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Status of Core Melt Programs -- September-October, 1983

Several papers were presented at the International
Meeting on LWR Severe Accident Evaluation in Cambridge,
Massachusetts (August 28 - September 1): M. L. Corradini
and G. A. Moses, "A Dynamic Model for Fuel-Coolant Mixing:"
L. 8. Nelson, “Steam Explosion Studies with Single Drops of
Corium-Related Melts: Ferrous Metals and U- and
Zr-Containing Oxides:;" M. L. Corradini, D. E. Mitchell,

N. A. Evane, "Hydrogen Generation During a Core Melt-Coolant
Interaction:" N. A. Evans, "The Effect of Core Melt-Coolant
Interactions on Severe Accident Risks in Light Water
Reactors." Presentations were made at the Eleventh Water
Reactor Safety Research Information Meeting on

October 24-28: M. Berman, N. A. Evans, M. S§. Krein, "Core
Melt-Coolant Interactions: Experiments;" M. Berman, J.

M. McGlaun, M. L. Corradini, "Core Melt-Coolant
Interactions: Modelling." On October 26, an informal
meeting was held between the Sandia PCI team and the
cognizant NRC staff (J. Telford, R. Curtis, and R. Wright).
FCI experimental and analytical program plans were
discussed.

M. L. Corradini attended the Containment Loads Working
Group Meeting at Brookhaven on September 15-16. He
represented the Core Melt-Coolant Interactions Program and
made several presentations on the standard problem
calculations and results. N. A. Evans also contributed to
this meeting. A Core Melt Information Exchange meeting
between the NRC and the Federal Republic of Germany was held
at Oak Ridge, Tennessee on October 19-21. Two PCI
presentations were made: M. Berman, M. §. Krein,

M. L. Corradini, “Core Melt - Coolant Interactions:
Overview and Current Experimental Results;" M. L. Corradini,
J. M. McGlaun, M. Berman, "Modelling of Puel-Coolant
Interactions.*



(M. S. Krein, M. Berman)
2.1 Introduction

Three steam explosion experiments were performed during
the first two weeks of this reporting period. The three
experiments included test CM-12, which ended the CM test
gseries. and tests RC-1 and RC-2, which marked the first
tests using a rigid container to confine the water. Because
the experimental apparatus was destroyed as a result of the
explosion produced by test RC-2, no further testing has been
possible. An investigation utilizing continuous x-ray
observation of an PFe,0q/Al thermite burn, in progress,
was also begun during this reporting period. The x-ray work
was initiated by observed differences in test outcome as an
apparent result of variations in one of the melt preparation
parameters. This parameter, defined as hold time, is the
time between thermite burn termination and melt release.

The results of the three steam explosion experiments,
along with the initial test conditions, are discussed
below. The preliminary findings of the x-ray studies have
also been given.

2.2 steam Explosion Experiments

2.2.1 Coarse Mixing Test Series - Test CM-12

The purpose of this experiment was to determine if the
surface expulsions which had characterized all of the CM
series tests were restricted to interactions in nearly
saturated water or whether they could also occur in highly
subcooled water. The FITS B series d4id not produce the
surface events that have been identified in the CM series,
with the possible exception of FITS 6B, which was a low
subcooling test. Test CM-12 was therefore set up as a
repeat of the FITS 2B experiment, which was a highly
subcooled, in-chamber experiment; the objective was to
determine if the surface events were primarily limited to
hot water tests.

Initial Conditions

The CM-12 experiment was performed using 20 kg of
iron-alumina thermite held for 1.5 seconds and delivered to
eold water (25°C).

Table 1 1ists the initial test conditions.
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Table 1
Initial Conditions (CM-12)

1. Melt - 20 kg Fe304/Al
2. Mo /Mg - 5.66
3. Drop aeight - 71.5 inches from cylinder down

position to water surface.

4. Water geometry 24 x 24 x 12 inches deep-lucite

chamber.
S. Water temperature - 25°C
6. Hold time - 1.5 seconds of the I3

Remained in with "flat drop" release
modification to simulate FITS 2B 1id
entry

7. Crucible 1iad

8. External trigger None

Note that I3 is an indicator of burn completion.

Instrumentation

High speed cameras were employed as the only source of
data acquisition. Three cameras were used:

1. Low cam - 400 frame/second, 25 mm lens, £5.6/8, #12
shutter, 400 feet VND, 40 seconds film

time
2. Hy cam - Looking east, 7500 frames/second, 50 mm
lens, t8/11, 400 feet VNX.
3. Hy cam - Looking north, 7,500 frames/second, 100
mm lens, f8/11, 400 feet VNX.
Experiment Control Sequencing

Control sequencing was similar to that used for FITS 2B
and is given in Table 2.



