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ABSTRACT

During the severe accident, whether the hot debris in lower head will be cool-down or not is the important issue
concerning the plant safety. KAERI has launched the "LAVA" experimental program to examine the existence
of initial gap and its effect on the cooling of hot debris. The objective of this study is to identify the gap cooling
phenomena from the analysis of simulation results on LAVA-4 experiment using MELCOR1.8.4 code. Three
parameters on the debris coolability in MELCOR are the quenching heat transfer coefficient for the interaction
between molten A12O3 and water, the heat transfer coefficient from debris to wall and the diameter of the
particulate debris for calculating the available heat transfer area with water. The sensitivity study was performed
with these three parameters. However it was believed that there must be a gap between debris and inside wall
during the transient. MELCOR1.8.4 does not consider these gap-cooling phenomena. Therefore a conceptual
gap-cooling model has been developed and implemented into the lower plenum model in MELCOR to take into
account the gap effect in the lower plenum. When the "gap model" is implemented, the peak temperature of the
vessel wall was reduced and its cooling rate was increased.

INTRODUCTION

A new concept of gap cooling mechanism has been suggested to explain the cooling phenomena between the
hot debris and the lower head, which was expected to occur in the TMI-2 accident [1]. If molten corium
relocates into the lower plenum filled with coolant, a contact resistance may be formed due to strong
vaporization of trapped water in a small gap between debris and the wall. As the temperature of the wall is
increased more than 800K, the vessel wall weakens and it could be elongated by the stress resulting from the
internal pressure and the debris weight itself. The contact resistance and elongation may create a certain path for
water to ingress; we called it a gap. This gap may play an important role in cooling down the vessel wall and
debris.

KAERI has launched the "LAVA" experimental program to examine the existence of the initial gap and its
effect on the cooling of debris [2]. The LAVA-4 experiment was performed by dropping the molten A12O3 from
thermite reaction into the lower vessel head filled with water. The relocated molten A12O3 mass was 30 Kg and
the water temperature in lower head was reached at 429.15 K just before the relocation. The radius of
hemispherical head was 0.25m and its thickness was 0.025m. The available measured data were as follows; outer
surface wall temperature, debris temperature at two points(upper, lower), water temperature(bottom, middle, top),
outer surface and atmosphere temperature of test vessel respectively.
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The cooling of the relocated molten debris was treated with three different phases in the MELCOR [3]. The first
is the falling debris quench phase. During this first phase, molten debris become to cool down rapidly and also
the large amount of steam will be produced immediately. All the molten A12O3 entering the water were assumed
to be converted to the spherical paniculate debris, which has the same diameter specified by user. The available
surface area for this quenching heat transfer was calculated based on the surface area of this particulate debris.
The second is the transition phase between the end of quenching and the beginning of the stable particulate
debris bed formation. During this second phase, the leveling of the particulate debris was performed by the time
constant for spreading in radial direction. In this phase, decay factor was applied to link the quenching phase to
the heat transfer phase from stable particulate debris smoothly. When the decay factor value decrease at 0.01, it
is assumed that the stable debris was formed completely. The last is the heat transfer phase from stable
particulate debris bed. During this phase, maximum heat transfer rate to the water was limited by the dryout heat
flux from "Lipinski zero dimensional model" [4].

DESCRIPTION OF THE ACTUAL WORK

The Figure 1 shows the LAVA-4 experimental facility. The experimental facility was modeled with the
following control volumes; source volume for injecting nitrogen gas, core volume for melting A12O3, lower
plenum volume for capturing the debris, and two additional volumes for the test vessel and the building. A
heater and two valves were added to control the water temperature in the lower plenum as required and to keep
track of pressure increase after strong reaction between water and molten A12O3, respectively. The Figure 2
shows the nodalization and modeling of LAVA-4 test for MELCOR.

