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LEGAL NOTICE

. This report was prepared as an account of Govermment sponsored
work. Neither the United States, nor the Commission, nor any person
acting on behalf of the Commission:

A, Mekes any warranty or representation, expressed or

: implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
‘report, or that the use of any information, apparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, .
or for damages resulting from the use of any '
information, apparatus, method, or process disclosed
in this report.

As used in the above, "person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor .of
the Commission, or employee of such contractor prepares, disseminates,
or provides access to, any information pursuant to his employment or
contract with the Commission, or his employment with such contractor.
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Distribution of this report has been made, in accordance with AEC
instructions to a list of addressees given under Category UC-BO :
(Reactors - General) of TID-4500 (1kth Edition, October 1, 1958);
plus additional addresses listed in the "Supplementary Distribution
List for Reactor Safety Reports" given in a document with this title
furnished by the U.S. AEC Reactor Safety Branch, Division of Reactor
Development (July, 1958).
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I. ABSTRACT

An gvaluation of the power and temperature versus time histories
of three typical water-éooled and moderated reactors during & nuclear
excursion has been made by applying & previously reported method of
analysis. These reactors are characterized by one of the following
types of fuel elements: ﬁ-Al alloy, highly enriched, aluminum
Jacketted, flat plate; U-Zr alloy, highly enriched, zirconium clad,
flat plate; and UO,, slightly enriched, zirconium clad rods. The
VAlidity of the method of analysis was evaluated by comparinh ﬁhe‘“
results with experimental data derived from the BORAX I and éPERTZI
tests. The effects of varying some of the input data, such ‘as heéi
transfer coefficients, and of considering various nuclear shutdown

mechanisms were also obtained.

For reactors with flat plate highly enriched'fuel,_thigweyalua-
tion has indicated that the chemical energy available from tﬁe reaction
of all of the‘material with water, is several times the amount qugnergy
required to melt the fuel. A reactor period has been found, above which
~gqumelt1ng of metal will occur in the fuel elements. For incidents more
severe than these threshhold cases which barely produce molten metal
(i.e. incidents with shorter reactor periods), it has been shown, for
this type of fuel, that only ; very narrow range of periods 1s ﬁoaéible
between zero and 100 percent melting. For these high enrichment fiels,
the principal mechanism for the shutdown of the nuclear transient is

the formation of steam at the surface of the fuel elements. ' This in
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effect reduces the hydrogen density of the system so thaf the reactor
loses reactivity through under-moderation. Gas formation due to
radiolysis of water, and other effects, contribute only slightly to

the transient termination mechanism.

The results of the analysis for the Zr clad, urenium oxidé; low
eniichment, rod type fuel indicate that during the nuclear ;nc;dent,
tpg oxide temperature increases rapidly while the clad tempefaturé is
élgw to respond. The thermal properties of the fuel elements agd.the
nuclear properties of the core are such'that'neither the oxide nor the
cladding attains the melting temperature of zirconium for the accidents
considered. For this fuel with a low 0235 content, the transient shut-
down mechanism arises largely from the Doppler broadening and iﬁCréase
of  the absorption groés-section of the 0238 present, as the témpérature
is'raised. As a result of this, the parasitic loss of neutrons to the

‘non-fissionable uranium in the fuel increases to such an extent that
ﬁltimately the reactor mishap is quenched because of a deficiency of A
neutrons to sustain the reaction. The steam void formation;'which‘is

thé mein process by which shutdown occurs for the enriched fuel systems

described above, is of relatively minor importance for this case.

P

 The objective of the Metal-Water study is to combine this and
other analytical work with chemical kinetics data to determine the
extent and rate of metal-water reaction initiated by a nuclear incident,
gg@,to apply the results to the evaluation of the safety hazard regulting

from such a metal-water reaction.



'II. INTRODUCTION

- Since nuclear fuels are fabricated from chemically reactive
meterials such as aluminum, zirconium, and uranium, it is possible
t0 release large amounts of energy in the reaction

Metal + Water = Metal Oxide 4 Hydrogen Gas 4 Heat .

This chemical reaction is unique in that it appears to be the only
primary process, other than the nuclear reaction itself, which can
add energy to the reactor system during a severe: nuclear excursion.