Table 2

Experiment Control Sequencing

Time Event
-5.0 8 Test start

-4.0 8 Tape start

-3.0 8 Visicorder start
-2.0 8 Low cam start
-0- Ignition

I3 « 0.08 Hy cam start (2)
I3 « 1.5s8 Melt drop

Results

Review of the high-speed camera data showed a coherent
melt delivery. The crucible 1id preceded the melt into the
water, although it was angled a few degrees with respect to
the water surface. A slight amount of steam was generated
upon initial water contact. A surface event occurred at
.069 seconds after the melt entered the water and resulted
in an upward expulsion of unquenched melt. The upward
eruption appeared fairly localized with respect to the water
surface--confined to a column with a width less than that of
the water surface. The surface event was accompanied by an
abrupt increase in the apparent mixing rate of the melt in
the water and served to disperse the melt throughout the
water chamber. Duration of the surfaice event was about ,013
seconds. Melt penetration depth at the initiation of the
surface event was about 20 cm. The melt had been driven
near the water chamber base at the time of the surface event
termination. A bottom-triggered explosion occurred at .124
seconds of the melt entry - .042 seconds after the melt
contacted the water chamber base, and about .055 seconds
after the initiation of the surface event. The melt was
thoroughly dispersed throughout the water chamber at the
time of the explosion. The explosion front traveled through
the coarsely mixed region at 600 m/s.

Comparison with Previous Tests

The initial surface event of this experiment resembled,
in a general sense, those seen for the hot-water CM series
tests. Some differences were, however, observed between the
surface event of this experimeit and those of low-subcooling
tests. The major difference is in the duration of the
surface jet; CM-5, for example, produced a surface jet which
lasted for about 100 ms and was typical for other low-
subcooling tests. The expulsive jet of CM-12, however,
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lasted for about 13 ms, much briefer than previous
experiments, yet too long to be termed explosive. The
surface event of CM-12 was very similar to the event that
was seen to precede the bottom-triggered explosion of the
cold-water test CM-7. The progression of events and event
types for this experiment (CM-12) were not similar to those
of the PITS 2B experiment, which produced a single
surface-triggered explosion .084 seconds after water entry,
and showed no sign of any long duration or nonexplosive
expulsion of material. Also, the propagation speed of CM-12
was about a factor of 3 greater than what was ouserved for
the FITS 2 B experimcat.

conclusions

The CM series of tests have demonstrated a rapid
expulsion of melt near the water surface. These violent,
but nonexplosive events, have not been observed on previous
tests. We believe that these expulsions may be explained by
either of the following hypotheses: (1) Surface expulsions
are common with iron-alumina melts and saturated water.

(2) Melt composition, preparation, or delivery, may have
changed from the previous tests to produce these surface
events.

Note that strong explosions were still observed in
several of the iron-alumina/saturated water tests;
specifically, CM-8 and CM-9. Explosions were also observed
in the two cold water tests, CM-7 and CM-12.

2.2.2 Rigid Continement Experisents - RC-1. RC-2

The ob’'sctive of the rigid confinement experiment was to
determine what occurred when the expansion phase of the
fuel/coolant interaction was radially confined by steel
walls. Prior to these confinement experiments, all the FITS
a1d EXO-FITS experiments used lucite water chambers. These
lacite chambers offered no structural resistance to the
expansion phase of the steam explosion process. Note,
however, that Buxton and Benedick had performed steam
explosion experiments in large, water-filled steel pipes,
buried in the ground. The experimental methods, melt
delivery techniques, initial test conditions and
instrumentation were sufficiently different that comparison
is éifficulr.

Test RC-2 was & repeat of test RC-1, which had resulted
in a nonexplosive interaction--due to the effects of the
melt preparation parameter “hold time". The only
difference, therefore, between the initial conditions of the
two tests was the value of the hold time - 4.0 seconds for
RC-1 and 1.5 seconds for RC-2.



Initial Conditions

The initial conditions for the two tests were chosen for
their ability to produce energetic steam explosion with the
exception of the hold time for test RC-1. 1Initial test
conditions are given in Table 3.

