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HEAT TRANSFER EXPERIMENTS SIMUTATING A FAILJRE
P G_TO A 3DF CTOR_PROCESS TURE

INTRODUCTION

Laboratory heat transfer experiments vere ccnducted to investigate fuel
element temperatures which could resuit from coolant flow loss following a
failure of the inlet piping to a process tube at a B, D, F, DR, or H reactor.
The results are reported herein.

Failure of the inlet coolant piping tetween the front header and the process
tube on a reactor would stop the normal flow of cooling weter to the fuel
elements. Such a failure should immediately initiate a reactor shutdown,
but the only means of removing the heat released during the paost-shutdown
period would be by reverse flow of hot water from the rear crcss header.

The subject experiments were conducted to determine what rear header pres-
sure would be required to achieve adequate cooling of a EDF type reactor
fuel assembly following such a piping rupture. '

Experimental studies were previously reported concerning failure of inlet
riping to a K reactor geametry. {i)® The analytical techniques and experi-
mental procedures used previously were also used in the present experiments.
Rather than to repeat much of this information, numerous referrals will be
made to reference (1). It is recommended that this reference be consulted

if knowledge of these details is desired.

The study reported herein was carried out by the Thermal Hydraulic Operation
in the 189-D Heat Transfer Laboratory.

SUMMARY

Electrical resistance heating of a metal test section was used to simulate

a 32 piece charge of 0-II-N internally snd externally ccoled fuel elements
in a standard BDF process tube and hydraulic fitting assembly. Complete
failure of the inlet piping to a single process tube was simulated at
equilibrium tube powers of 800, 1200, and 1400 KW. Various constant rear
header pressures in the range of 15 to 100 psig were used. Three seconds
after the simulated failure, the power input to the test section wms reduced
in accordance with an 1100 ih scram while transient pressures, temperatures,
and flow rates were recorded on high speed recording equipmeat.

Data from the experiments are shown on Figure 1. These data relate the
maximum observed heater rod (simulated fuel temperature to the rear header
pressure and to the steady state tube power prior to an inlet piping failure.
The data were obtained for two different power decay curves fcor each initial
tube power condition. These different decay curves represented an approxi-
mate upper and lower limit on the effect cf the sensible heat release from
the reactor graphite stack during the post-shutdown conditions.

[
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Information from Figure 1 is cross-plotted on Figure 2 {solid lines) to show
the rear header pressure vhich is required to prevent fuel Jacket melting

as a function of the initial tube power. This includes a correction factor
for the effect of specific heat capacity differences between the uranium
fuel pieces and the experimental heater rod.

The experimental results indicate that the majority of cld reactor central
zone tubes would not be subjected to fuel jacket melting upon failure of
individual tube inlet piping with present tube powers of about 1200 KW

and present rear header pressures. These results are contrary to those
found for the K reactors {1) which are shown by the dashed lines of Figure 2.
The difference between a K reactor assembly and an old reactor assembly, as
far as the rear header pressure required to prevent fuel Jjacket melting, can
largely be explained by the difference in the assumed Vertical Safety Rod
strength and hence the power decay curve which was used for the different
experiments. )

DISCUSSION

Experimental Apparatus and Procedure

The equipment and procedures which were used in the present experiments
were the same as described in reference (1) for the K reactor experiments,
with two exceptions: First, the heater rod for the BDF experiments had
internal and external dimensions equivalent to O-II-N I&E fuel pieces.

The stepped cosine power distribution resulted in a peak power to average
power ratio of 1.39. The heated length was 23.5 feet; Second, the hydraulic
piping and fittings used for the BDF experiments were of standard CG-558
front face geametry and standard BDF rear face geametry with a helical
(duPont) rear pigtail.

Steady state flow rate and power level conditions were established in the
apparatus before each simulation of inlet piping failure. The outlet water
temperature under these conditions was established at 110 C for the 800 and
1200 KW runs and 125 C for the 1400 KW runs. These were the temperatures of
the reverse flow coolant fram the rear header during the transient condi-
tions of a simulated piping failure. As was discussed in reference (1), the
effect of reverse flow coolant temperature is quite small.

