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ABSTRACT

Trangport flasks are often filled with water asit provides both good cooling and shidlding for
irradiated fud. However, during afire, thermd dratification may occur, potentialy leading to
sgnificant pressurisation of the flask from the vapour pressure of the water.

A series of 12 experimentd testsinto thermad dratification have been carried out, based upon the
NEACRP therma benchmark problem UK-4. The results show that under the conditions of the
tet, with the dry vessd walls above the water being heeted, strong therma Srtification occurs and
high interna pressures are generated. The vapour pressure indde the vessd is demondrated to be
related to the temperature of the water surface. The agreement with the calculated results of the
benchmark problem is reasonably good, demondrating that the methods used in the benchmark
exercise can be used to adequately model thermd dratification in water-filled flasks.

INTRODUCTION

Trangport flasks are often filled with water asit provides both good cooling and shielding for
irradiated fuel. However, thermd dratification can occur in the water due to its buoyancy. This
phenomenon may be particularly important during the IAEA Regulaory thermd test, when the hest
flux from the fire, conducted through the walls of the flask, might produce significant temperature
gradientsinthewater. This, in turn, may lead to Sgnificant pressurisation of the flask from the
vapour pressure of the water. 1t is therefore important thet the potentia for therma Strtification to
occur should be consdered in any therma assessment of awater-filled flask.

In 1987 a benchmark exercise was organised by the NEACRP in which hegt transfer codes used
internationdly for the therma assessment of trangport flasks were tested on a set of standard
problems. This benchmark exercise was reported et PATRAM '89 [1]. One of the problems
submitted by the UK concerned the modelling of thermd dtretification during the thermd tet. The
problem consisted of averticad sted cylinder, partly filled with water, with a uniform heet flux
gpplied to the outer verticd surface. The problem (identified as UK -4) isillugraied in Figure 1.

The water was expected to become thermdly gratified, with the temperature dways incressing
with height, and under these conditions natura convection was expected to be largely inhibited and
heet trandfer in the water in the vertical direction to be dominated by conduction. Although
Computationd Huid Dynamics codes might appear to be mogt sitable for moddling this type of
problem, CFD codes were not included in the benchmark exercise. Participants were therefore
requested to modd the Sratified water as a solid with an anisotropic conductivity. In the horizontal
direction, an artificia, high value of conductivity was to be specified so that the temperature of the
water would be dmogt uniform across any horizontd plane. In the verticd direction, the true
thermal conductivity of water was to be specified.



When the benchmark problem was proposed, it was stated that an experiment might be performed
agang which the andytical solution could be vaidated. Experimenta testswere, in fact, carried
out in 1988, but the results were not available until after the find report of the benchmark exercise
had been issued and were never reported in the open literature. The experimental data is therefore
being reported in the current paper so that it can be used and referenced in flask thermal
assessments.

DESCRIPTION OF THE EXPERIMENTAL RIG

The experimentd rig, cdled the Trangent Stretification Rig, represented, as closdly as possble, the
benchmark UK-4 problem. It was not possible to duplicate the benchmark problem exactly
because the vessd in the problem was idedlised and not designed as a pressure vessd.

Therigisshownin Figure 2. It was designed as a pressure vessdal capable of being pressurised up
to 44 bar. It condsted of acylindricad mild sted vessd dosed at the top with a domed sted cap and
a the bottom by athick sted plate which was bolted to the vessd. Pipework was connected to the
top of the rig for vacuuming and filling with nitrogen, and to the bottom for draining and filling

with water.

The vessel was hested on the outer vertical surface by dectric heater tapes arranged in three zones.
These were capable of providing the hest flux of 10 KW/nT specified in the benchmark problem

and gave amaximum totd heet input to therig of 6 kW. The outer surface of the vessd and
pipework werelagged. In the benchmark problem a cooling phase was included, during which

there was heet |oss from the vessdl by natural convection and radiation. This phase, which was not
thought to be asimportant as the hegting phase, was not moddled in the Transent Stratification

Rig, thus avoiding the need to rgpidly remove the insulaion.

The temperature of the rig was measured by 40 type K thermocouples. Sixteen were attached to the
outer surface of the vessdl to record the wall temperature at different heights. Twenty three were
passd into the vessel through sealsin the bottom plate and measured the temperature of the weter.
Mast of these were on the centre-ling, a different heights, but some measured the temperature
vaidion with radius. One thermocouple recorded the ambient ar temperature. The locations of

the thermocouples are shown in Figure 2. The temperatures of al the thermocouples were recorded
on adatalogger a 30 second intervas. The current and voltage to the heaters and the interna
pressure in the vessel were aso recorded by the data logger.