Table 3

Initial Test Conditions, RC-1, RC-2

1. Melt -~ 20 kg Fe304
2. Mg /Mg - 5.60

70.0 inches from cylinder down
position to water surface

3. Drop height

22.0 inch diameter x 18.0 inch deep
rigid steel chamber

4. Water geometry

§. Water temperature - 25°C

6. Hold time « RC<1 » 4.08; RC-2 » 1.5
7. Crueible 1i4d « left in

8. BExternal trigger - None

The water chamber consisted of a 61 cm OD schedule 60
steel pipe (55.9 cm ID) with bolt flanges on both ends.
Total height of the pipe. including the flanges was %4 cm.
The pipe was left open on the top, to permit melt entry.
The pipe bottom was closed wth a O0.64-cm thick lucite sheet
that was glued to the face of the bottom flange. All other
.:tll.t.tl were typical of previous experiments in lucite
chambers.

Instzumentation

Instrumentation for both experiments included low-speed
and high-speed photoqgraphy and water phase pressure
transducers.

Cameras:

1. Low cam, 400 ft/s, 2% mn lens, £5.6/8 400 feet VND
2. :::t'ly cam, 7000 ft/e, S0 mm lens, f1l1/8, VNX,

t
3. North Hy cam, 7000 ft/s, 100 mm lens, f1l1l/8, VNX,



Pressure transducers:

(RC-1) 1. Kulite, HKM 1375, 10.00? pesi, SN 1266-9-218,

sensitivity 7.16 x 10" mv/psi. Amplifier
gain « 100. Located 3.0" below the wvater
surface. Mounted in wall.

2. Kulite, HKM 375, 10,000 'il. SN 1266-9-219,
sensitivity « 6.64 x 10”7 mv/psi. Amplifier
gain « 50. Located 14.0" below water surface.
Mounted in wa)'.

(RC-2) 1. Kulite, HKM 375, 10,000 'ot. SN 1266-9-219,
sensitivity « 6.64 x 10°7 mv/pei. Amplifier
gain « 100, Located 3.0" below water surface.
Mounted in wall.

2. Kulite, HKM 375, 10,000 ,ll. SN 1266-9-222,
sensitivity « 6.90 x 10°7 mv/psi. Amplifier
gain « S0, Located 14.0" below water surface.
Mounted in wall.

2.1.3 Expecriment Control Sequencing
Control sequencing was identical for both rigid chamber
experiments with the exception of hold time and hy cam
stacts. The sequencing is shown in Table 4.
Table 4

Experiment Control Sequencing

Time Event

-~5.08 Test start

-~4.08 Tape start

«3.08 Visicorder start
«2.08 Low cam start
-0 - Ignition

Iy + 2.5 (RC-1) Hy cam start (2)
Iy « Os (RC-2)

Iy # 4.08 (RC-1) Melt delivery

Iy « 1.8 (RC-2)

Note that Iy represents the indicator of burn completion.

-7.



Results
RC-A

Review of the high-speed film of RC-1 showed a good melt
delivery with a minimum of melt breakup prior to water
contact. The crucible 1id preceded the melt and contacted
the water surface face-on. Melt entry velocity was 5.77 m/s.

A small amount of steam was generated at water contact,
A surface event began at about .086 s after water entry and
continued for about .232 s. The estimated melt penetration
4t the time of the explosion was 30 cm. The apparent result
of the surface event was to eject a large portion of the
incoming melt mass upwards - even though 15 kg of coarsely
mixed debris was recovered in the chamber. Some of the
ejected melt, however, may have fallen back into the water
chamber. Of the 15 kg of debris recovered in the chamber,
4.5 kg of it consisted of a single moiten slug which
appeared to be predominately iron. The remaining 10.5 kg
consisted of a loose assortment of spherical particles on
the order of a centimeter or less in diameter. The debris
will be sieved at & later time.

More than half of the water was found in the chambe:
following the experiment. The pressure transducers detected
no events producing substantial pressures.

RC-2

Melt entry for tes. RC-2 was very coherent with no
indication of excessive melt dispersal. The crucible 114
preceded the melt into the water and appeared to impact the
water surface face-on. Melt entry velocity, measured from
the high film was 5.05 /8. A surface event occurred .056 »
after melt entry and resulted in an upwvard ejection of the
quenched melt. uration of the surface event was about ,.130
8. A steam ex; lo lon was produced .180 & after the melt
firet contacteu t.o water surface. The steel water chamber
prevented the determination of the trigger location but it
probably occurre’ as melt settled on the bottom. The entirce
facility, including the water chamber, was lifted about
eight feet in the alr as & cresult of the explosion. Also a
L.0-meter dlameter ciccle of the concrete pad undecrneath the
water chamber was crushed and depressed about 1% to 20 em
into the ground. Exit speeds as high as 1000 m/s were
observed for at least some fraction of the material. Both
pressure transducers wers destroyed and severe wall
vibration bas made & reilable interpretation of their
records 4difticult,




Riscussion

The interaction produced by RC-1 was benign and was
similar to the types of interactions seen in the hot water
CM series test. Although RC-1 was performed in cold water
and was, in terms of initial conditions, similar to test
CM-12 with the exception of the value of hold time, only
limited similarity between the two tests was noted. Both
experiments produced the characteristic surface interaction;
CM-12, however, progressed from the surface interaction to
an energetic steam explosion while RC-1 did not escalate
,cot the surface interaction. Although other factors may be

nvolved, the value of hold time appears to have governed
the final outcome of these two experimants.

