was observed pushing its way
down toward the lower plenum every few seconds. It was possible
at this point to hear the oscillations ¢going on within the heated
section. :

4 2

Daﬁa corresponding to a heat flux of 3.83 x 10  BTU/hr ft“ are
given in Table IV-3 and Figures IV-3A, IV-3B, IVv-3C, Iv-3D, IV-3E.

The first four of the figures are pressure traces taken with various
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Table IV-3

Data for Run #3 (Bulk Boiling)

Power ' 1.34 kw
Heat Flux 3.83 x 10 BTu/hr ££2 .
Average Flow lbm/seC.
Heat Transfer . . 9
Coefficientatl,2 1741 BTU/hr ft°°F
Average Tube Wall . s
Pemneratures Average Pressures (psig)
Location SF ‘ Without With
Location
. Tl 235 ‘ Heat Heat
P
T, 235 5
2
T3 235 >
9 3
T, 236
2 . .
TS 31
1) See Figure II-9 for locations
T. 234 . of pressure and temperature
measurements (Tl, Pl...etc.).
T8 2) Temperature oscillations were
much higher frequency and less in
T 232 amplitude than observed for Runs
9 1 and 2. (See Figure 1IV-3E.)
‘fherefore average temperatures
Tlo 227 were estimated by adjusting the
.potentiometer until galvanometer
188 deflections were approximately
T11 equal to either side of the zero.
. 7 3) Circulating pump for lower plenum
le 3+2 cooling was turned off and on
: periodically as was doine in Run
4) Tg was not operable.
T14 110-111 5) No determination of average flow
could be made for this run, since
T 105 the exit quality was greater than
15 zero.
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settings of the horizontal traversing speed. Thus it was possible to
obse;ve the details of the high frequency pressure oscillations.
Figure IV-3A shows that the period of these oscillations was 1 to 2
seconds. Also the oscillations at locations Pl,"P2 and P3 appear to
be in phase with each other. Figure IV-3E shows XY temperature traces

for locations Tl’ TS’ T7, T9, Tlo' Tll and T1 These traces show that

3°
the low frequency, high amplitude oscillations observed for subcooled
conditions were not present at this condition. Only high frequency
low amplitude oscillations,Aprobably related to the high frequency
pressure oscillations, were observed. It should also be noted (from
Table IV-3 and Figure IV-~3E) that Tll’ the fluid temperature upstream
of the inlet to the heated section was substantially greater than the

lower plenum temperature due to condensation of steam from the bubble

pushing downward from the heated section.

4. Onset of CHF (Run #4)

The onset of CHF at the top of the heated section was observed

4 2

at a heat flux of about 6.4 x 10° BTU/hr £t®. Data taken as this

condition was approached and exceeded are given in Table IV-4 and

Figure IV-4. These data show that, for heat fluxes above 6.4 x 104

2

BTU/hr £t°, Tl oscillated over a temperature range that became

increasingly greater;iuntil, at a heat flux of about 7.15 x 104

BTU/hr ftz, the upper end of this range exceeds 900°F. For higher heat

4 Bru/hr £t2 was fairly

4

fluxes T, no longer oscillated and at 7.3 x 10

1l

steady at 1180°F. Table IV-4 shows that at 7.3 x 10 BTU/hr ftz, even

though Tl has gone through CHF, the temperature of the fluid leaving

the top of the test section is still the saturation temperature.

Visual observations at the sight flow indicators were the following:



Table IV-4

pata for Run #4 (Onset of CHF)

IV-19

Average Heat Transfer Average
Tube Wall Coefficient Fluid
Temperatures at the Top of Temperatures
Power Heat Flﬁf of (°F) Heated Section of (°F)
kw | BTU/hr ft°°F T T2 | T3 BTU/hr £t2°F | T11 ] Ti3
0.45 | 1.29 x 10% 208 | 214.5] 213 337 69 173
1.07 | 3.07 x 10? 217.5 | 224.5 2362 208
1.37 | 3.91 x 10% 227 237 | 239 2058 168 | 213
1.73 | 4.95 x 10% 242 250 | 251 1500 195 | 213
2.07 | 5.93 x 10* 277 267 | 262 1005 191 | 213
2.23 | 6.37 x 10% 281 937 213
2.28 | 6.51 x 10% || 205-340| 268 794-513 213
2.32 | 6.63 x 10% || 318-430 632-306 213
2.50 | 7.14 x 10 || 518-904 234-103 213
2.55 | 7.29 x 104 1179 75 213
T, 69-76°F
T 107-112°F

14
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3)
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3)

6)

7)
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Table IV-4
(Continued)

NOTES

See Figure II-9 for locations of pressure and temperature
measurements (Tl, Pl...etc.).

The tube wall temperatures given for power levels below 2.28 kw
are time average values obtained from XY recorder traces as for
Runs 1 and 2. ' '

The tube wall temperature at location Tl oscillated over a range
of from 50 to 400°F for power levels 0f72.28, 2.32 and 2.50 kw.
Therefore, for these power levels the range of oscillation rather
than the average temperature is given.

At  2.55 -kw, the tube wall temperature at'Tl was stable at the
time average temperature given.

Circulating pump for lower plenum cooling was operable for this
run. Therefore it was not necessary to turn the pump on and off
as was done for Runs 1, 2 and 3.

The heat transfer coefficients at the top of the heated section
were based on the average of T; and Ty for power levels below
2.23 kw. For power 1evcls above 2.23 kw, only T1 waa used.

The heated section was insulated with approximately 1/8 in. of
asbestos tape during the run.
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Top. Water was clearly present in the steam leaving the test

section.

Bottom. The large bubble observed pushing toward the lower
plenum in previous runs was now periodically disappearing below
the lower end of the sight glass.

B. Transient Tests

1. Step Increase in Heat Flux to Beyond CHF (Run #5)

After taking the.temperature trace shown in Figure iV-4'the
power was decreased to zero using a knife switch in the power supply
circuit; and test section temperatures were allowed to decrease to
their equilibrium, zero heat flux levels. Then the power was almost
instantaneously brought back to the initial condition, again using the
knife switch. A complete'temperature trace was not obtained. iHowever,
the partial trace is shown in Figure IV-5. This figure shows the
temperature at location T6 as the power was first‘decreased and then
increased. TG is shown to reach its original level of about 5.3 mv
(264°F) in about 10 seconds. (At the same time it was visually observed
at the sight flow indicators that the original flow conditions were
reestablished almost immediately.) After about 135 seconds the
recorder was switched to Tl which was observed to be approaching its
. original value as shown in the figure. The power was‘then decreased
to zero to end the run. |

2. Liedenfrost Temperature (Run #6)

One test was run in which CHF was approached and exceeded in a
manner similar to Run #4. However, in”this case the ‘heat flux was

4 2 rather than 7.3 BTU/hr £t° as

incfeased to‘ebout 8 x 10 BTU/hr ft
. in.Run 4. Qhe teﬁperatu:e at Tlrwes allowed to increase'to above
1500°F before the power was decreased;‘ The resuiting_temperature,
transient is shown 1n Flgure IV-6. This flgure shows that the cool-

‘ down .rate 1ncreased sharply when the tube wall temperature decreased
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below about 900°F. This is apparently the temperature below which the
wall can be rewetted. This is consistent with the results for Run #4
that indicated Tl no longer oscillated once the temperature exceeded

about 900°F,



V. ANALYSIS AND DISCUSSION

A. Analysis and Discussion of Tests

1. Flow-Pressure Drop Characteristics of Test Loop

In Section II.B, the following equations were derived from
conservation of mass, momentum and energy, assuming one dimensional,

homogeneous flow of liquid and vapor in the fuel assembly or test

section:
Ao, {gﬂ*'———"l———-—[(p o)dLN L ﬂ]} ‘
Agc | dt 1¢+p'mL2¢ £ dat 2¢ dt (II-8)
]
L I 2
1¢ ="2¢ W
= (p~F,) ==L, - [4f(—=% + R-2%)
f'm 9. 2¢ D D prAzgc
4arL ap. _ :
0= [pf p )—-29¢+ 2¢ -a;m- e ) (II-9)
= P + W X -X
fg gA 1¢+th2¢ fg “out "1
where | )
Ll¢+L2¢
— 1
p. = — p_dz
m L2¢ | m-
1¢ 2¢
R = 1 (—) dz
L m s
2¢
L1¢
. Pe
pm = 9
l+x(§£)
L9
and

'Ll¢' L, are lengths of the single and two-phase regions

Ll¢, L2¢ are the equivalent lengths of the single and two

phase reglons including effects of inlet contraction and outlet
expansion
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It was further shown in Section II.B that, for steady flow and

uniform axial heat flu:x distribution, Eguations (II-8) and (II-9)

become: ' '
L L 2
_ - 1¢ , 5°2¢ W
0= (p~F )=tL,, - [4f(—=L+R-=%)] (II-10)
L £ ™ 9e 26 D D ZPfAzgc
— - (II-11)
Q thg(xout 1)

|} |
where Ll¢‘ Ll¢'yL2¢ and L2¢ are related to‘the boiling length, Ly, and

] ]
Lis Ly L., L2 and-Lz.byuthe sxpressicns:.