) Extensive laboratory studies at meny different sites have
indicated that rapid and dangerous metal-water reactions of this

type cannot be expected to occur unless the metal is at an elevated
temperature and finely dispersed. These conditions appear to re-
quire that the metal be molten. There are two basic mechanisms that
can conceivably lead to this situation in a water cooled and moderated -
reactor: a severe nuclear incident and a loss of coolant accident.

__ The following evaluation of nuclear excursions in light water
cooled reactors is part of the work performed to investigate the
magnitude and rate of metal-water reactions under severe reactor
incident conditions. For the three reactors described in Table 1,
this report presents data on the relationship between power, temper-
ature and time as a function of initial reactor period. The reactors
are characterized by one of the following types of fuel elements:
(1) uU-Al alloy, highly enriched, aluminum jacketted, flat plate;

(2) U-Zr alloy, highly enriched, zirconium clad, flat plate; and

(3) U0, slightly enriched zirconium clad rods. Hereafter, reactor
cores containing these fuel elements may be referred to as the Al,
Zr, or UUo reactors. This evaluation was limited to short reactor
periods,from low power and temperature conditions, that potentially
could result in rapid metal-water reactions.



III. METHOD OF SOLUTION - COMPUTER SETUP

The basic method of solution is outlined in Reference A, in which
an analog computer model is developed for an Alallpy fueled reactor. This.
method was modified (See Appendix) to include different shutdown mechan-
isms to accommodate the reactor fueled with UOp and to allow faster
transients to be studied.

The effect of radiolytic gas formation was omitted in these new
calculations. In Reference A, it is shown that the importance of water
decomposition on the reactor transient parameters is not great; and, in
fact, the omission of this process from the calculated model gives sig-
nificant improvement in the results, as can be determined by comparison
with the BORAX I experimental data. As temperature distributions within
the fuel are highly desirable, the model in Reference A was expanded to
prov1de this information.

The calculated periods were obtained by introducing a step increase
of reactivity. While this is a somewhat over-simplified type of
accident, it is believed to be realistic for this study where the ex-
cursion is begun at source level and the required period is so short.
For this condition, the amount of reactivity that must be compensated

_is almost exactly that which would be required if the insertion had been
linear with time, provided the ramp is terminated a few decades below
the point where shutdown mechanisms become important. Therefore, the
eXéursion will be practically identicael whether a step in reactivity or
a ramp, that terminates before one percent peak power is reached, is
used.,



IV. RESULTS

Figure 1 indicates a comparison between the predicted behavior and
actual Borax transients. It will be noted that the total energy released
in the excursion compares favorably with that calculgted by the technique
developed. The deviation (approximately 10% at 5 ms) at very short
periods could be due to actual shutdown mechanisms not included in the
analysis such as mechanical deformation of the core. It might also arise
from experimental uncertainty since very few data points are available
for periods shorter than 10 ms. In any case, the agreement is considered
adequate for the purpose of this evaluation.

Examples of the transient temperature and power data obtained are
presented on Figure 2 for the U0, fueled reactor and on Figure 4 for
the highly enriched plate type fueled reactors. It should be noted
that each set of data is for a different initial period. ‘ v

Figures 3 and 4 illustrate a power excursion for the three reactors
studied. The systems have such dissimilar characteristics that direct
comparison is difficult. In general, however, the Al and Zr highly
enrlched flat plate fuels respond- as would be expected qualitatively.
The poorer thermal diffusivity of Zr allows less heat to enter the
water, and consequently, the Zr reactor experiences larger power ex-
cursions due to the greater length of time to shut down. Comparison
of the curves obtained by this computational technique with experimental
data (that is, the BORAX and SPERT results) shows that while the total
energy is given rather accurately by the model, the shape of the power
-versus time curves is in somewhat poorer agreement. The experimental
curves do not show the fairly slow falling off past the power peak :
illustrated by the Al curve in Figure 3; rather they tend to be nearly
symmetrical about the peak, like the curve labelled UO2 in this figure.
Thus, there is a shortcoming in the analysis, which is believed to arise
because the model assumes a unique dependence of steam void on fuel
temperature. This is reasonably correct for short times - until the
power peak, for example; however, for longer times it is incorrect since
water inertia is no longer overriding and the steam can continue to
expand. Note that this phenomenon is not observed with the low enriched
oxide fuel since the principal shutdown mechanism in this case is the
Doppler temperature coefficient.