The peak particle exit velocity of RC-2 (= 1000 n/s).
coupled with the destruction of the test apparaius, implies
an onorgx conversion ratio for test RC-2 that may be
substantially higher than the conversion tatios that have
been determined for previous lucite chamber experiments. r
grest deal of uncertainty has been involved in the
determination of the conversion ratio for RC.2 using the
methods and instrumentation that were previously used in the
determination of conversion ratios for unconfined
experiments. The unexpected result of RC-2 has prompted us
to consider new techniques and apparatus for the direct
measurement of the work output of a confined steam
explosion.

gome variability in the character of the nonexplosive
surface event can be found by a comparison of the four cold
water experiments performed in the CM and RC test series.
Test (M-7, which was performed with the crucible 1id
removed, and test CM-12, with the 1id left on, resulted in
very similar surface events followed by vigorous
pottom-triggered steam explosions. The surface events of
CM-7 and CM-12 were very short in duration, yet not shert
enough to be termed explosive. Duration of the event in CM.7
was about .020 s, and for CM-12 the surface interaction was
about .013 & long. In contrast, the RC experiments
experienced surface interactions which lasted about ,232 s
for RC-1 and .130 s for RC-2. The nature of the surface
interaction may be random or it may depend on some factors
which cannot yet be identified.

In view of the potential for high levels of direct
econtainment heating as & result of injection of finely
fragmented melt particles into the ot-ocznoro from the type
of surface event observed in these experiments, & continuing
effort will be directed towards understanding the various
surface interactions. Current ideas indicate that the



surface interaction may be a function of the nature of the
themitically prepared melt as it enters the water. The
major argument for this idea is based on the absence of
nonexplosive surface interaction during the PITS B series of
experiments. Those experiments used a different batch of
fron oxide than was used for the CM and RC series of
experiments. An x-ray study of thermite burns has been
initiated to investigate the nature of the melt just prior
to delivery into the water chamber.

2.1.6¢ Conclusion

The work output of steam explosions similar to the RC-2
experiment may have been underestimated. Of the various
phases of a steam explosion, melt entry, course mixing,
triggering, propagation, and expansion, the propagation and
expansion phases would most likely be affected by rigid
confinement. One suggestion is that in an unconfined
geometry, the initiation of the expansion phase marks the
end of any significant melt-water contact by driving the
melt-water system apart. By contrast, the expansion phase
of a confined steam explosion may serve to enhance the
condition for liquid-liquid contact by driving the liguids
together near the walls, rather than apart, thereby allowing
more of the melt to participate before escape of the liguids
from the interaction region.

3.0 X-gay Observation of Melt Prepacation
3.1 lnitial Expeciments

The results of recent steam explosion experiments, such
48 the two rigid confinement tests and several of the
CM-series tests, have suggested that melt condition upon
water entry may influence the final outcome of an
experiment. The hold-time parameter has been shown to alter
the results of a steam explosion experiment producing, for
example, the difference between the results of RC-1 and
RC-2. (The hold time for RC-1 was 4.0 seconds and the hold
time for RC-2 was 1.5 seconds). It is not known how the
bhold time affects the PCI. Prior to performing the first
X-ray experiment, two theories were put forth to explain how
hold time might be affecting the results of the
interaction. The first quqrolttoa was that melt temperature
may play an important role in the outcome of a fuel-coolant
interaction; the bulk temperature of the melt would decrease
4% & function of the hold time. The time required to
produce some temperature drop capable of affecting the
outcome of the experiment is unknown as is the temperatucre
drop required. The single drop experiments of Nelson have

«10-



shown little dependence on melt temperature in terms of
explosibility of iron oxide. Whether the 2.5 second
difference in hold time between RC-1 and RC-2 was capable of
producing a temperature change which was, in turn,
responsible for the results is not known.