H
. _ N
Lig = Iy * Iy Lp)
] ]
Lyg = Ly + (LyLp) .
| (IT-12)
Ly = Ly + Iy
] [ ]
Lyy = Ly + I, »

and LB is defihed_in terms of mass flow rate, inlet quality, power,

heat flux distribution and LH by:

EE C 1 s le ‘ (II-14)
LH Q/hfg

Eéuations (II-10), (Ir-11), (II-12) and (II-14) can thus be used
to determine the steady state flow-pressure drop characteristics of
the test loop. This is done by first performing the integrations
required by the definitions of Bm and R using\the previously given
appro#imation for pm;and the following expressiﬁns relating quality
to axial position, zZ, unéér unifoém heaé}flux conditions: '

0/h (z-L, ) B e
fg “1¢ .
v L TR B “(v-1la)

X =
H



x_———£9-+y L, +L,6<2z<1 + Lo, (V-1b}

Then, substituting the results of these integrations and Equations

(IT-11), (I1~-12) and (II-14) into Equation (II-10), and rearranging

gives:
9 g Ly Ls-zn(1+g)
Pe 3, (LH+L2) = pg gc(LH+L2) El-fﬁ) + i'_l-_l- 3 ]
LI-?L * [11] LL+2L A gy - '—wzz"‘
gl o) LytL, 20 A%g_
.' L L1 L 1{v-2)
[‘?J’“'Eg) + g L+I§'.:
H = H H| “H 2 |
]
Ly
+ [1+9) —=—
LH+L2
where 'H£§A= Four
Ly Xout™
¢ = &)
= X —l
t H
ou pg t

.The lefﬁlhand side of Equation (V—é)frepresehts the,consﬁanﬁ_
externai statie head driving flqw‘throughw(LH+ﬁ2)..‘The'firstﬂterm
on the right hend side represents the test section static headtloss:
and the second term represents the test sectlon frlctlonal head loss.

Thus, on a graph of AP vs. W, the left hand side of Equat:on (V-2) is
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a single horizontal line. The right hand side ic a set of parabclas

for which the variable parameter is Xou For a given value of X

t* out’
the steady state solution of Egquation (V-2) is then the value of W
corresponding to the intersection of the parabola representing the
right hand side and the horizontal line representing the left hand
side. Solutions were obtained in this manner for the test loop

conditions for values of xo between 0 and 1.0, as shown in Figure

ut
V-1. The numerical values of the fixed parameters involving test
section geometry and fluid properties were obtained from Table II-lA
and II-1B. These values were the following:

_ 3
= 59.8 lbm/ft

P
xl = ~,146
P
35 = 1603
g
= .0055

D = .152 in

A = .0181 in2

L, = 10.5 in

1
LH = 36 in
L2 = 48 in
~' o
L2 = 55 in

Since the test loop was operated at constant heat flux for most
of the éonditions studied, it is useful to convert Figure V-1 from a
set of parabolas representing constant.values of xout to a set of
curves rgpresenting constant gq". This can be done by using the

folldwing equation derived from Equation (II-11) to determine for a
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given g" the values of W corresponding to the various values of

represented xout in Figure V-1:

" . - -
q" DLy = thg(xout xl) (Vv-3)

The result is shown in Figure V-2 for values of q" from 1 x 104 to
8 x 104 BTU/hr ftz, From this figure one can observe the following:
1) For heat fluxes :e2low 3 x 104 BTU/hr ft2 there is only one
steady state flow rate satisfying Equation (V-2). This
flow rate corresponds to a value of Xout < 0 (subcooled) and
is stable. (Thatis, a momentary decrease in flow rate at constant

q" causes a decrease in AP which causes flow to return to

its original value.)
2) At heat fluxes of 3 x 10% and 4 x 10 Bru/hr £t? there are
three steady state flow rates satisfving Equation (V-2).
These three flow rates correspond tc values of Xgut between
zero and 1.0. However, only the flow ratas corresponding
to the 1owest and highest Xgout are stable, (At a flow rate
of 5.4 x 10-3 lbp/sec a momentary decrease in flow rate at
constant g" causes an increase in AP which causes flow to
decrease further until the lowest of the %hres stable flow
rates is reached.¥*)

3) At heat fluxes of 5 x 104 BTU/hr £ft2 and above, there are
still three steady state flow rates satisfying Equation
(Vv-2) . However, only two of these three flow rates correspond
to values of Xg,+ between 0 and 1.0. The third corresponds
to Xoyut > 1.0 (superheated). Again, the intermediate flow
rate (and Xg5,+) is unstable.

- 2. Subcooled Boiling (Runs #1 and #2)

a. Summary of Principal Results

Steam bubbles due to subcooled boiling were first observed

4 2 4 2

at a heat/flux of about 1 x 10° BTU/hr £t“. Above 1 x 10  BTU/hr ft°,

the heat transfer mechanism at the top of the heated section appeared
to oscillate between a condition approximating single phase convection
and subcooled boiling. The onset of bulk boiling occurred at a heat

4 2

flux of about 3 x 10% BTU/hr £t2.

Data and observations for this

_range of test conditions were presented in Sections IV.A.l and IV.A.2.

*See Reference(§ for a good discussion of flow-pressure drop 1nstab11-
ities of the type indicated for this solution of Equation V-2.
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The principal results are summarized below:

1) Small bubbles were continuously observed at the top sight
flow indicator. However, these bubbles were probably
largely due to noncondensable gases initially trapped in
the test loop or dissolved in the water; since, as will be
‘discussed later in this subsection, the tube wall temperature
at the top of the heated section was only periodically high
enough for subcooled boiling to occur. Periodically, the
flow would appear to slow down momentarily followed by the
appearance of much larger bubbles over ‘the next several
seconds. These larger bubbles were probably due to the
onset of subcooled boiling. The time period between the
appearance of the larger bubbles decreased as the heat flux
was increased above 1 x 10% Bru/hr ft2,

2) The test section pressures were steady except for high
frequency oscillations that were observed for several seconds
at regular intervals (see Figures IV-lA, Iv-2a, and 1IV-2D).

At a heat flux of 1.04 x 104 BTU/hr ft2 the time period
between occurrence of these oscillations was about 45 sec.
and they lasted about 7.5 sec. At a heat flux of 1.75 x 104
BTU/hr £t2 the time period between their occurrence was about
15 sec. and they lasted about 5 sec.

3) The tube wall temperatures within the heated section oscillated
continuously as shown in Figures IV-lB and IV-2B. At a
heat flux of 1.04 x 104 BTU/hr ft2 5 the period of oscillation
was about 45 seconds; at 1.75 x 104 BTU/hr ft2, the period
was between 10 and 15 seconds. Thus the period of the
temperature oscillations at each heat flux was about the
same as the time period between occurrence of the high
frequency pressure oscillations.

4) When essentially the same test condition at 1.75 x 104
BTU/hr ft2 was investigated on two different days, it was
observed that periodic high frequency pressure oscillations
and the corresponding temperature oscillations were not
observed on the second day until the loop had been operating
for about 20 minutes. Apparently a flow disturbance or some
other initiating mechanism is required to start the cycle
of periodic subcooled boiling; and, on the second day it

- took longer for this to occur.

5) At both 1.04 x 10% BTU/hr £t2 and 1.75 x 10% Bru/hr £t2,

the average tube wall temperature increased with distance

from the inlet to the heated section (see Tables IV-1 and

IV-2). At 1.04 x 104 BTU/hr ft2 the temperature at

Locations Tl ‘and T3 (near the top of the heated sectlon)

was 208° + approximately 10°F. At 1.75 x 104 BTU/hr ft2,

the temperature at the same 1ocatlons was 217°F +

approximately 6°F.

b. Analysis of Temperature Data

The variations of average tube wall temperature and fluid

temperature with distance along the heated section for 1.04 x 104
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2

BTU/hr ft° are shown graphically in Figure V-3. The same variations

for 1.75 x‘lO4 BTU/hx ft2

are shown in Figure V-4. For each of the
tube wall temperatures plotted on these figures, the maximum and
minimum temperatures resulting from the temperature oscillations are
also indicated.

In Figures 1IV-3 and V-4 a straight line is drawn between the
inlet and outlet fluid temperatures. For a steady flow, uniform heat
flux condition the fluid temperature variation would be linear.
However, under oscillatory flow conditions such as observed in these
tests where vapor generated within the heated section is periodically
observed to force its way upstream, this may not be true. 1In the case
of the tests described in this report, this is almost certainly the

case for heat fluxes above 3x104

BTU/hr ft2 since steam bubbles
were periodically observed at the inlet sight flow indicator. However,
for the subcooled boiling test conditions at heat fluxes of 1.04 x 104

4 BTU/hr ftz, the amount of vapor periodically

BTU/hr £t2 and 1.75 x 10
generated and forced upstream was much smaller and probably had minimal
effect on the fluid temperature variation along the tube. Thus the
straight line variation shcwn is probably a good approximation for

these conditions.