In order to determine the amount of molten metal produced the
important characteristic of the system is the integral of the power-
time curve, that is, the energy associated with the transient. This,
from Figure 1, is given quite accurately by the model used. Figure 5
illustrates the effect of period on (1) the peak fuel temperature
normalized to the melting temperature, and (2) on the percent of molten
metal produced. The Al and Zr plate fuels behave as expected since
the low thermal diffusivity of the Zr system results in higher tempera-
tures for longer period accidents. One result which is somewhat surprising

# The abbreviation "ms" will be used for milliseconds.



is the very narrow range of accidents between initial and complete
melting of the core. It is also interesting to note for the Ulp
core that even at the 4.34 ms period excursion the UO2 and Zr clad
temperatures are below the melting temperature of zirconium. To-
achieve melting of the Zr clad periods of less than about three
milliseconds. would apparently be required. Whether faster periods
than this can ever be achieved for a low enrichment U0, reactor is
a problem for the system designer and safeguard engineer to evaluate
for the specific system under consideration. It seems improbable.

Figure 6 supplements the information given in Figure 5 by showing
the energy released in these excursions. The relatively lower amount
of energy produced in the Al fuel compared to the Zr plate should be
of interest for research and test reactors. The dashed lines show the
total energy released assuming all the metal present to react chem-
ically with the water added to the nuclear excursion energy. This
 assumption is not justified, since the extent of the chemical reaction
will be largely determined by the amount of molten metal available.
The dotted lines for the two high enrichment fuels show the upper
limit of the effect taking this factor into account.  Any real energy
release due to a metal-water reaction must lie in the shaded region
between the solid and the dotted curves.

Figures 7 and 8 give .the temperature distribution as a function .
_of period and time for the Zr flat plate element and the UOp Zr-clad
fuel. These curves have been useful in determining the amount of
molten metal available and in performing stress analyses. on these
fuel elements. The flat plate Zr elément will deform, but pro-
bably not rupture before melting. In the case of the Al fuel, the
high thermal conductivity of the material will result in a nearly.
uniform temperature distribution across the solid. Stress analysis .
of the Zr clad, UOp filled element (Reference B) indicates thét the
yield strength .of the cladding will be exceeded long before the oxide
becomes molten. The exact nature of the fuel distortion or failure
will be discussed in detail in a forthcoming report in this series |
(B). It is expected, however, that the core will be deformed follow-
ing excursions with initial periods of a few milliseconds or less.
Figure 9 indicates the maximum strain in the clad versus the reactor
period, due t& the differential expansion of the‘-oxide and the clad.
These strains are far below the values of 7 to 10% which it is ' be-
lieved irradiated zirconium can stand without rupture (B); but are -
seufficicnt to produce significant mechanlcual deformation.

Figures 10 and 1l provide a study of the importance of various
shutdown mechanism for the low enrichment UOo rod. In Figure 10 the
solid curve indicates the power transient with all important shutdown
mechanisms in effect. The lower dashed curve is the same transient
assuming the fuel to be perfectly insulated thermally. The apparent
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inconsistency of the lower peak power with no heat loss is due to the
importance of the Doppler temperature coefficient. Insulating the fuel
produces somewhat higher temperatures that more than compensate for
the smaller amount of steam void that would have been formed due to
lower conduction. If the rods were larger than the assumed 0.45" 0.D.
(Ssee Table 1), there would be less difference between these two cases.
The upper dashed curve indicates the effect of neglecting the neutron
and gamme heating in the water. It can be seen that this is an
important mechanism, reducing the peak power by more than a factor of
two. The remaining dashed curve illustrates the very important effect
of the Doppler coefficient. This parameter was assumed constant at
1.67 x 10-2 per OF. It is known that the coefficient will be lower
at'elevated temperatures; however, for lack of detailed information
this decrease in the parameter was ignored. Perhaps future studies
should include the variation, although it is not expected to alter the
basic conclusions drawn. In Figure 11 the effect of assuming an
infinite heat transfer coefficient between meat and clad is shown to
be small. This again illustrates strongly the weak influence of the
heat being conducted out of the fuel, and the fact that a slight
reduction in fuel temperature has a greater influence on the Doppler
coefficient, due to the low enrichment, than it has on the steam void
coefficient. ’
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V. CONCLUSIONS