THE TEST PROGRAM

The test program consisted of a series of 12 tests. These covered arange of heet fluxes (5 or

10 kW/nf) and heated zones, initia pressure ( 1 baraof nitrogen or vacuum) and both a constant
and achanging water level. Thewater level was kept congtant in most of the tests to enable the
water temperature profile near the surface, and especialy the water surface temperature itsdlf, to be
measured more accurately by avoiding movement of the thermocouples relative to the water

surface. This aso replicated more accurately the benchmark problem, whichdid not indude any
movement of the weter level due to thermd expansion of the weter.
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Figure 1 — The Benchmark Problem UK -4
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Figure2— The Trandent Stratification Rig



Teds 2, 3,4, 6 and 7 dl represented the benchmark problem UK-4. This test was repested severd
timesin order to demondrate reproducibility. Tests 2, 3 and 4 dl suffered from heet lossdue to
condensation in the pipework. This was rectified after test 5.

RESULTS

Strong thermal Stratification of the water was observed, as expected. The surface of the water
became very hat, producing a high pressure inddethe vessdl, while the temperature of the water at
the bottom of the vessd changed very little. This can be dearly seen in Figure 3, which shows
temperatures & different heights as a function of time, and Figure 4 which shows the vertica
temperature profile of the water, after 30 minutes, intest 6. In thistest the heaters were turned off
after 30 minutes. Also shown in Figure 4 isthe temperature of the sted vessd. The temperature
difference between the vessel and the water can be seen to be smal compared to the temperature
variation in the water itsdlf. At two heights severa thermocouples were placed a different radii.
These showed the temperature of the water to be virtualy congtant in the radid direction.

Intest 11, the vessel was only heated below the weater surfacelevel. The resulting temperature
profile, a 30 minutes, isaso shown in Figure 4. 1t can be seen that in this case there was very little
thermal dratification of the water and the resulting pressure ingide the vessel wassgnificantly
lower than that obtained in the other tests. This demongtrates the importance of the dry upper part
of the vessd in conducting and radiating heat down to the surface of the water.

The importance of consdering the potential for therma gratification in a trangport container during
afiretest isreaed to the effect that it has upon the interna pressure in the container. 1t was
expected that the total pressure would be equa to the pressure from hesting and compressing the
gas in the ullage space added to the vapour pressure from the water vgpour. This vapour pressure
was expected to correspond to the temperature of the water surface. The data from the Transent
Stratification Rig vaidates this assumption. Figure 5 shows the measur ed pressure during two

runs, one sarting with 1 bar of nitrogen internd pressure and the other with vacuum.  Also shown
is the predicted pressure. The contribution from the water vapour pressure was based on the
measured water surface temperature. The nitrogen gas was dso assumed to be at this temperature.
Since the water level was kept congtant, there was no pressure due to compression of the nitrogen.
The measured and predicted pressures can be seen to be in good agreement proving that the vapour
pressure in the vessd is controlled by the water surface temperature, as expected.

Intests 9 and 10, the water level was not kept congtant but instead was alowed to rise as the water
expanded. Because the water level was changing with time, the water surface temperatureis
unknown. However, it has been shown that the water surface temperature can be related to the
pressure indde the vessd.  The pressure measured in test 9 is shown in Figure 6. Also shown isthe
pressure measured during test 6 which wasidentical except for the water level being kept congtant.
It can be seen that with the water level dlowed to rise, the pressurein the vessd ishigher. This
increase corresponds to an increase in water surface temperature of about 14°C at 30 minutes.

COMPARISON WITH THE BENCHMARK EXERCISE
The temperatures caculated by AEA Technology using the TAU Finite Element code [2] were
shown to be in good agreement with other submissionsto the benchmark exercise[1]. The TAU
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results have therefore been used for comparison againgt the Rig data. A significant difference
between the benchmark problem and the experimenta test was the starting temperature. The TAU
predicted results have therefore al been adjusted o that the gpparent Sarting temperature isthe
same as that measured in the test.

The predicted and measured temperature of the water surface, as afunction of time, isshown in
Figure 7. Congdering that the Trandent Stratification Rig was not an exact replica of the
benchmark exercise, and that convective flowsin the water are not represented in the modd, the
agreement between the measured and predicted temperatures is very good, the predicted risein
water temperature being within 8% of that measured in the Rig.

The predicted and measured temperature profiles of the water down the centre-line of the vessd, a
times of 15 and 30 minutes are shown in Figure 8. The temperature of the water is seen to be over-
predicted near the bottom of the vessel and under-predicted near the centre of thevessdl. This
feature is probably due to the convective flow of the water not being represented in the TAU
modd. Near the water surface, however, where thermd dratification is greatest, the strong
temperature gradient in the water will inhibit the convective flow of the water. If themain
objective of acaculation is the determination of the water surface temperature, this data from the
Trandent Straification Rig vdidates the use of the smple solid conduction modd, with the weater
being moddled as a solid with an anisotropic conductivity.

CONCLUSIONS

A sies of 12 tests have been carried out in the Trandent Stratification Rig based upon the
NEACRP therma benchmark problem UK-4. The results show that under these conditions, with
heating of the dry vessel wadlls above the water, strong therma dtrtification occurs and high
internd pressures are generated. The vapour pressure indde the vessel is demondrated to be
related to the temperature of the water surface.

The agreement with the cal culated results of the benchmark problem is reasonably good,
demondrating thet, by representing the weater as a solid with an anisotropic conductivity, heet
conduction codes can be used to adequately mode thermd dratification in water-filled flasks.
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