The second theory involved the degree of phase
separation in the melt prior to water entry. Coupled with
the assumption that the oxidic phase of the melt may behave
differently than the metallic phase, in terms of explosion
triggering and propagation, the relative distribution of
species in the melt at water contact may determine the
overall nature of the interaction. Since the density of the
metallic phase is about two times that of the oxidic phase,
the degree of phase separation should be strongly dependent
on hold time.

The primary objective of the x-ray investigation
therefore, was to visually determine the degree of phase
separation as a function of time of the ccmpletion of the
thermite reaction. A measurement of melt temperature,
although not dependent on the x-ray facility or apparatus,
was an important secondary objective.

3.1.1 Apparatus and Instrumentation

The x-ray observations were carried out at the
Nondestructive Test Facility. This facility contains a
Linatian l-tl{ device which is capable of producing photon
energies as high as 10 MeV and at repetion rates of up to
360 hz. The use of a fluorescent screon and video recording
equipment produced an image of the reaction with relatively
good temporal and spatial resolution. Two optical devices
were incorporated in the instrumentation. One of the
devices has a response time of 1 millisecond but requires
that the emissivity of the melt be known. The second
pyrometer has a response time of about 100 milliseconds but,
because it is a two-color device, does not require a precise
value for the emissivity. The experiments were performed in
erucibles similar to those used for the steam explosion
experiments.

3.1.2 Results

Three tests have been performed and all three have shown
s similar behavior; a vigorous, boiling type of motion was
seen to begin immediately after thermite gnition and
continue to well after the completion of the reaction.
Because of the vigor of the "boiling” no liquid pool was
ever observed to form above the advancing burn front. The

a3



vigorous melt action seemed to occur independent of the
chemical reaction. Phase separation proceeded rapidly after
the melt action had begun to subside--fifteen to twenty
seconds after the reaction Was complete. The melt remained
l1iquid for quite some time with solidification of the oxidic
Phase first. No successful temperature measurements have
been made.

3.1.3 Discussion

The vigorous melt motion within the crucible appears to
be driven by the expansion of gases or vapors within the
molten material. Sources for this gas or vapor seem limited
to:
a. Boiling of the iron phase of the melt.
b. Boiling or driving off of some impurity - probably
Associated with iron oxide.

€. Diffusion of gases entrained in the crucible or
diffusion of gases through the crucible walls into
the melt.

d. Chemical reactions between the melt and the

crucible.

The diffusion of gases either from the crucible itselt
or through the crucible walls seem unlikely. The crucible
walls are porous to some degree but it is not known at this
time whether or not a quantity of gas, sufficient to produce
the observed melt action, could, or even would diffuse
through the crucible walls.

The boiling of impurities or the off-gassing of
impurities may be the source of the gas generation. The
iron oxide used as the major constituent of the thermite mix
is an industrial grade that contains certain small
quantities of impurities. The boiling of impurities would
be consistent with the observed behavior after the reaction
was complete. The boiling point of fron is about
3000-3200 K. Heat stored in the oxidic phase may be
responsible for maintaining the temperature of the iron at
its boiling point for a while after the reaction was
complete. An accurate temperature measurement must be made
to confirm whether or not the iron was actually boiling.

3.1.4 Conclusion

No phase separation within the time scales
representative of hold time seems to occur; the esarliest
sign of phase Separation was observed no earlier than 10-1%
seconds after the reacticn was complete. The vigorous
action of the melt must be understood as it may be
responsible for differences in stean explosion results,
Future tests will be designed to investigate and define the
source of the melt action by a consideration of:

“12-
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Gas diffusion from or through the crucible walls.
The boiling or off-gassing of impurities.

The boiling of iron.

Chemical reactions.

Also a continuing effort to define melt temperature has
been planned.

(M. Berman, D. V. Swenson, A. J. Wickett)

This study was last reported in the March-April
bimonthly. 1Its aims are to provide an uncertainty statement
for the conditional probability of containment failure by
steam explosions (given core melt) and to identify important

contributors to this uncertainty.

A simple parametric model is used to predict the results
of an in-vessel steam explosion. Probability density
distribution functions are assigned to the uncertain
parameters. A value for each parameter is sampled at random
from each distribution. The resulting parameter values
deternmine whether containment fails in the model or not.
Such trials are repeated many times and the fraction of
predicted failures estimates the probability of containment
failure conditional on the assigned distributions. The
uncertainty in the failure probability is investigated by
ualtnz different assignments for the probability
distributions.