During each transient experiment, the electrical power input to the heater
rod wvas varied to simulate the heat output from a reactor lattice following
a Vertical Safety Rod {VSR) scram. Two different power decay curves were
used in obtaining data for each initlal tube pcwer condition. For one de-
cay curve, the power at any time, ©, after scram was determined fram
reference (2), (Figure 1), as the total theoretical nuclear heat generation
(uranium plus graphite) at that time. For the other power decay curve, the
electrical power input at time, ©, was equal to the total theoretical nuclear
heat generation (uranium plus graphite) at that time plus 5 per cent of the
tube power at time © = O, {i.e. 5 per cent of the initial steady state tube
poverg. In each case, an 1100 i.h. VSR strength was assumed.
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nts Involv d'inP 1 ncident

The sequence of events during a single tube inlet piping failure incident

is described in reference (1). This sequence should not vary significantly
for a change in inlet piping geometry. The effect of such a piping failure
on the principal process variables is shown schematically in Pigure 3. The
reverse flow of hot water from the rear header begins almost immediately and
hot fluid (steam and water) is discharged from the front nozzle of the pro-
cess tube. The fuel surface temperature rises very rapidly during the time
until the reactor is scrammed, but then continues to rise quite slowly as a
maximum value is reached and the heat generation continues to decrease.
Finally, the film boiling condition is overcome resulting in a large decrease
in surface temperature and an increase in flow rate to a condition of single
phase cooling.

RESULTS

The results of the transient experiments simulating a front face fitting
failure are presented in Figure 1 as 'Maximum Heater Rod Surface Tempera-
ture' versus 'Rear Header Pressure' for various initial tube power levels.
Each of the data points on Figure 1 required an individual transient test
of the type illustrated by Figure 3. A total of Ul such tests were made
to obtain the data of Figure 1. Tre following discussion will serve to
campare the experimental conditions with actual reactor conditions ard thus

aid in applying the experimental results to evaluation of actual reactor
hazards.

Experimental Heat Input

The data of Figure 1 show two curves for each initial tube power. The
difference between the two curves results from using different programmed
pover input relations during the simulated scram, as described above. A
value of 5 per cent of the criginal equilibrium tube power has been esti-
mated as the sensible heat relezse rate from the graphite stack under con-
ditions of constant coolant flow rate during a scram. (3)(2) Under condi-
tions of reduced flow rate and higher ccolant temperatures, the sensible
heat release rate would be reduced somewhat. GCenerating 'extra' heat in
the heater rod is presently the only way of allowing for graphite sensible
heat in the experimental apparatus, but this technique will result in
higher-than-prototypical heater rod temperatures. Because of the effect
of coolant temperature on graphite sensible heat release rate and the effect
of generating 'extra' heat in the simulated fuel, it is judged that the
'nuclear heat plus 5 per cent' curves represent ar upper limit on the rear
header pressure requirements. Simiiarly, it is judged that the 'nuclear
heat only' curves represent a lower limit on rear header pressure require-
ments, although a small amount of ‘'extra heat'{graphite nuclear heat gene-
ration) is being generated in the heater rod arnd would cause slightly
higher-than-prototypical heater rod temperatures.

All data points on Figure 1 are for a 3 second delay between simulated
Piping failure and the beginning of power reduction. The effect of scram
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delay time on maximum heater rodi temperature was investigated briefly in

For the present studies, it 1s estimated that the maximum

heater rod surface temperaturs should te reduced by 0.1l2 times the initial
tube power if the scram delay time is reduced to 2 seconds after simulated

failure.

Effect of Assumed VSR Streagth

A comparison of the data from thess experiments with the data fram the K
inlet piping failure experiments (1) shows that the VSR strength which is
assumed for the power decay curve has a strong ianfluence on the rear header

pressure which is sufficient to prevert fuel Jacket melting.

trated by tabulated data of Tatle I.

TAELE T

This is illus-

COMPARISON OF ALLOWABLE INTTTAL AND RESIDUAL HEAT INPUT RATES

FCOR 3DF AND K REACTORS
Besis: The initial (time O) heat irput rates in the table at the corres-
ponding rear heacer pressure will result in a 1000 F maxim.m heater
a. + LS,
a . - [l o) % ), T‘ ‘Rﬂﬂs EQ‘:E !
Rear Elapsed th Decay Curves | 110C ia Decey Curves
Header Time of “Nuclear Heat| Naclear | Wuclear Heat| Nucleer
Pressure | Power Decay, Plus 5% Heat Oaly| Plus 5% Hest Culy
gl seconds KW KW
20 o* -- 900 805 1075
I -- 238 170 173
. 10 -- 176 136 . 128
Lo -- 85 93 T0
30 (0, 865 1025 960 1340
L 272 271 203 216
10 213 201 1 159
40 125 26 110 a7
40 o% 995 1140 1095 --
L 312 an 231 -
10 2hs 2ok 135 --
4o 143 o7 125 -
50 O% 1105 1240 1210 ~-
4 347 33 253 --
10 272 chly 204 -
ho 159 116 139 --
60 o¥% 1210 1340 1320 --
4 380 354 273 --
10 298 263 223 --
Lo 174 126 152 --