The techniques illustrated above are applicable to any reactor,
and can be used in safeguards evaluation. Even the somewhat general-
ized and diffused examples considered show trends which should be of
considerable usefulness. One of the most striking examples is illus-
trated in Figure 5 where it is noted that, for the flat plate fuels,
the range from the period which (1) produces liquid metal to that
which (2) completely melts the core, is extremely short. For the AJ*
core for example, a period of 4.9 ms does not result in fuel melting,
while at 3.3 ms all the fuel is molten before termination of the
reactor excursion. - The same trend is seen in the Zr fuel, and the
respective periods are 12.2 and 8.6 ms. This deviation in period for
melting is to be expected due to the relatively poorer thermal dif-
fusivity (resulting in slower void formation) in spite of the higher
melting point of Zr. However, the short range of nuclear transient
aecidents in which there is only partial core melting suggests that
it is not reasonable to assume less than total melting for any system
which is considered capable of achieving periods that will produce
any melting at all. :

The low enrichment UO,-Zr clad element has & long thermal relax-
ation time and as a result transfers relatively little heat into the
water during a rapid.transient. This results in oxide temperatures
that are reasonably uniform across the radius, and clad temperatures
that are low compared to the melting point (See Figure 8). Stress
analysis of the element (Reference B) indicates that the yield strength
of the cladding will be exceeded long before it becomes molten. In
such a system, a nuclear transient insufficiently rapid to produce
molten metal (and consequently a metal-water reaction) may still re-
sult in significant core distortion and deformation. It is easy to
conclude, therefore, that large metal-water reactions, for this type
of accident, will not readily occur for low enrichment high melting
point fuel. Other accidents, such as loss of coolant and accidents
while the core is at full power, should be examined for this and
other fuel types before concluding that the metal-water reaction
hazard can be ignored as & safety problem.

One of the few cases on record where a metal-water reaction was reported
to have taken place following a reactor mishap was the NRX meltdown
which occurred at Chalk River on December 12, 1952. In this reactor,
the fuel was low enrichment uranium jacketted with aluminum and mod -
erated with beavy water. Thus, both the NRX reactor and incident are
quite different than the cases considered in this report. A review of
the published date on this mishap indicates that this accident resembles
a loss of coolant incident more than the nuclear transient case examined
in this report.
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- TABLE 1

REACTOR CHARACTERISTICS

Case 1
Fuel Al-U alloy
Clad ‘ ' Al .
Enrichment (% y23%) i 93.5
Weight fraction of U in fuel - % SR ¢
Meet Thickness (Inches) | 0.020
Cled‘Thickhess (Inches) 0.020
Meat Diameter (Inches) -——-
Doppler Cdefficient[bAK/K)(oF-li] : .0
Temperature Coeffi 01ent |
[ (A K/K) (°F-l7 -0.00106
n and XHeatlng of Water [A K/K) (°F~ l/h:]
(corresponding to 3% reactor power)
Neutron Lifetime (Sec) 6.5 x lQ"5
Delayed Neutron Fractlon 0.0075
*Initial Pressure (Psisa) 1.7
*Initial Temperature (OF) 212
Thermal Conductlvity of Fuell 100
(BTU/HruFt °F)
Thermal Conductivity of Clad 106
(BTU/Hr-Ft-OF)
Heat Capacity of Fuel (BTU/Lb-°F) 0.183
Hee,t Capacity of Cled (BTli/Lb--oF)‘ 0.183.
Total Metal in Fuel Region (Lbs) - 84
Total Metal in Clad Region (Lbs) 168 .
Heat Transfer Coefficient, Fuel Surface
to H0, (BTU/Hr-Ft2-F) 1000