In the MELCOR calculation, the heat transfer coefficient from debris to vessel wall was determined based on the
assumption of complete contact. The rapid temperature increase rate on the vessel wall just after relocation of
molten A12O3 into the lower head was well predicted from Figure 3. The wall temperature was reached at 1000 K
maximum and thereafter it decreases slowly. But the measured data shows that the maximum temperature was at
most 800 K and it was quenched rapidly after passing this maximum points. The reason for this rapid cooling
phenomena could not be identified from our current measured data. But the possible scenario can be made as
follows. The wall may have kept completely contact with debris during the short period after relocation because
the measured data on wall temperature was well matched with the calculation result based on the complete
contact between debris and wall. But as the temperature of carbon steel close to the 800K, carbon steel starts to
be deformed. A contact resistance can be created by imperfect wetting between debris and wall. This contact
resistance can retardate the temperature increase of inside wall and may play as a way for water ingression.
Actually the rapid quenching after peak temperature can be explained only by the sudden water ingression. But
in spite of cooling down of the wall, the debris was remained at relatively high temperature as we can see in
Figure 4. The possible reason for the debris keeping high temperature may attribute to the existence of dense
layer on the outer region of the debris. This dense layer in outer region of debris may play as a strong barrier
against the water, therefore debris at TC location could have kept the high temperature until the formation of
crack in outer dense layer results in an abrupt water ingression.

To simulate properly this rapid cooling phenomena in LAVA-4 test, three cases were considered to perform the
sensitivity study with changing the values of important parameters concerning the debris coolability. The
parameter for the first case is the quenching heat transfer coefficient for the interaction between molten A12O3

and water in lower vessel head during the first phase. The parameter for the second case is the heat transfer
coefficient from debris to wall over the transient. Now, MELCOR1.8.4 can not consider the gap between debris
and wall. They were modeled under the condition of complete contact. The parameter for the last case is the
diameter of the particulate debris for calculating the available heat transfer area with water.

In case of considering the quenching phenomena during the relocation, Figure 5 shows that the peak temperature
of the out surface of the wall was well predicted. But the rapid cool down of wall temperature after peak point
still could not be predicted properly. In the second case, the HTC value from debris to wall was reduced from
1330 W/m2K to 500.0 W/m2K This reduced HTC value means the existence of gap resistance between debris
and wall. From Figure 6, the calculation results with 500 W/m2K shows that the wall temperature increase rate
became slow compared to the case with complete contact. In the last, the size of the diameter of particle was
selected to modify the available heat transfer area with water. The reduced diameter means that the available
area for heat transfer with water become to increase. The Figure 7 shows that the cool down rate for the wall and
the debris were increased. Consequently the quenching in wall and the high temperature on the debris, which
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was occurred in LAVA-4 test, could not be simulated with the current model in MELCOR. However, from this
study, it was believed that there must be a gap between debris and inside wall during the transient.

For now, MELCOR1.8.4 does not consider these gap-cooling phenomena. Therefore a conceptual gap-cooling
model has been developed and implemented into the lower plenum model in MELCOR to take into account the
gap effect in the lower plenum. Figure 8 shows the concept of gap model. The basic concept of this model
assumes that the heat fluxes from the outer surface of the lower crust and the inside lower head are large enough
to vaporizes the water within gap immediately and only the remaining heat from the debris reaches the inside
vessel wall. Currently, total amount of heat loss from gap boiling was modeled to be limited by the experimental
data on the critical heat flux from Monde,

The LAVA-4 experiment was simulated using MELCOR with and without "gap model" respectively. From
Figure 9, when the "gap model" is implemented, the peak temperature of the vessel wall was reduced and its
cooling rate was increased. But the rapid cool-down rate after peak temperature was not estimated properly.

RESULTS

The COR module in MELCOR has been used to simulate the small-scale experiment related to the debris
coolability in lower head. The important parameters such as the quenching HTC , the diameter of paniculate
debris and the HTC from debris to wall concerning the cooling of A12O3 are identified and evaluated. From this
sensitivity study, the quenching phenomena occurred in LAVA-4 test could not be simulated properly with
current MELCOR model. A parametric gap-cooling model was developed and implemented into MELCOR code.
But the current "gap model" does not have a model to simulate the phenomena such as limitation of water
ingression into the gap due to rapid steam generation and the effect from gap size change. Also the user should
supply the heat transfer coefficient values used in the model. These limitations will be studied further to develop
a more analytical model. The possible scenario for the LAVA-4 test could be made from these simulation results.
For the next series of test, it needs that the water level just after the end of the test should be measured to get the
bounding value on the total amount of heat transfer during the test.