The fact that the average temperature at the upper end of the

4 2

heated section was only 208°F for a heat flux of 1.04 x 10 BTU/hr ft
raises the question as to whether subcooled boiling really occurred
at this heat flux. But, in considering this question, it should be
noted that the temperafure was about. periodically 10°F higher than
this. Thus thé wall superheat was periodiéally‘as much as 6°F.

The amount of wall superheat required to initiate subcooled

boiling can be predicted using a correlation such as the one developed

by Rohsenow and Bergles (6). This correlation is based on experiments
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set up to determine the onset of nucleate boiling for water over the

pressure range 15-2000 psia. The correlation is given by the following

equation:
" 0.0234
- 1.156 (2.30/P )
dong = 13-6 P (BTsardons” (v-4)
where »
" : ’
Qoyp = the heat flux in BTU/hr ££2 required
for ONB (onset of nucleate boiling) at
(ATsat)ONB
(ATsat)ONB = the wall svperheat in °F required for
the onset of nucleate boiling at quB
P = pressure in psia

4

For a heat flux of 1.04 x 10  BTU/hr ft? and a pressure of 14.7 psia

this equation gives:

(A'rsat)ONB = 4,8°F

Thus the maximum temperature reached during the observed temperature
oscillations was sufficient to initiate subcooled boiling. The value

. 0w .
of Twall corresponding to a ATsa of 4.8°F is shown by a horizontal

t
dotted line on Figure V-3.

4 VA

For a heat flux of 1.75 x 10 BTU/hr ft“, Equation (V-4) gives:

. _ .
(ATsat)ONB 6.1°F

The corresponding value of Twall

in Figure V-4. As for the lower heat flux the tube wall temperatures

is shown by a horizontal dotted line

near the top of the heated length were periodically high enough to
- initiate subcooled boiling. In this case, however, it appears that
these teﬁperatures were high enough for a greater portion of each
cycle of oscillation. |

Also shown on Figures V-3 and V-4 are two lines}parallel to the

assumed linearly varying fluid temperature. The line nearest to the
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fluid temperature gives the wall temperature variation predicted,
assuming a constant heat transfer coefficient along the heated length
obtained using the Dittus Boelter correlation (7) and the mass flow
rate obtained from an energy balance. This Dittus Boelter correlation
applies to turbulent flow and is given by the following equation:

hD 0.8Pr0.4

']?f- = 0.023 Ref £ | (V-5)
_ 4w
where Ref"?ﬁi;
u.C
£°f
Pr. = —————
£ kf

The line farthest above the fluid temperature gives the wall temperature
variation predicted assuming a constant heat transfer coefficient along

the heated length obtained using the following expression:

i‘E = 4.36 (V-6)
£

which applies to laminar flow through a vertical uniformly heated tube
(7). .

Figure V-3 shows that, for a heat flux of 1.04 x 104 BTU/hr ftz,
the above correlations give tube wall temperatures that bracket the
measured temperatures, indicating that at this heat flux the flow may
be close to the laminar-turbulent transition. The average flow
calculated from an energy balance on the heated section is 3.7 x 10'"3
lbm/sec (Table IV-1l), which gives a Reynolds number,Ref, of 1950. The
range of Reynolds numbers corresponding to the laminar-turbulent
transition is 2000-4000. Thus, the flow may have been laminar at. least
part of the time.

4

Figure V-4 shows for a heat flux of 1.75 x 10 BTU/hrAftz, that

the measured tube wall temperatures fall closer to the Dittus Boelter
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equation, indicating that at this heat flux the flow was probably
. turbulent. For this test condition the average flow calculated from

an energy balance on the heated section was 4.7 x 10_3

1hm/sec which
gives a Reynolds number of 2490. Thus the flow probably was turbulent
most of the time for this test condition.

c. Analysis of Flow and Pressure Information

The average flow rates determined from an energy balance for

4 BTU/hr ft2 and 1.75 x 104 BTU/hr ft2 were higher than

both 1.04 x 10
predicted from the analysis in Section V.A.1l. This can be seen from
Figure V-5. This figure is a graph of the steady state solutions cf
Equation V-2 as determined in Figures V-1 and V-2. The stable and
unstable solutions are shown in Figure V-5 as a function of heat flux
and quality.

At 1.04 x 104 BTU/hr ft2 the predicted flow from Figure V-5 is

2.4 x 1073 3

lbm/sec, compared to the 3.7 x 10~ lbm/sec obtained from
an energy balance. However, the analysis in Section V.A.l1 (which was
used to obtain Figures V-3 and V-4 and therefore Figure V-5 and the

3 1b/sec) did not account for the effect of

predicted flow of 2.4 x 10
the periodic 0ccurrencé of subcooled boiling. When subcooled boiling
occurs, the average flow would be expected to increase due to the
increased density difference between the down-commer and the test
section. As a first approximation, one could take the average flow
during subcooled boiling to be approximately the same as the flow

rate predicted for the onset of bulk boiling. Figure V-2 shows that

3

this flow rate is approximately 7.2 x 10 lbm/sec. Thus, if it is

assumed that part of the time during each cycle of temperature oscil-
lation is spent in subcooled boiling (with flow at about 7.2 x 10-3

lb/sec) ard part of the time is spent in single phase convection (with
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-3 1b/sec), the expected average flow would be

flow at about 2.4 x 10
given by the following eguation:

W=F.W, + F.W

11+ Tl (v-7)

where

=l
]

the expected average flow

Fi = fraction of one cycle of temperature oscillation for which
flow is single phase -

W1 = the predicted.flow- rate under single phase condltlons (2 4
" x 103 1b /sec for a heat flux of 1.04 x 104 BTU hr ft2 )

F2 = fraction of one cycle of temperature oscillation for which
subcooled boiling occurs

W2 = predicted average.rate for subcooled boiling'(assume to be
the same as for onset of bulk boiling or 7.2 x 103 lbm/sec)

'Then; if it is further assumed that the high frequency pressure oscil-
lations shown in Figure IV-1A are associated with subcooled boiling

and this information is used to obtain F, and Fo: this equation gives:

1
F=22x (7.2 x207%) + 32 2.4 %107 = 3.2 x 1077 1p /sec
compared'to'the 3.7 x 10"3 1bm/sec obtained from the energy balance.
For a heat flux o 1.75 x 10-3 BTU/hr £t2 the expected average

flow calculated in the same manner as above is:

= _ 5 -3 10 ., -3, _ =3

-3

compared to the 4.7 x 10 ° 1b /sec‘calculated-from an enerqgy balance.

4

For a heat flux of 3.07 x 10° BTU/hr ft (Run #4 - to be discussed

in Section V.A.3), ‘which corresponds approximaﬁeltho the onset of
bulk boiling, the expected average,flow calculated from Equation (V-7)

is:

-3

W=7.2% 10 1bm/sé¢

-3

compared to 7.3 x 10 ‘1bm/sec obtained from an energy balance.
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The above results are showﬁ in Figure V-6 as a graph éf predicted
~ average flow rate (from Equation [V-7] and data.froﬁ éiéssure and
»témperature traces) and average flow rate obtained from an energy
balance, boéhfaSﬂa function of heat flux. Also sho&n on:-this figqure
is the flow rate obtained from an energy balancé‘for a heat flux of

‘1.29 X 104 BTU/hr ft2 (Run #4 to be discussed in Section V.A.4).

3. Bulk Boiling (Run #3)

a. Summary of Principal Results

4

At a heat flux of slightly above 3 x 10°, the fluid temper-

ature leaving the test section became equal to the satura;ion temper-
ature. Thus this heat flux corresponded approxiﬁately to the onset

of bulk boiling, in agreement with Figure V-2 and the analysis in

Section V.A.l. pata and observatidns for heat fluxestabove 3 x 104

BTU/hf ft2 were presented in Section IV.A.3. The principal results
are summarized below: '

1) above 3 x 10 |
at the top sight flow indicator. Above 4 x 104 BTU/hr ft2,
these bubbles appeared to have agglomerated and the flow -
configuration appeared more annular or semi-annular than
bubbly. ‘ 3

2) At 3 x 104 BTU/hr ft2, spurts of small bubbles were first
seen at the lower sight flow indicator. As the heat flux
was increased, these bugblesybecame larger and more frequent.
above 5 x 162 BTU/hr ft¢, only one large bubble was observed
periodically pushing its way toward the lower plenum.

3) Above 3 x 104 BTU/hr ft2, high frequency gressure oscillations
were observed continuously. At 3.83 x 104 BTU/hr ft2, XY
recorder traces indicated that the period of these oscil-

BTU/hr ftz, large bubbles were séeh?dontinuously

- lations was 1 to 2 seconds. (See Figures IV-3A, IV-3B, IV-3C,
and IV-3D.) Also these traces show the shape of the variation

of pressure with time from cycle to cycle is guite similar.