An abstract based on the calculations reported in
March-April was submitted in June to the ANS Winter Meeting
in San Francisco, 30th October-3rd November 1983,

This concluded that the containment failure probability
was very uncertain (calculated values fell in the range
0-33 percent) and that important contributory uncertainties
were the amount of molten core participating in an explosion
and the conversion ratio. [1)

Following review comments at Sandia these calculations
were repeated using different distributions. A topical
report was prepared, and drafts were sent to the NRC on
July 28 and October 17. [2])

The accompanying tables from the draft report summarize
the calculations and numerical results. BRach distribution
used is flat within the range indicated. The threshold
initial velocity for a large missile to fall containment is
estimated to be in the range 60-90 m/s, #0 the numbers in
the right hand two columns divided by 10,000 estimate the
containment failuce probability.

«ld-



The report concludes that the probabilities of
vessel-base fallure and containment fallure are both
uncertain over the whole range from 0 to 1. Pour of the
most important contributors to the uncertainty in
containment failure probabliiity are the conversion ratio,
the mass of melt .cxttctoatilt in the explosion the
1ikelihood of triggering at high pressucre and the fallure
mode of the vessel top head.

This report is currently undergoing review at Sandia.

-1‘.



1. M. Berman, D. V. Swenson, and A. J. Wickett, jﬂ_hm

2. W, Berman, D. V. Swenson, and A. J. Wickett, 3
> 1-1401,
JCR-3369, draft 8)).
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I1. Molten Core/Concrete Interactions
(R. K. Cole, Jr., D. P, Kelly, M. A. EBllis)

1. Risssatetions

~ ro.o: entitled *"A Crust FPormation and Refreezing Model
for Molten-Fuel/Concrete Interactions Codes" was presented
4t the International Meeting on Light Water Reactor Severe
Accident Bvaluation at Cambridge, Massachusetts. The paper
described the model now contained in the evolutionary
version of CORCON and expected to be included in MOD2 when
it is released.

A pressntation entitled "Status of CORCON-MOD2
Development” was made to the US/FRG Core Melt Technieal
Exchange Meeting at Oak Ridge, Tennesses which inciuded a
description of the freezing model and of & model for
(nonexplosive) intersctions with an overlying coolant. At
the time of the presentation, the latter model was
opecrational, but incomplete in the sense that the effects of
:.b{o::‘.:ocou:o on bolling heat transfer were not

nelw .

During the reporting period, & model for interaction
With an overlying coolant layer was made operational. The
full bolling curve ie consideced 10 evaluating heat transfer
from the meilt to the coolant although, for the problems run
to date, only radiation-dominated film bolling has besn
observed. Addition of coolant has oulp:tltl;:y iittle
effect on pool behavior in these problenms. & melt surface
remaline extremely hot with heat transfer dominated by
radiation. Because the surface radiated to, either the
coolant or the above-pool surtoundings, is much cooler than
the surface of the melt, its temperature (and even its
fdentity) make .ittle diffecrence to the heat flux. In faet,
the only significant change in these caloulations when
coolant is included is that the heat flux, g, from the
sucrface of the pool is converted te & mans flux of q/he
for as long as the coclant lasts. Of course, this may 'ot
be & general result; our experience with the model is still
Eather limited.

A significant aspect of the implementation of the model
inte Ao that it malntalns the implicit nature of the
ONergy equation with respect to Inter.layer heat transfer,
ineluding vaporisation of covlant. It treats both subcooled
(nonboil ) and saturated (bolling) eoolant. Purther, the
algorithe includes & consistent treatment for the case where
the coolant is deplieted (bolled away) during & time step.
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As initially implemented, the boiling curve is evaluated
at one atmosphere pressure. The extension to include
effeccs of ambient pressure will be made in the near
future.

Other changes to the code during the period included
conversion to full ANSI77 standard FPORTRAN (we believe that
po nonstandard code remains). We also introduced a detailed
sheck on conservation of mass and energy within the pool.
This was found to be desirable because of the additional
complications introduced by boiling of coolant. For our
test problems, mass and ener are conserved to within a few
times machine round off. No better result is possible for a
system in which the total mass and enecrgy change vith time
because the "ecror” simply represents the difference in
adding u‘ terms in different orders using finite-precision
acrithmetic,

). Exeeiing Medel

At the US/FRG meeting, M. Alsmeyer of KfK pressnted the
cesults of freezing experiments in which a layer of
intetnally heated oll (simulating fuel) was placed over a
Llaysr of water (simulating steel) in & dry loe cavity. At
sutficiently low-power inputs, the water was observed to
freete from the bottom up. The thickness of the resulting
s0lid erust was & function of power input to the oll. When
the crust was thin, gas continued to pass through holes in
the ilce; when it became thicker, these holes closed up #nd
the crust became impermeable to the gas. This is in
sgreenment with the freezing model in CORCON, although neo
model for cutting off the ;:: permeablility has yet been
implencnted in the code. se experiments demonstrate that
the CORCON mode) describes one possible mode of freezing,
although other regimes may well exist,