Case 2

Zr-U alloy

Zr

93.5

0.020

"0.020

6.5 x 107
0.0075
1h.7

212

10.85

0.08
0.08
216

132

1000

Case 3
U0s. |
Zr-

2.5
88
0:025
0.40

-1.67 x 1077

-0.00106

-0.00106

6 5 x 10
0. 0075
14,7
212

1.15
10.85
0.0T
0.08

57,800
9,900

lOOO

* These initial conditions were arbitrarily selected, but it is believed that the

tran81ent behavior of a nuclear reactor is relatively insensitive to these parameters.
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_APPENDIX

NUMERICAL DATA USED IN THE EXCURSION CALCULATIONS

This appendix summarizes the numerical data that were used in per-
forming the caiculations that are given in the text of the report.
In addition, tﬁe fuel models chosen are described. The details of
the analysis follow thé procedure outlined in Reference A. Basic-
ally, the calculational method involves a definition of the shut-

down mechanisms and a mathematical description of these conditions
for the reactor under cohsideration. These equations were then

solved by means of an analog computer.

The subjects presented are:
1. Nomenclature
2. Shutdown Mechanisms
3. éonstants for the Al-U Alloy Fueled Reactor
4. Constants for the Zr-U Alloy Fueled Reactor

5. Constants for the UOE-Zr Clad Reactor
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Nomenclature

Cp - specific heat

hgap - heat transfer coeff1c1ent from fuel
meat to clad

hy - heat transfer coefficient from fuel
element to water -

AK/K - reactivity

k - thermal conductivity

q -  power

T - temperature above the temperature
at t =0

t - time

Ts - temperature of fuel surface

SIIRN

density

. resonance escape probability

238

U effective resonance integral

-0

BTU/Lb. -°F
BTU/Hr .-Ft2-OF

2O
BTU/Hr.-Ft. -°F
Doilars

BTU/Hr . -Ft-"F

BTU/Hr .

F

‘Seconds

oF'

Lbs./Tn.>

Barns
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2. Shutdown Mechanisms

The §hutdown mechanisms considersd in this study were, for the Al and
Zr alloy highly enriched reactors, the formation of steam due to
conduction from the fuel. Thermal capacities and conductivities used :
are summarized in Table 1 in the report. It was assumed that the
reactivity associated with void formation fol;owed the relation‘

A K/K = 0.1415 (Ts)l/h as developed from Appendix B of Reference A,
The constant is derived from the geometry, thermodynamic state of the
fluid, pressure gradient and surface and saturation conditions. In
studying the U0, rod type fuel, two additional shutdown mechanisms
were éignificant: heating of the water by absorbéd radiation and the |
Doppler temperature coefficient. From the core composition and nuclear
properties, it was calculated that 3% of the power was absorbed directly
in the water producing nearly instantaneous heating. Secondly, since '
‘this fuel is only élightly enriched, there is a significant amount of
U238 present. The 0238 Doppler temperature coefficient of reactivity

may be calculated using the relationship

(1/K)(aK/dT) = El-p)/pj (1/o~)(a0/aT)

The resonaﬁce escape probability p is an exponential function of o~ and
the effeétive slowing-down cross section in the resonance region. 1In
turn;aJ depends on the fuel surface-to-volume ratio aﬁd on the fuel

clumping. A value p = 0.8 was used for calculating tﬁe Doppler'temp-
erature coefficient, based on an O.4 inch diameter U0, fuel rod sdr-
rounded by cold water with a 1.6 to 1 water-to-fuel volume ratio and

no rod interaction.
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Shutdown Mechanisms (Continued)

The term (1/g— )(AG7/dT) 1is the temperature coefficient of the resonance
integral. Its value depends upon.the fuel surface-to—volume ratio and
the femperature, ihe coefficient increasing withilérger surface-to-
voiume ratio and decreasing at higher temperatures. One of the mosf.

recent measurements of the resonance integral of U0, as a function of

2
fuel geometry and of temperature over a wide temperature range, 70 to
183OOF, was made by Blomberg, Hellstrand, and Horner and reported in

a Geneva II Coﬁference paper (Reference C). Fér an 0.4 inch diameter
U0, single rod, this data yields a resonance integfal température
coeffiéient of 7;5 X lO-S/OF averaged over the 70 fo 183OOF fuel.temp—‘
erature range., Tuis represents the low temperature end ofla pover
excursion. An estimate of the temperature coefficient of the reson-
ance integral at the higher fuel temperatures during én exéursion was
obtained from Part 2 of the Geneva Péper. For example, at MOOOOF

fuel temperature, the coefficient is 6.7 x lO'S/OF. The cofrespond;
ing Doppler coefficient calculated for p = 0.8 is fhen 1.67 x lO'S/OF.