4) At 2.83 x 104 BTU/hr ft2, the tube wall temperatures were
between 230°F and 240°F at all thermocouple locations along
the heated length (Table IV-3).  In addition, because vapor -
generated within the heated section was periodically forcing

its way upstream and condensing, the average fluid temperature

entering the heated section was 188°F (even though the inlet
plenum temperature was: 72°F.
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b. Analysis of Temperature Data

The average tube wall temperature measured at the various
thermocouple locations along the heated section for a heat flux of

4 BTU/hr ft2 are shown graphically in Figure V-7. Also

3.83 x 10
shown are the inlet and exit fluid temperatures; ‘The average tube wall
temperatures range from 227 to 237°F correspondihg to wall superhéats

| )ows R
by Equation. (V-4). The tube wall temperature corresponding to this

of from 15 to 25°F. This compares with a (AT

-] 3 '
Teat of 8.8 F given

amount of wall superheat is about 221°F as indicated by the lower of

the two dot*ed lines in Figure V-7. The upper dotted line shaws the

tube wall temperature predicted for fully developed nucledte bbiling

according to the Jens Lottes correlation (7):

_ n1/4 -P/900 | o

where
a" = heat flux in BTU/hr ££2

P

pressure in psia

The tube wall temperature predicted from the Jens Lottes correlation
is 238“F, in good agreement with the measured temperatures. Thus,
fully developed bulk boiling appeafed to exist at all thermocouple
locations along the heated length except near the inlet.

The fact that, as the heat flux was increased above 3 x 104 BTU/
hr ftz, an increased amount of vapor was observed periodically forcing
its way toward the lower plenum and condensing indicates that a
substantial amount of the energy transferred to the fluid within the
test section is periodically transported upstream and transferred in
turn to the colder water upstream of the heafed section. This is

verified at a heat flux of 3.83 x 10 BTU/hr ft2

by the fact that the
water temperature leaving the unheated inlet section was 188°F compared

to 72°F at its entrance.
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. Discussion of Pressuxe Oscillation Data and Observations

The pressure oscillations shown in Figures IV-3A, IV-3B,
IvV~-3C, and IV-3D were observed to occur at about the same frequency
as the appearance of steam bubbles at the lower sight flow indicator
(every few seconds}). Thus, the two were probably related. 1In
addition, these occurrences were probably accompanied by oscillations
ia flow through the test section. A possible explanation of these
oscillations, based on consideration of Figures V-5 and V-2, is
given in the following paragraphs.

At each heat flux above 3 x J.o4

BTU/hr ftz, Figure V-5 indicates
that there are two stable flow rates corresponding to each heat flux.
The highest of these flow rates corresponds to a low quality exit
condition and the lowest flow rate corresponds to a high quality
exit condition. Figure V~2 shows further that the range of stability
near to the highest of these two flow rates is very narrow. For

4

example, at 4 x 10" BTU/hr ftz, a momentary decrease in flow from

the higher stable flow rate of 9.4 x 10"3 lbm/sec to below 8.5 x ].()'3
lbm/sec would result in an unstable flow condition and a further
decrease in flow toward the lower of the two stable flow rates or
1.4 x 10"3 lb/sec. Fiqure V-5 indicates that the corresponding change
in exit quality would be from less than .01 to between 0.8 and 0.9.
However, the periodic appearance of vapor upstream of the heated
section and the continuous oscillations in pressure suggests a
somewhat different and more complex sequence than this. Specifically,
the appearance of vapor upstream of the test section inlet indicates
that an increased average void fraction corresponding to the low flow,
high exit quality condition is achieved by steam pushing its way

upstream in counterflow, rather than by an increase in exit quality while

maintaining cocurrent upflow. Also, the continuous pressure
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oscillations indicate that, whatever the sequence rasulting in a
decreased flow and inzreased void fraction, the situation is quickly
reversed, resulting in a return toward the origina} hink flow, lower
void fraction condition.

Therefore, it is clear that a strict quantitative interpretation

of Figures V-5 and V-2 such as done above for the case of 4 x 104
BTU/hr £r2 is not correct. WNevertheless the following qualitative
facts derived from these figures still appear valid:

1) For a given heat flux in the bulk boiling range, there arc
two stable flow conditions. One of these conditions is a
high flow, low quality condition and the other is a low
flow, high quality condition.

2) The high flow, low quality condition tends to be unstable
since only a relatively smsll, momentary decrease in flow
creates an unstable situation resulting in a further
decrease in flow,.

Starting with these facts and considering again the example of

2

4 % 104 BTD/hr £t°, one can then return to the part of the previous

discussion where the flow is assumed to decrease momentarily below

8.5 x 1073

lbm/scc. When this condition is reached and the flow begins
to decrease further, the amount of vapor generated within the test
section increases. Apparently, however, a condition guickly develops
where the rate of vapor generation is greater than the rate at which

it can flow out the top of the heated section. Thus the local pressure
builds up and the excess vapor pushes downward through the heated
section. At the same time, the liquid flow into the test section
decreases and the void fraction within the test section increases.
Eventually, enough of the test section is voided so that the steam
being generated can flow out the top of the heated section as fast as
it is being generated. However, this flow condition is not in thermal

equilibrium in the upstreanm half of the test section due to the pres-

ence of a substantial amount of subcooled water. As a result the steam
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in this part of the test section begins to condense and the water flow

into the test section increases, causing still further condensation

and a return toward the original high flow, lower void fraction

condition from which the transient initially started. Then, since

this flow condition tends to be unstable the sequence begins again.
Assuming that the two flow conditions between which the system

oscillated at a given heat flux are approximated by the two stabie

flow conditions indicated in Figure V-5, the average flow was probably

somevhere between the flow corresponding to these two conditions.

However, because of the way in which the low flow, higher void fraction

condition is achieved, the exit quality corresponding to this conditiorn

is probably significantly lower than predicted from Figure V-5. Thus,

for a given heat flux there is probably more water present at the top

of the heated length than pfedicted from the homogeneous model.

4, Onset of CHF (Run #4)

a. Summary of Principal Results

4

The onset of CHF ocgurred at a heat flux of 6.4 x 10 BTU/

hr. This corresponded to a test section power of about 2.25 kw. Data
and observations for this test condition are presented in Section IV.A.4.
The principal results are summarized below:

1) Flow conditions at the sight flow indicators were substan-
tially the same for all heat fluxes above 4 % 104 BTU/hr £t2,
As CHP was approached, the large steam bubble observed at
the lower sight flow indicator appeared to be periodically
pushing its way into the lower plenum.

2) The temperature at location Tjat the top of the heated

section was first observed to oscillate at a heat flux of
6.4 x 104 BTu/hr £ft2, Above this heat flux, T} oscillated
over a temperature range that became incieasingly greater;
until, at a heat flux of about 7.15 x 10% BTU/hr ft2, the
upper end of the range of oscillation exceeded 900°F. For
higher heat fluxes T} no longer oscillated. At 7.3 x 104
BTU/hr ft2, T; was fairly steady at 1180°F (see Table IV-4).
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3) As the CHF condition was approached and exceeded, the
fluid temperature leaving the top of the heated section
remained at the saturation temperature (see Table IV-4).
Also, water was observed to be present at the top sight
flow indicator.

b. Analysis and Discussion of Temperature Data

Temperature data from Table IV-4 is shown graphically in
Figure V-8 as a function of heat flux. The temperatures shown include
the tube wall temperatures at locations Tl' Tz, and T3 {near the top

of the heated section) and the fluid temperatures at T,, and T (inlet

11 13
and exit of the test section). For the temperatures that were observed

4 BTU/hr ftz)

to oscillate (Location T, at heat fluxes above 6.4 x 10
the range of these oscillations is also shown.

Figure V-8 indicates that, just beyond the CHF (defined as the
heat flux at which large temperature oscillations were first observed)

of 6.4 x 104 BTU/hr ftz, dryout of the tube wall occurs. However,

4 BTU/hr ftz, the

rewetting occurs periodically; and, at 6.5 x 10
maximum tube wall temperature is only about 60°F above its pre~CHF
temperature of 280°F. Apparently this is due to the water periodicallf
entering the test section as a result of the pressure and flow oscil-
lations discussed in Section V.A.3. As the heat flux is increased
further, the maximum tube wall temperature reached during each temper-
ature excursion becomes greatexr; until, at a heat flux of 7.15 x 104
BTU/hr ftz, this temperature is about 900°F. Above this heat flux,
rewetting was no longer observed; and, at 7.3 x 104 BTU/hr ft2, the
tube wall temperature was relatively stable at 1180°F. This result
indicates that the maximum tuke wall temperature at which rewetting
can occur (Liedenfrost temperature) is 900°F. Independent verification

of this is discussed in Section V.A.S5.