4. Aboye:Pool Medelling

During this period some time was devoted to the
development of & subroutine to predict the gas generation
from concrete sidevalls above the melt surface. This
favolved modification of an existing plotton Ve wrote some
time ago which employs diffusion theory in « eylindrical
enclosure. This caleulation ilovolves two-dimensional heat
transfer through & participating atmosphere. Because of the
design of subroutine ATMBUR, which was coded to facilitate
eoupling to containment codes, inclusion of this above-pool
Bodel was easy. The next step in this effort will ineclude
debugging and some scoping caleulations.
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5. Code AssessEent

All tests asesociated with the MODI1 ass2ssment effort
have beeu completed, and final writing and editing is
underway. The major conclusions of this study are
summarized below.

This study involvea 2 large number of tests of four
basic types: (1) variation of iaput/initial conditions,
(2) numerical stability tests, (3) model sensitivity testis,
and (4) selected (specialized) tests of particular code
featuree. Comparisons may be made and cenclusions drawn
within each of these categories. In general, comparisons
between these categories are not meaningful. For example,
it would be inappropriate to compare the resulting effects
of veriations ir the initial melt temperature and variations
in melt/cancrete heat transfer, because the knowledge gained
srom such an exer~cise is not useful for code evaluation or
future code development. Therefore, this discussion will be
gtructured around the four wajor areas of tests, without
irter-group comparisons. .

The section of input/initial conditions tests involved
ev-ry major input or initial condition required by the
code. These testg both deponstrated several user input
opticns not commonly utilized and provided a quantitative
comparjson of code seunsitivity to the various input and
initial conditions. The wmajor observations and conclusions
drawn from this section of tests include the followiug:

1. Cavity geometry has a significant e¢ffect on the gas
composition leaviny the molten poel. This is because
the gas film adjacent ®0 a wall with an inclination
angle greater than 15 degrees is assumed not to
chemically react with the melt. For example, a
hemisphecical cavity produces extremely low amounts of
hydrogen and carbon monoxide. This is probably
unrealistic.

2. As would be expected, gas generacion and basemat
penetration are very gsensitive to the concrete type.
The concretes examined demonstrated that a low ablation
temperature doe¢s not nacessarily imply the greatest
capability for gas production.

3. EBarly depositicn of the melt has a significant effect on
the results gince the ducay heat is changing rapidly
during this time, while delays in melt deposition
(beyond this initial period) have much less of an
effect.

=20~



T ——— . . — . - -

The initial temperature of the concrete surface
significantly influences the heat of ablation
calculation. High surface temperatures reduce the heat
of ablation resulting in increased cavity erosion.

As expected, the concrete ablation temperature is the

'~ primary coutrolling factor in the ablation process, both

10.

11.

xz.

13.

qualitatively and quantitatively.

Concrete emissivity plays a limited role in affecting
overall results.

An initial melt temperature below the ablation
temperature cf the concreste results ir an execution
error (overflow condition). High initial melt
temperatures significantly increase concrete ablation
and gas generation.

The oxidic phase transition calculation considers two
components which are (UOz and Zr02) and (concrete

and all other oxides). The properties of the latter
component are assumed to be that of the concrete
specified in the problem. This clearly breaks down when
significant portions of the oxidic phase are made up of
other oxides.

The metallic phase transition calculation considers
three components: Fg¢, Cr, and Ni. Other meta.s may be
present which are considered ip chemical reactions, but
for the purposes of the phase transition calculation the
melt is normalized so that the three constituents, Fe,
Cr. and Ni make up 100 percent of the melt. This is
clearly a problem when large quantities of metallic
zirconium are present.

The key parameter in the internal decay heat calculation
is the ratio of the core operating power to the core
size.

The code results are insensitive to atmospheric
conditions, including chemical composition, pressure,
temperature, and volume. In fact, the chemical
composition and volume of the atmosphere do not enter
into any active calculations.

The code results are relatively insensitive to the
emissivities of the metallic and oxidic phases.

Reduction of the emissivity of the surroundings about

the pool surface from 1.0 to 0.5 increased concrete
ablation by roughly 10 percent.

«3)=



The next section of tests addressed the numerical

stability of the overall code and selected models which are
known to be sensitive to the time step value. The following
observations and conclurions were made for this section of
tests:

14.

15.

16.

17.

18.