REFERENCES

1. Kune Y. Suh, Robert E. Henry," Integral Analysis of Debris Material and Heat Transport
in Reactor Vessel Lower Plenum ", Nuclear Engineering and Design 151 (1994) 203-221.

2. H.D.Kim, S.B.Kim,"Overview of severe accident research and SONATA-IV phase-I experiment
at KAERI",CSARP, Bethesda MD, May 4-7 1998.

3. " MELCOR computer code manual: NUREG/CR-6119", vol l&2,July 1997.
4. Ronald J. Lipinski,"A Model for Boiling and Dryout in Particle Beds", NUREG/CR-2646,1982.

• . I I . JO. if Co intt

Fig 1 Description of LAVA-4 Experimental Facility

- 1 4 3 -



Source volume (101): N, g.is injcciinn

clnirncomer volume: Flow pmli

Heater in I. VU(l 10) : contain icmpcr-
alitre cnnlml

rorc valnme(IOfl): melt runner

iwf vessel vohwic(260): icsi <Tsrci

atmosphere volnme(HO) : building

Cavity f'alii

T*vtl ^'^fve^

: ca»iiy «pace

rnnlrnl in Icpl **C

UtLCOR IAVA-4 C>porlrr<onli Slmulollon

O . 5 1 . 5

I1UE ( 1 0 ' . . e )

Fig 2 Input Description for Simulating the LAVA-4 Test Pig 3 Outside-wall Tcmpcrtaure in LAVA-4 lest

3 5 0

2 . 7 5

P" J . 00

? ' ' 5
• « 1 . 5 0

I i . ; s

t ' • 0 0

I 0 . 7 5

I" 0 . 50

0 . 2 5

0 . 0 0
- 1

"Eicon uv*-<

•

•• ^
\

l . S 1.3 3 5

- . . . I

t . G

1 . <

- . ' • 2

| ' °
•" 0 . 8

! • • •

I 0 . 2

0 . O

|_AVA-«

•

Semlll "r

\

Study

V

on quenching HTC

\

\ .

8ASC 1
C . . . - , 1
Uistured 1

-

-

to
o
o
o
I

o

0 . 5 1 . 5 2 . 5

TIME ( IO J »oc )

Fig 4 Debris lempertaure in LAVA-4 lest Fig 5 Outside-wall Tcmpertaiirc in LAVA-4 lest



I . 6

i 7 I . *

§ 1.2

0 1.0
8

• * 0 . 8

i •••
i °*
1 0 . 2

0 . 0
- l

LAVA-t Sanslllvlty Study on debris to woH HTC

BASt
. . Co..-?

. 5 - 0 . 5 0 . 5 1 . 5

HUE (10'»«e)

Fig 6 Outside-wall Tempertaure in LAVA-4 test

LVM wall

"gap

Bollom-mosl

2 . S 3 . 5

I heirtlnvtrrrwniictir!* I I he»| ln*» f>T>nl itcM* 1

debris layer <U = M = ̂ . W -T.) thwA ((T; , -TJ,)
|̂  to waltf In gup J [̂  tolnjtrfe «ii?l J

" ] - ivAfr ; -T;.)-iitoA1wall layer [ mimMriv.ii

llrMin^«rrTimtn«liff

oj, -TJ

V ' . «

I ' °
0 . B

I " • '

J 0 . 7

0 . 0

LAVA-< Senjlllvlly Study en Diameter of TD

Hit
o>«-3

"

5 - 0 . 3 0 . 5 1 . 5 J . 3 3 . 5

l ig 7 Outside-wall Tcmpcrtnurc in I.AVA-4 test

=: 1 . 7

•i I n
8
S

0 1

; » . -

I 0 . 3

n . o

_ — ft*, -lit. .^. _ ,

S R I ' *

- 0 . 5 0 . 5 1 . 3 J . 5

a

toooo

Fig 8 Picture orgap cooling model l ig 9 OnlsMc-wnll Tcmpcriaurc in l,AVA-d Icpl