Figure V-8 also shows that, above a heat flux of about 3 x 104

BTU/hr ftz, the fluid temperature at the inlet to the heated section



v-25

-

P e o

Figure V-8

Inlet and Outlet Fluid Temperatures and Tube

Wall Temperatures at T;, T2 and T3 as a
Function of Heat Flux for Run #4 (Onset of

CHF)

1200°f
1000

Jdo ‘danjexadwsy

q", BTU/hr £t2 x 104



V-26

is substantially greater than the lower plenum temperature. This is
due to the periodic expansicn of steam from the heated section into
the inlet section and the resulting condensation and mixing. At heat

4

fluxes above 5 x 10  BTU/hr ftz, the inlet temperature appears to be

relatively constant at 190-195°F. However, this is based on only two

4 pru/hr £t2.

data points, the last being at a heat flux of 5.93 x 10
The fact that the exit fluid temperature remained at the saturation
temperature for heat fluxes heyond the CHF, added to the observation
that water was present at the upper sight flow indicator, shows that
there is entrained liquid present at the top of the test section even
beyond CHF. Thus CHF occurs at an average exit quality of less than
1.0; and, if rewetting were possible above 7.3 x 104 BTU/hr ftz, the
water would be present to do it.
The heat transfer coefficient calculated from the temperature
data at the top of the'heated section (see Table IV-4) is plotted as
a function of heat flux in Figure V-9. (Also shown cn this graph are
the heat transfer coefficients calculated from data obtained in Runs
l, 2, ané 3 discussed in Sections V.A.l and V.A.2.) For comparison,
the heat transfer ccefficient calculated at various heat fluxes using
the Jens-Lottes correlation (Equation V-8) is also shown.

4 pru/hr £t2,

- Figure V-9 shows that at low heat flurxes near 1 x 10
correspénding to the onset of subcooled boiling, the measured heat
transfer coefficient is less than predicted by the Jens-Lottes
correlation. However, for this heat flux condition, nucleate boiling
has probably not yet become fully developed. At a heat flux of

1.75 x 104 2

BTU/hr £t° the measured heat transfer coefficient is in
very good agreement with the Jens Lottes correlation, indicating that,

for this condition, nucleate boiling is fully developed.



Figure V-9

Heat Transfer Coefficient at Location T; as
a Function of Heat Flux for Run #4 (Onset of

CHF)
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At heat fluxes between 3 x 10% BTU/hr £t2 and 4 to 4.5 x 10%
BTU/hxr ftz, the measured heat transfer coefficient is greater than
predicted from the Jens-Lottes correlation. But, for this range of
conditions, the heat transfer coefficient is decreasing; and, above
4,5 x 104 BTU/hr ftz, the measured heat transfer coefficient becomes
less than predicted by the Jens Lottes correlation. This compariscn
indicates that a nucleate boiling heat transfer correlation such as
Jens-Lottes doesn't apply for flow conditions at heat fluxes above
3 x ].04 BTU/hr ftz. The proper correlation for this range of conditions
would probably be a two-phase convection heat transfer correlation
such as Schrock-~Grossman (9). However, for these correlations, the
heat transfer coefficient depends on flow rate and quality; and no
information regarding flow and gquality was obtained for heat fluxes
above 3 x 104 BTU/hr ftz. Therefore, no comparison can be made.
Nevertheless, it is probable (on the basis of the discussion of pressure
oscillation data and observations in Section V,A.3, part C) that, as

2

the heat flux iuncreases above 3 x 104 BTU/hr £t%, the average flow

into the test section decreases and the average exit guality increases.
These effects would result in a decreasing two phase convection heat

transfer coefficient for this range of test conditions, as was observed.

4 2

At a heat flux of 7.3 x 10" BTU/hr ft“ (for which the tube wall

temperature remains above the Liedenfrost temperature) the heat
transfer coefficient at the top of the heated section is still 75 BTU/

hr £ft?°F. Assuming a mass flow rate of 2.25 x 1073

lbm/sec (from
Figure V-5 for a heat flux of 7.3 x 10° BPU/hr £t?) and an exit
quality of 1.0 (neglecting the effect Gf any liquid present) and using

2°F. Thus the

the Dittus Boelter correlation gives 88 BTU/hr ft
magnitude of the heat transfer coefficient beyond dryout is approximately

what would be expected as a result of convection to steam with a
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quality of 1.0 and a flow rate predicted from the analysis presented
in Section V.A.l.

C. Discugsion of CHF Mechanism

The preceding results indicate that CHF was due to dryout.
However, the CHF of 6.4 x 104 BTU/hr ft2 was significantly higher than
would be predicted from a simple homogeneous flow model. This can be
seen from Figure V-5 which shows that a stable flow condition corre-
sponding to an exit quality of 1.0 is predicted at a heat flux 4.25 x
104 BTU/hr ftz. However, this prediction assumes dryout does not occur
as long as any water is present; since, if it were assumed that some
0of the water is entrained in the steam and does not help to keep the wall
wet, dryout would occur at a lower gqualitv. If it is assumed that
dryout occurs at an outlest quality of 0.5, for example, Figure V-5

4 pru/nr £t2.

The fact that dryout cccurs at 6.4 x 104 BTU/hr ftz, rather than

would predict dryout at 3.5 x 10

4.25:(104 BTU/hr ft2 or below, is probably a r2sult of the pressure
and flow oscillations. As discussed in Section V.A.3, these oscil-
lations appear to maintain an average quality at the top of the heated
section which is lower than predicted from Figure V-5. Moreover,

even at heat fluxes above CHF, these oscillations continue to provide
enough water for periodic rewetting of the tube wall; and the Lieden-
frost temperature is not exceeded until the heat flux is above

4

7.3 x 10% BrU/hr ft2.

5. Transient Tests (Runs #5 and §#6)

a. Step Increase in Heat Flux to Beyond CHF (Run #5)

This test was discussed in Section IV.B.l. The heat flux
was increased from zero to 7.3 x 104 BTU/hr ft2 using a knife switch,
The result is shown in Figure IV-6. This Figure and the visual

observations at the sight flow indicators indicate that the equilibrium
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flow condition (Run #4) was reached within a few seconds. The equili-
brium tube wall'temperature at T6 (upstream of the CHF location) was
reached in 10 seconds. However, the equilibrium tube wall temperature
at the CHF location was not reached until aboﬁt 135 seconds after the
power was turned on. »

This result provides evidence that the flow oscillatibns_corre-
sponding to CHF would develop very quickly in a transient situation.
Moreover, the CHF condition appears to result in the same tube wall
temperatures.regérdless of whether it is approached slowly from lower
heaﬁ fluxes or very rapidly in a single step.

b. Liedenfrost Temperature (Run #6)

This test was discussed in Sgction I1V.B.2. The heat flux
was incregsed to about 8 x 104 BTU/hr ftz énd the temperature was
allowed to increase to about 1547°F. Then the power was decreased to
well below the power'corrésppnding to CHF. The resulting temperature
transieni (Figure 1IV-5) shows a sharp increase in the cooldown rate
once the temperature drops below 900°F. This prqvides additibnal
evidence that thé Liedenfrost temperature is ébout 900°F for the steam-

water system used for these tests.

B. Analysis of LMFBR

1. Flow-Pressure Drop Characteristics of Reactor Loop

In Section V.A.l, an analysis was done to determine the flow-
pressure drop characteristics of‘the water test loop. A similar
analysis can be done for the reactor looﬁ shown in Figure I1~-1la.
Therefore steady state solutions fér-Equation (v-2) for the reacﬁor
loop can be obtained as described in Section V.A.l, providing the
numerical values used for fixed parameters involving’geoméfry and fluid

properties are'those_appropriate to the reactor loop. The results of
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such an analysis are shown in Figures V-10, Vv-11, and V-12,
The numerical values of fixed parameters involving geometry and
fluid properties were those listed for the FTR in Tables II-1A and

II-1B. These values were the following:

= 46.4 1bm/ft3

Pge

o] .

35 = 1865
g

= 0.0055

£
D = 0.128 in.
A 2

= 0.0154 in.

L., = 131 in.

1
LH = 36 1n.
L2 = 48 in.
] N
L2 —.57 in.

The values df D, A, and L; were obtéined frbmldata and information
taken from Reference (8). D and A are, respectively, the equivalent
diameter and flow area for an average'subchannel of the reactor and
were obtained frdm Appendix i of Reference (9). L; was obtained from'
information 1n Table 3.4 of Reference (9) whi‘ch "ir_idicates th.at,. for an
average assembly (Zone l);ithe ratio of the{rated"single nhase flow
pressure drop across tﬁe iﬁlet nozzie and orificé‘biocklﬁo the
pressure dfo? aCfosé fhe'cbfe regidﬁ of the buhdlé is'60.6/l§;7 c;,

3.63. Thus:

ﬁi = 3.63(36) = 131 in.
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Figure V-12

Steady State Flow Conditions for LMFBR (FTR)
Determined from Figures V-10 and V-1l
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Similarly, the ratio of the single phase pressure drop across the part

of the bundle associated with the fission gas plenum and the exit hard-

26.4

167 or 1.58. Thus

ware to the pressure drop across the core region is

L2 = 1.58 x 36 = 57 in.

as listed above.

2. Subcooled Boiling

. In the LMFBR, under LOPI accident conditions subcooled boiling
would probably not occur. This is because of the fact that, in sodium
cooled systems such as the LMFBR, a substantial amount of bulk liquid
superheat is needed before vapur generation can take place (10). The
superheat required for boiling in sodium may range as high as 500°F;
but it is expected to be on the order of 30-50°F in a reactor
environment (l1).