For the base case problem, a time step value of 30 s
appears to be the optimum. Lower values (down to 1 8)
result in very little change in code output. Higher
values (up to 300 s) result in significant changes in
code output. A plot of computation time versus time
step was constructed and presented in Figure 20.1.

A long-time run (15 hours) was performed which revealed
abrupt changes in heat transfer coefficients due to
sudden increases in viscosity attributed to the
two-phase slurry viscosity multiplier.

The cavity/shape change wmodel is explicit in time. Time
step values too large result in normal body point
projections which may cross adjacent rays giving
erroneous results.

The principal results of the code are fairly insensitive
to the number of rays employed, that is, to the
resolution of the cavity geometry.

The user should choose the origin of the ray system 8o
that it maximizes the number of rays which intersect the
cavity surface as close to perpendicular as possible.

The next section of tests investigated the sensitivity

of the code to the major areas of heat transfer modelling
and the calculation of material and transport properties.
The following observations and conclusions were made:

19-

Melt/Concrete Heat Transfer

Changes in the values of the gas-film heat transfer
coefficients for all three regimes, bubbling film,
laminar flowing film, and turbulent flowing film are
compensated by radiative heat transfer due to the effect
of the gas film/melt interface temperature. Therefore,
as long as a gas film is assumed to be present, the
convective modelling of heat transport across the film
has limited influence on the results.
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20.

21.

22.

Pool Layer Heat Tranefer

The code results are the most sensitive to this area of
heat transfer modelling. Particularly, increases in
layer-to-layer interfacial heat transfer resul:ted in
decreased cavity recession becaus2 of the high-melt

‘surface temperature maintained which resulted in large

increases in radiative heat transfer from the melt
surface to the surroundings. The partition of the decay
heat generated in the melt appears to be significantly
influenced by this model.

Pool Surface Heat Transfer

The principal results are only moderately sensitive to
changes in the effective, convective, and radiative heat
transfer coefficient.

Transport Properties

Mixture viscosity has a significant effect on the
calculation of heat transfer coefficients.

The viscosity modelling in CORCON-MODl allows abrupt
jumps in viscosity causing unrealistic layer temperature
behavior. Specifically, sudden increases in viscosity
can result in decreased heat transfer coefficients and
thermal isolation of the oxidic layer with a
characteristic temperature rise. There are two aspects
of the viscosity modelling which contribute to this
behavior. PFirst, the change from a low-silica to a
high-gsilica oxidic mixture model kas no transition, but
simply calls a new model at 15 percent silica content
resulting in viscosity increases of an order of
magnitude in some cases. The second and more frequently
observed problem is the use of a two-phase slurry
viscosity multiplier which is activated when any
interface temperature falls below the ligquidus
temperature. It is recommendeé that these models be
modified or replaced.

Much like viscosity, the thermal conductivity plays a
major role in the calculation of heat transfer
coefficients. The models in CORCON appear to give
reasonable values and are continuous, well-behaved
functions of melt composition. The temperature
dependence of thermal conductivity is neglected.
Compared to the viscosity and thermal conductivity, the
surface tension has a moderate effect on the code
results.
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23.

24.

25.

Material Properties

Layer-to-layer interfacial heat transfer coefficients
and layer bulk-to-side heat transfer coefficients are
sensitive to layer density. Particularly, increases in

layer density result in increased downward flow of heat

in the melt and significant increases in cavity
ablation.

Variations in the gas film material properties, both
density and specific heat, had little influence on the
principal code results.

The final section of tests involved a set of specialized
tests specifically designed to probe suspected modelling
areas and assumptions in the code. The following
observations and conclusions were made:

Tests of the chemical equilibrium model:; for example,
complete depletion of a metallic component by oxidation,
showed this package to be susceptible to fatal errors
because of nonconvergence. This model tracks many trace
species as well as the principal ones resulting in a
tremendous scaling problem. When this model converges
(which is almost all the time), it gives good answers
and is very flexible. However, it is considered
overkill.

CORCON de~ermines layer orientation solely by layer
densities. Therefore, the code allows layers to move
around as the ordering of the layer densities dictates.
For the majority of cases, CORCON places the heavy
oxides (UO2 and ZrOz) on the bottom for about one

heur, with the metal and concrete oxide layers above.
Tests showed that the initial layer orientation is, in
fact, important to the overall results. It has a
significant effect on radial/axial recession behavior.
When the fuel oxides are initially at the bottom, the
metallic layer is *"insulated” in terms of axial heat
transfer, so large radial recession occurs. This large
radial recession was absent in the tests where the
metals immediately went to the bottom of the melt and
stayed there. As would be expected, the generation of
gases was also influenced by layer orientation.
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