This is the figure used in the body of this report and probably_repre-

sents a minimum reasonable value.
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3. Constants Used For The Al-U Alloy Fueled Reactor

The core considered is composed of 36 fuel assemblies with 18 plates

per assembiy. The plate geométry is shown by the following sketch:

e Meat —wpes Clad ==

—<—0.01"-’-‘ . 0002"-.

The plates are 24.625 inches long and 2.845 inches wide.

The fuel properties used were:
£ - 0.0975 Lbs./In.>
'Cp = 0.183 BIU/Ib.-°F

100 ‘BTU/Hr. -Ft, - F

2
1000 BTU/Hr.-Ft. -°F

-
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3. Constants Used For The Al-U Alloy Fueled Reactor (Continued)

A lumped fuel model was used due to the high conductivity of the

material. This was

i !
t
o

The equation solved was

4 é - 1/@; d/(Eé._(q,_ ?w)“'] at



- 31 -

4. Constants Used For The Zr-U Alloy Fueled Reactor

The fuel geometry was unchanged from thé previous model; however,

the physical properties for these materials are quite different.

They are:
O - 0.237 Ibs./In.3
c, = 0.08 BTU/Lb. -°F
Kpeat = 8 BTU/Hr.-Ft.-°F
[¢)
Ko1pq = 10.8 BTU/Hr.-Ft.- F

hy = 1000 BTU/Hr.-Ft.2-OF

Dﬁé to the relatively poor conductivity of this fuel, it was considered
advisable to develop a nodal fuel model that would more accurately pre-
dict the transient heat transfer and would allow calculation of the

temperature distribution within the fuel plate. The model used.was;

‘(_ meat e g clad ———————
; |
«—  0.01" —— >l 0.02" ——— ]
To 1/hy /n, T /by | Lm, T
?—> —W VWA VTV
c
- —
A
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., Constants Used For The Zr-U Alloy Fueled Reactor (Continued)

The equations solved were:

T, = (1/co) fE; - (i‘o-Tl)ﬁi] dt

T, = (1/co) - KI‘O—Tl)h'l - (T - Tw)h'{( at
where 1 = 1 + 1

H) - hy ho

1 = 1 1

o T = T =

by h3 h),
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Constants Used With The UOp-Zr Clad Reactor

The fuel properties for this reactor are:

F
e
/(Dclad

o,

Cp of U02

CP of Zr

h,

Bgap

kU02

er

0.07 BTU/Lb.

649 Lbs‘/Ft,B

410 Lbs./Ft.3

0.08 BTU/Lb.

1000 BTU/Hr.

20

1000 BTU/Hr.-Ft. - F

1.15 BTU/Hr.-Ft.-"F

10.85 BTU/Hr.-Ft.-"F

The fuel geometry chosen was a UO2 rod 0.U40 inches in diameter with

a b mil gap between it and the 25 mil thick clad.

used was:

Qo

meat 0.20

4——0~09751—>-'lé— 0:;0575"-,»}4-—-0.01;5" —

The fuel mode],

= gap -"é—' clad - — 2!

0,00l 1=—0, 025" >

I\21 do
‘\\\\\To . :\\\\Ej_ Ty Ty
VVAS- WA vV vV VA VWA—
1/hy _1- 1/hp 1/hg 1/hy 1/ | 1/ng
- -

—~ AN
1/hq
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5. "Constants Used With the U02-Zr Clad Reactor (Continued)

The transient equations to be solved are:

o - (1/cy) f[(_qo - (T, - T1) hlj dt |

(1/c2) qul + (To - T1) by - (T - Tp) hg] dt

o - (1/03JBQQ + (T - Tp) by - (Tp - T3) h'3J at

-3
1

H
(=]
n

3
1

T3 - (,1/01;)/\E(T2 - T3) By - (T, - T,) hg] at
where :
/ng = (1/83) + (/ny) + (1/ng)

ng = (1/ng) + (1/ng)