3. Bulk Boiling

For the reason given above, boiling during a LOPI accident would
probably be bulk boi;ing. Therefore, a flow condition would probably
develop which is éssentially the same as described in Section V.A.3
for the water tests. Specifically, vapor generated in the core region
would probably be generated faster than it could be forced through
the top of the fuel assembly to the upper plenum. Thus a vapor bubble
would expand aownward through the fuel assembly and into the region
below the core. However, upon contacting the subcooled liquid trying
to enter from ti» lower plenum, this bubble would condense and collapse,
allowing liquid to reent2r the core. An oscillatory flow condition
would thus develop in which a vapor bubble alternately grows and
collapses and liquid periodically enters the core in slugs.

Once the reactor coolant pumps coast down to an extent such that

flow through core is driven only by the buoyancy force caused by the
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density difference between the hot assembly and the colder assemblies
on the periphery of the core, a natural circulatiocn loop such as shown
schematically in Figure IV-la would be established. The flow condition
would then depend on the heat flux; and the oscillations described
above would probably result in an average mass flow rate somewhere
between the high and low quality stable flow rates predicted by

Figure V-12. The reasoning behind this assertion is the same as given
in Section V.A.3 for the water tests.

4. Onset of CHP

As described in Section II, the water test loop was designed
so that its flow rate-pressure drop characteristics would be similar
to the LMFBR (FTR) under both steady state and transient flow condi-
tions. Thus, if Q/hfg is the same for the two systems, the mass flow
rate (due to natural circulation) and exit quality should be about the
same. Also, the rate of change of mass flow rate and quality under
oscillatory conditions should be about the same. Therefore, for
natural circulation boiling conditions, CHF should occur at about

the same value of Q/h for the two systems.

fg
But, as can be seen from Tables II-1A and II-1B,.all of the
geometry and fluid property parameters of the LMFBR were not matched
exactly. Therefore an estimate of the CHF condition for the LMFBR
can be made more accurately by using Figures V-5 and V-12, rather
than by just using the value of Q/hfg corresponding to CHF in the
water tests. Figure V-5 shows that lowest heat flux which gives a
stable flow condition corresponding to an exit quality of 1.0 is-4.25'x
104 BTU/hr ftz. The corresponding heat flux for the LMFBR is 4.0 x'104.
BTU/hr ftz. Using the ratio of these two heat flux values as a scale
factor and multiplying by the CHF of 6.4 x,lO4 BTU/hr ft2 observed in,
the water tests then gives 6 x 104 BTU/hr ft2 as the predicted CHF

for the LMFBR.
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If it is assumed (as discussed in Section II.A) that the CHF
mechanism in the LMFBR under LOPI accident conditions is dryout and
that non-uniform heat flux effects would not be of major importance,
the average fuel assembly power per subchannel corresponding to CHF
would be of more interest than the heat flux. The average subchannel
power for a LMFBR (FTR) fuel assembly with an average heat flux equal
to the CHF is given by the following equation:

(CHF)(ﬂdLH)(N)

Qcritical = 3413 . (V-9)

where

d is the outside diameter of
the fuel rod cladding

N is the number of fuel rods
per assembly

Thus (using data and information from Reference [9]):

| 4
_ (6 x10%) (n) (.23) (36) (217) _ \
Qeritical = (143) (3413) = 690 kw
or v
Q = L690) __ _ 3 06 kw/ft

critical =~ (217) (3)
For comparison with this result, the average linear power for the
LMFBR (FTR) hot assembly during normal operation (initial condition for
the LOPI accident), according to Reference (9), would be approximately:
(7.2)11.4) = 10.2 kw/ft
or, if it is assumed that‘the heat flux at the time boiling starts
during a LOPI accident is 25 to 50 percent of its initial value (as
indicated by'the calculations described in Section I.A), the equivalent
linear power at that time would be:

(.25 to .5) (10.2) = 2,55to0 5.1 kw/ft
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On the basis of this comparison, the results of the water tests

indicate that CHF would occur in the LMFBR (FTR) hct assembly

at the time boiling begins during a LOPI accident, if the only flow

is due to natural circulation. But,it should be recognized that the

water test results and therefore this conclusion are probably

conservative (pessimistic) for the following reasons:

1)

2)

3)

4)

The results of the water tests indicate that when CHF occurs
there is still a substantial amount of entrained liquid
present at the CHF location. But the fact that this amount
of liquid could no longer keep the heated surface wet at
the CHF location in the water tests does not mean it would
not do so in the reactor under similar conditions. This is
because the surface tension for water is substantially less
than for sodium. Therefore, in the reactor, the amount of
entrainment should be less; and the critical quality (and
CHF) would be higher than indicated by the tests.

The fact that the flow is oscillating when CHF occurs
indicates that the film flow rate at the CHF location could
be very small for short periods of time. Under such
conditions, the CHF would depend on the conductivity of the
liquid. Specifically, it would be expected that for simi-
lar time periods between arrival of slugs of liquid from
the lower plenum, the heat flux required to disrupt the
film would be less for a liquid of lower conductivity.
Therefore, since sodium has a substantially higher conduc-
tivity than water, a higher CHF would be expected, other
conditions being the same.

Calculational results discussed in Section II.A indicate
that the pump induced flow through the reactor core at the
time boiling is initiated would be 20 to 30 percent of the
flow during normal operation. Therefore, even accounting
for the fact that the increased pressure drop in the hot
assembly would tend to divert flow, it is likely that the
flow would be significantly above that due to natural
circulation. This additional flow would also help to
increas¢ the CHF above that indicated by the tests.

It has been suggested (2) that, because of fission gas
pressure, the fuel rod clad would swell as it gets hot
during a LOPI transient. If this is the case the gap
conductance would decrease and the rate stored heat is
transferred from the fuel would decrease. This would
result in a lower reactor heat flux at the time boiling
begins than assumed in the above comparison.
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5. Beyond CHF
The results of the water tests indicated that, until the heat

flux was increased significantly above the CHF (7.3 x 104 BTU/hxr ft2
compared to CHF of 6.4 x 104 BTU/hr ft2) periodic rewetting kept
thevmaiimum tube wall temperature below the Liedenfrost temperature.
Similar effects could occur in the ILMFBR. In-addition, because of
the lower surface tension (better wetting characferistics) and
higher thermal conductivity of sodium as comﬁared.to water, post
CHF heat transfer in the LMFBR could be even better than observed in
the water tests. Also, as the clad temperature rises during a
temperature excursion, the gap conductance effect could become even
more important. On the other hand, if the CHF does occur at higher
quality for the reasons given above, there may not be much liquid
available for rewetting beyond CHF. Also, since the saturation
temperature for sodium is 1670°F compared to 212°F for water, the
initial temperature for the periodic temperature excursions would
be higher in the LMFBR. And, the difference between the dimensions
of the electrically heated tube and the fuel clad combined with the
higher CHF would result in a dT/dt for the reactor about 6 times that
observed in the tests. Thus the amount of time available for
rewetting before the Liedenfrost temperature is exceeded (or melting
occurs) would be very short. The overall conclusion to be drawn
from these positive and negative factors is that post-CHF heat
transfer in the LMFBR could be better or worse”than observed in the
water tests. More prototypical tests with sodium would be needed

to determine which it is.
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VI. CONCLUSIONS AND RECOMMENDATIONS =

A. Conclusions
As stated in Section I.B, it was expecfed that data‘and informa-

tion obtained from the tests described in this report would help to
answer several questions concerning the nature and effect of
natural circulation flow oscillations on post-voiding heat transfer
under conditions similar to those predicted to exist during an

LMFBR LOPI accident. Therefore, it is appropriate to conclude this
report by summarizing some of the principal results and conclusions

from these tests within a framework provided by these questions.

What types of oscillations occur? What appears to be the

cause of these oscillations? How do they affect post-

voiding, pre-CHF heat transfer?

For subcooled flow boiling, both pressure oscillations and
oscillations of the heated surface temperature were observed; but the
pressure oscillations were not observed continuously (Sections IV.A.1l
and IV.A.2). At a heat flux of about 1 x 104 BTU/hr ft2 (corresponding
approximately to the onset of subcooled boiling) the time interval
between appearance of the pressure oscillations was about 45 seconds;
but as the heat flux/flow condition approached bulk boiling, this

4 BTU/hr ftz the

time interval decreased. At a heat flux of 1 x 10
period of the pressure oscillations was less than 1 second; but as

the heat flux/flow condition approached bulk boiling, the period
increased. The period of the temperature oscillations was approxi-
mately the same as the time interval between appearance of the pressure

oscillations.
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The pressure oscillgtions were probably due to vapor bubble
formation and collapse associated with the subcooled boiling process.
The periodic appearance of the pressure oscillations at the onset of
subcooled boiling was probably due to a periodic change in the heat
transfer prbgess at the top of the heated section from single phase
convection to nucleate boiling (Section V.A.2.b). Calculations
indicate that this change would result in an increased flow (Section
V.A.l). After a few seconds this increased flow, combined with the
improved heat transfer would cause a decrease in the heated sﬁrface
temperature. Then, once the surface temperature decreased below that
needed to maintain nucleate boiling, boiling would stop and the
heat transfer mechanism would revert back to single phase convection.
Also, the flow would decrease. This change then results in a gradual
increase in heated surface temperature back to the temperature
required for onset of nucleate boiling and the cycle would repeat.