*The heat input

rate was the same for the previcus 3 second period
between piping rupture and beginring of power decay.
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The best comparison is between the residual heat input rates for the 'K resctor
nuclear heat only' case and the 'BDF reactor nuclear heat plus S5 per cent'
case. Camparing these values for various elapsed times of power decay, one
finds that the power input during the initial {and critical) portion of the
transient is nearly equal for these two cases. In fact, the power input for
the 'K nuclear heat only' case with 500 ih scram is generally slightly greater
than for the 'BDF nuclear heat plus 5 per cent' case with an 1100 ih scram.
Thus, for VSR strength values which would result in the same heat izput,
whether this be for nuclear heat only cr nuclear heat plus graphite sensible
heat, the rear header pressure requirements for K reactor should be equal or
slightly lower than the pressure requirements for BDF reactors. This means
that if an 1100 ih scram were used for K reactor, the pressure required to
prevent fuel jacket melting would be about 10-15 psig lower than those re-
ported in reference (1) for the 'nuclear heat plus 5 per cent' case. This

is illustrated in Figure 2. For the 'nuclear heat only case' the required
rear header pressure would be reduced even more than 15 psig for K reactor
depending on the initial tube power. Where it was originally thought that

the big difference between the K data and the EDF data was because cf the
geometry differences, it now is apparent that the residuai heat input
differences would be the major contributing factor.

HW-T70769

Effect of Rear Header Water Temperature

The effect of variations in rear header water temperature was investigated
briefly in reference (1) and found to be small. From this standpoirt, the
data of Figure 1 are not overly conservative in application to the reactor.

Heat Capacity of Experimental Heater Rod

The heat capacity of the heater rod used in these experiments was

0.54k Btu/°F-per foot of length while the heat capacity of O-II-N I&E fuel
pieces would be about 0.36 Btu/®F-per foot of length. The problem of the
effect of heat storage capacity on fuel temperatures during such transient
heat transfer experiments was investigated analytically and discussed in
reference (1). It was concluded that the surface temperature rise which
would be experienced by uranium fuel elements would be 1.3 to 1.4 times
that which was observed with the experimental heater rod when the ratio of
heat capacities was about 0.54/0.36 = 1.5. Thus, if one uses 1220 F {alumi-
num melting point) as the maximum allowable fuel surface temperature and
300 F as the surface temperature before piping failure, thea experimentally
observed temperatures of 960 F to 1010 F on Figure 1 wou.d correspond to a
minimum acceptable condition of adequate cooling for the reactor fuel.

General QObservations

For the cambinations of rear header pressures and initiai tube powers given
in Figure 1, the flow rate fram the rear header through the tube ranged from
about 0.5 to 5.0 ggm during time intervel from simulated piping failure to

recovery from film boiling conditions. Superheated steam discharge was not
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encountered in any of the experiments. Steam discharge temperatures were
generally 270 F or less in the front face nozzle during the film boiling
portion of each experiment.

Maximum heater rod temperatures always occcurred in the region of highest

heat flux - an 8 foot length in the center of the heater rod. The specific
location of the hot spot varied but generally occurred toward the normal
upstream end of this high heat flux section. The absence of hot spots out-
side of the high flux section would indicate the absence of severe heater
rod 'cocking' (eccentricity), at locations outside the center section at
least, and would also indicate the absence of flow channeling or stratifica-
tion. The application of the subject data to reactors would not be conserva-
tive if severe fuel element eccentricity existed.

While the experimental apparatus employed a BDF outlet fitting assembly,
the effect of these outlet fittings is considered to be quite small during
the low reverse flow rates involved during the period of maxinum fuel tem-
peratures. Hence, these data should be applicable to DR and H reactors as
well as B, D, F reactors.
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Basis: BDF-Reactor mockup with front pigtail cpen to atmosphere at
header end. Temperature of water from rear header = 125 C for
1400 KW runs and 110 C for 800 KW and 1200 KW runs. Simulated
32 piece O-II-N fuel charge. See discussion regarding upper
and lower curves for each initial tube power. Rod surface
temperature = 300 F before transient began.
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;s Temperature rise of reactor fuel will be about 1.3 times that of
heater rod. See discussion, page 6.



VELTING AFTER AN IHLET PIPINHL_A;EQEE
Basis: Same as Figure 1.
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NOTE: The solid lines of this figure are cross-plots from Figure 1
at a heater rod temperature of 1000 F. This should be
approximately equivalent to a 1220 F uranium fuel surface

temperature.
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