As the heat flux/flow condition approaches bulk boiling the time
period required for this cycle of events would decrease, as was
observed. _
For bulk boiling conditions, at a heat flux of 3.83 x 104 BTU/

hr ftz, pressure oscillations were observed continuously. However,

the heated surface temperatures were relatively steady (Section IV.A.3).
The period of the pressure oscillations was 1 -2 seconds.

The pressure oscillations observed for bulk boiling wefe similar
to those observed for subcooled boiling and probably also relate to
vapor (bubble)formation~and collapse (Section V.A.3c). Calculations
indicate that,'for a given heat flux in the bulk boiling range, there
are two stable flow conditions (Section V.A.l). One of these is a

high flow, low quality condition and the other is a low flow, high

quality condition. But, the high flow low quality condition tends to
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be unstable; since, only a relatively small,:momentary decrease in
flow would create an unstable situation resulting in a further decrease
in flow. As a result, the rate of vapor generatiOn would increase
and the quality would increase. However, observations indicate that
a condition quickly develops where the rate of vapor generation is
greater'than the rate at which it can flow out the top of thé heated
section. Thus the pressure builds up and the excess vapor pushes
downward through the heated section. At the same time; the iiquid
flow into the test section decreases and the void ffaction within
the test section increases. Eventually, enough of the testvsection
is voided so that the steam being genérated can flow out the top of
the heated section as fast as it is béing generéted; Hd&éver,'this
flow condition is not in thermal equilibrium in the upstream‘half of
the test section due to the presence of a‘substantiai amount of
subcooled water. As a result the steam 'in this part of the test
section begins to condense and the water flow into the tést’Section
increases, causing still further condensation ahd a retuin toward
the original high flow, lower void fraction condition from which the
transient initially started. Then, since this flow‘conditionytends
to be unstable the sequence begins again. -
Under what conditions does CHF occur? What is the mechanism?
What is the role of the observed oscillations? How is rewetting
and post-CHF heat transfer related to the oscillations? How
does the power corresponding to CHF compare to the power it takes
to completely vaporize a steady homogeneous. flow driven by the.
hydrostatic pressure difference between the inlet and outlet of
the test section (or the appropriate length)?
As the CHF condition was approached the average water temperatures
entering‘the heated section increased to a temperature well above the

liquid temperature in the lower plenum. This was due to the observed

periodié downward expansion of vapor from the heated section into the
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inlet section, and the resulting condensation and mixing (Section
IV.A.4). Thus the avérage quality of the vapor-liquid mixture

leaving the top of the heated‘section also increased. The flow regime
appeared to be annular and the film flow rate at the top of the heated
section washprobably oscillating with time as a result of the pressure
and flow oscillations. |

CHF was observed at a heat flux of 6.4 x 104

BTU/hr £t2. It
occurred at the top of the heated section; and the mechanism was
probably due to drfout of the liquid film during a pressure oscillation
when vapor was expanding downward through the test section. However,
rewetting occurred after a few seconds, apparently because 6f reentry
of a slug of liquid into the test section as the vapor bubble
collapsed at the other end of a pressure oscillation. Then CHF
occurred again and the cycle repeated. As the heat flux was increaseé
the maximum surface temperature during each oscillation increased;

until, at a heat flux of 7.15 x 10%

BTU/hr ftz, the maximum temperature
exceeded 300°F and-could no longer be rewetted. |

Calculation:based on a homogeneous, steady flow model indicated
that the heat flux‘required to completely vaporize a flow driven only
by the hydrostatic pressure difference between the inlet and outlet

4 Bru/hr ££2 (Section V.A.1). The

4

of the test section is 4.25x10
test results as stated above, indicate that the CHF is 6.4 x 10
BETU/hr ftz. Moreover, even at this heat flux, liquid was observed
in the flow stream downstream of the CHF location (Section IV.A.4).
Thus the oscillating flow condition observed in the tests is able to
maintain the exit quality below the CHF quality at a substantially

higher‘heét flux than predicted from a homogeneous, steady. flow

mcdel.
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To what extent are the answers to the previous questions

applicable tc the LMFBR during the first few seconds of a

LOPI accident?

In the LMFBR, subcooled boiling would probably not occur.

This is because of the fact that, in sodium cooled syssems such as
the‘LMFBR, a substantial amount of bulk ligquid superheat is néeded
before vapor géneration can take place (10). The superheaﬁ required
for boiling in sodium may range as high as 500°F; but it is expected
to be on the order of 30 - 50°F.in a reactor environment (ll). There-
fore, the first bpiling during a LOPI accident would probably be

bulk boiling; and a flow conditiop would probably develop similar to
that observed in the water tests. Specifically, vapor generated in
the core region would probably be Qenerated faster than it could be
forced through the top of the fuel assembly to the upper plenum.

Thus a vapor bubble would expand downward through the fuel assembly
and into the region below the core. However, upon contacting the
subcooled 1iqgid trying to enter from the'lowei plénum;’this bubble
would condense and collapse, allowing liquid to reenter the core. An
oscillatory flo& condition would thus develop in which a.vapor bubble
alternately grows snd~collapses and liquid periodically enters the
core iﬁ slugs.

Once the reactor coolant pumps coast down to an extent such that
flow through core is driven only by the buoyancy force caused by the
density difference between the hot assembly and the colder assemblies
on the periphery of the core, a natural circulation‘loop_such as shown
schematically in Figure IV-la would be established. The flow condi-
tion would then depend on the heat flux.

The Water‘test loop was designed (Section II) so that its flow

rate-pressure drop characteristics would be similar to the LMFBR (FTR)
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under both steady state and transient flow conditions. Thus, if
Q/hfg is the same for the two systems, the mass flow rate (due to
natural circulation) and exit quality should be about the same. Also,
the rate of change of mass flow rate and quality under oscillatory
conditions should be about the same. Therefore, for natural circula-
tion boiling conditions, CHF should occur at about the same value of
Q/hfg for the two systems. |
But; as can be seen from Tables II-1A and II-1B, all of the
geometry and flui&‘property parameters of the LMFBR were not matched
exactly. Therefore, analysis results based on a homogeneous flow
model (Sections v.A.1 and V.B.l) were used to obtain a scale factor

(Section V.B.4). Multiplying this factor times the CHF of 6.4 x 104

4 2

BTU/hr ft2 observed in the water tests then gives 6 x 10" BTU/hr ft
as the predicted CHF for the LMFBR.

If it is assumed (as discussed in Section II.A) that the CHF
mechaniém in the LMFBR under LOPI accident conditions is dryout and
that non-uniform heat flux effects would not be of major importance,
the average linear power i fhe hot fuel assembly corresponding to the
CHF would be of more interest than the heat flux. This critical.linear
power is 1.06 kw/ft, which compares to an estimated 2.55 to 5.1 kw/ft
being‘transferred_to the coolant at the time boiling begins (Section |
V.B.4).

On the basis of this comparison, the results of the water tests
indicate that CHF would occur in the LMFBR (FTR) hot assembly-
at the time boiling begins during a LOPI accident, if the only flow is
due to natural circulation.. But, it should be recognized that the

water‘tést results and therefore this conclusion areprobably conser-

vative for the following reasons.

2
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1) The results of the water tests indicate that when CHF
occurs there is still a substantial amount of entrained
liquid present at the CHF location. But the fact that
this amount of liquid could no longer keep the heated
surface wet at the CHF location in the water tests does
not mean it would not do so in the reactor under similar
conditions. This is because the surface tension for water
is substantially less than for sodium. Therefore, in the
reactor, the amount of entrainment should be less; and the
critical quality (and CHF) would be higher than indicated
by the tests. e

2) The fact that the flow is oscillating when CHF occurs
indicates that the film flow rate at the CHF location could
be very small for short periods of time. Under such
conditions, the CHF would depend on the conductivity of the
liquid. Specifically, it would be expected that for
similar time periods between arrival of slugs of liquid
from the lower plenum, the heat flux required to disrupt
the £ilm would be less for a liquid of lower conductivity.
Thexefore, since sodium has a substantially higher conduc-
tivity than water, a higher CHF would be expected, other
conditions being the same.

3) Calculational results discussed in Section II.A indicate
that the pump induced flow through the reactor core at the
time hoiling is initiated would be 20 to 30 pvercent of the
flow during normal operation. Therefore, even accounting
for the fact that the increased pressure drop in the hot
assembly would tend to divert flow, it is likely that the
flow would be significantly above that due to natural
circulation. This additional flow would also help to
increase the CHF above that indicated by the tests.

4) It has been suggested (2) that, because of fission gas
pressure, the fuel rod clad would swell as it gets hot during
a LOPI transient. If this is the case the gap conductance
would decrease and the rate stored heat is transferred from
the fuel would decrease. This would result in a lower
reactor heat flux at the time boiling begins than assumed
in the above comparison.

The results of the water tests indicated that, until the heat

flux was increased significantly above the CHFﬂ(?.lS:x‘104KBTU/hr ft2

compared to CHF of 6.4 x 104

BTU/hr £t2) periodic rewetting kept the
maximum tube wall temperature below the Liedenfrost;tempéfature.
Similar effects could occur in the LMEBR. In addition, bécause of the
lower surface tension (bettér wetting‘characteriStics) and higher

thermal conductivity of sodium as compared to water} post-CHF heat

transfer in the LMFBR could be even better than observed in the water
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tests. Also as the clad temperature rises during a temperature
excursion the gap conductance effect could become even more important.
On the other hand, if the CHF does occur at higher quality for the
reasons given above, there may not be much liquid available for
rewetting beyond CHF. Also, since the saturation temperature for
sodivm is 1670°F compared to 212°F for water, the initial temperature
for the periodic temperature excursions would he higher in the ILMFBR.
And, the difference between the dimensions of the electrically heated
tube and the fuel clad combined with the higher CHF would result in

a dT/dt for the reactor about 6 times that observed in the tests.

Thus the amount of time available for rewetting before the Liedenfrost
temperature is exceeded (or melting occurs) would be very short. The
overall conclusioﬁ-to ¢ drawn from these positive and negative
factors is that post-CHF heat transfer in the LMFBR could be better or
worse than observed in the water tests. More prototypical tests with

sodium would be needed to determine which it is.

B. Recommendations

Recommendations for further work based on the results of the
tests and analyses described in this report are the following:

1) Experimental and analytical work should continue using the
low-pressure water loop used for the tests described in
this report. Additional experiments should focus on pre-
CHF conditions. More detailed measurements should be made
relating to pressure oscillations near CHF. In addition,
flow measurements should be made in order to verify some
of the conclusions arrived at in this study. Further
experiments might also include modifications of test
section geometry to allow better visualization of flow
conditions near the CHF location. A transient experiment
might also be run to simulate the LOPI flow transient and
the effect of pump induced flow remaining at the time
boiling starts. Analytical work should include development
of a more detailed model of the oscillating flow conditions
leading to CHF. This model should include transient effects,
slip flow and non-equilibrium effects.
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Similar tests should be run with sodium., Initially, it is
suggested that such tests be done using a simpie loop
geometry similar to the water test loop. Measurements
should be the same as in the water tests, except that
measurement of test saction flow should also be included.
Also, the focus should be on heat flux conditions near CHF.
Both steady state and transient tests (of the type included
in the water tests) should be done. The results should be
compared with the water tests and the analysis in Section
V.B of this report {(or some improvement on this analysis).
Once the tests with the simple geometry are completed, more
prototypical tests should be conducted using rod bundle
geometry.
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NOMENCLATURE -

Czoss sectional flow area of tube or average reactor
fuel assembly subcahnnel, ft2,

Specific heat of saturated liquid, BTU/lbm°P.
Specific heat of stainless steel, BTU/lbh°F.
Critical heat flux, BTU/hr ftz.

Diameter of tube or equivalent diameter of average
reactor fuel assembly subchannel, ft.

Outside diameter of reactor fuel rod clad, ft.

Quantity ia Equation V-7 defined as fraction of one
cycle of temperature oscillation for which flow is
single phase, dimensionless.

Quantity in Equation V-7 defined as fraction of one
cycle of temperature oscillation for subcooled boiling
occurs, dimensionless.

Fanning friction factor, dimensionless.
Gravitational acceleration, 32.2 ft/secz.
Dimensional constant, 32.2 lbmft/lbfsecz.

Enthalpy of liquid or liquid-vapor mixture, BTU/lbm.
Enthalpy of vaporization, BTU/lb .

Heat transfer coefflyleat corresponding to average test
section flow, BTU/hr ft“°F,.

Heat transfer coefficient at top of test section heated
length, as calculated from Equation (III- 6), BTU/hr ft2
°F.

Mechanical equivalent of heat, 778 ft 1bf/BTU.

Friction coefficient associated with flow area contraction
at test section inlet, dimensionless.

Friction coefficient associated with flow area expansion
at test section outlet, dimensionless.

Thermal conductivity of saturated liquid, BTU/hr ft°F.

Thermal conductivity of stainless steel, BTU/hr ft°F.



L Total length of vertical tube test section or reactor
fuel assembly, ft.

LJ Length of unheated inlet section of the test section or
’ reactor fuel assembly, ft.

]

Ll Equivalent length of the unheated inlet section of the
test section or reactor fuel assembly, including the
effect of the inlet contraction and orifice, ft.

Ll¢ Length of the single phase region within the test
section or reactor fuel assembly, ft.

]
L Equivalent length of the single phase region of the test

1¢ section or reactor fuel assembly, including the gffect
of the inlet contraction and orifice, ft.

L Length of the heated section of the test section or
reactor fuel assembly, ft.

L, Length of the unheated outlet section of the test section

or reactor fuel assembly, ft.
.

L2 Equivalent length of the unheated outlet section of the
test section or reactor fuel assembly, including the
effect of the outlet expansion, ft.

L2¢ Length of the two-phase region of the test section or
reactor fuel assembly, ft.

ﬂz Equivalent length of the two-phase region of the test

¢ section or reactor fuel assembly, ft.

Lg Boiling length within the test section or reactor fuel
assembly, as defined by Equation (II-14), ft.

N Number of fuel rods per reactor fuel assembly,
dimensionless.

p Static pressure, psia.

AP Pressure drop, lb/ftz.

P,/ P, and P; Pressures at various locations in the test loop (see
) Figure II-9), psig. oo

Pr Prandtl number of saturated liquid, p.C./k., dimension-
£ less _ £ £ °F
Q Power of test section or average reactor fuel assembly

subchannel, BTU/hr or kw.

Power of test section or‘average reactor fuel assembly
corresponding to CHF, BTU/hr or kw.

chitical
L} . *

Q ... Linear power of average reactor subchannel corresponding
critical to CHF, kw/ft.
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Ref

Tl through
T
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T

2
o

To

Ts

Tsat

ATsat

(ATsat)ONB

Average heat flux to test sectionzor reactor fuel
assembly heated length, BTU/hr £t°,

Heat flux at a specific distance, z, from the inlet of
the test section or reactor fuel assembly, BTU/hr ft2.

Heat flux required for onset of nucleate boiling at
(8T .+)onyg 3CCording to Equation (V-4), BTU/hr fr2

Average two-phase friction multiplier along the two-
phase length of the test section or reactor fuel
assembly, defined in relation to Equation (II-8),
dimensionless.

Inside radius of vertical tube test section, ft.
Outside radius of vertical tube test section, ft.
Reynolds number, 4W/nDuf, dimensionless.

Temperatures at various locations in the test loop (see
Figure 1I-9), °F.

Temperature of the inside surface of the vertical tube
test section, °F.

Temperature of the outside surface of the vertical tube
test section, °PF.

Average temperature of stainless steel tube wall or
fuel rod clad, °F.

Liquid saturation temperature, °F,.

Difference between temperature of heated surface and
liquid saturation temperature, °F,

ATg,.¢ required for the onset of nucleate boiling at
qSNB according to Equation (V-~4), °F.

Internal energy of liquid or liquid-vapor mixture,
BTU/lbm.

Velocity of single phase liquid, ft/sec.
Velocity of liquid-vapor mixture in homogeneous flow,
as defined in relation to Equations (II-1l), (II-2) and
Specific volume of saturated liquid, ft3/lbm.
Specific volume of saturated vapor, ft3/1bm.

3
vg Ver ft /lb .

Specific volume of liquid-vapor mixture in homogeneous
flow, lbm/ft .

Difference,



]

X

xout

Greek Letters

6

Mass flow rate cf liquid or liquid-vapor mixture,
lbm/hr.

Average mass flow rate of liquid or liquid-vapor mixture,
1b_/hr.
m

Flowing or thermodynamic equilibrium quality, dimension-
less.

Quality of liquid in lower plenum cf test loop or

reactor, Cfizﬁggzgll, dimensionless.
g

Quality of liquid-vapor mixture leaving heated section
of test section or reactor fuel assembly, dimensionless.

Quality of liquid in upper plenum of test loop or

T - . .

reactor, cfl_sgt_EZL, dimensionless.
fg

Distance from inlet of test section or reactor fuel

assembly, ft.

Thickness of test section tube wall or reactor cladding,
ft.

Viscosity of saturated liquid, lbm/ft hr.
Constant, 3.14.

Density of saturated liquid, lbm/ft3.
Density of saturated vapor, lbm/ft3.
Density of subcooled liquid, lb /ft>.

Densitg of liquid-vapor mixture in hdmogeneous flow,“‘
lbm/ft . '

Average density of liquid-vapor mixture along the two-
phase length of the test section or reactor fuel
assembly, defined in relation to Equation (II-8),
dimensionless. : '

Density of stainless steel, 1bm/ft3.
Liquid surface tension, lbf/ft.
Wall shear stress, lbf/ftz.

Dimensionless quantity, x

, defined in relation to
Equation (V-2).
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