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J. D. Gabor, and J. D. Bingle

Reactor Analysis and Safety Division
Argonne National Laboratory

ABSTRACT

Analytical and experimental results on individual aspects of
the overall problem of the interaction of a large mass of LMFBR
core debris with concrete or other materials are reviewed. Results
of recent heat transfer experiments with molten UO2 have indicated
the importance of internal thermal radiation and methods to take
account of this are developed. Effects of gas release and density
difference are considered. The GROWS-2 Code is used to illustrate
the effects of various assumptions.

INTRODUCTION

Nuclear reactors are designed to prevent the initiation of accident
sequences that could possibly lead to a core meltdown. Also, they are
provided with redundant emergency systems which would function to prevent
a meltdown in the event a serious accident sequence was initiated. In spite
of this defense-in-depth approach, it is desirable to be able to describe
the course of a hypothetical meltdown. Such information should provide
guidance for designers on how to minimize the consequences of such an event.
A meltdown description is also needed to support risk assessments such as
the Reactor Safety Study [1].

One key aspect of a hypothetical meltdown sequence is the interaction
of the heat-generating mass of core debris with structural materials such
as steel, concrete, gravel, soil, or other materials which might be part of
the substructure of a reactor building. There could be several layers of
materials having different properties. The material in direct contact with
the core debris might be mutually soluble with the fuel mass or it might be
insoluble. These features of the interaction process along with the heat
transfer mechanism have been taken into account in the pool growth code
GROWS-2 which is described in this paper.



This paper is divided into three major parts: (\) the data on heat
transfer from internally heated liquids to solid boundaries are reviewed
relative to their application to the molten core problem, (2) the GROWS-2
Code which incorporates the currently recommended heat transfer correla-
tions is described, and (3) results obtained from GROWS-2 for a few ideal-
ized situations are presented and discussed.

HEAT TRANSFER DATA

The configurations assumed by a mass of molten core debris may not cor-
respond precisely with simple geometrical shapes. The configurations must
depend in a complex way on local variations of heat transfer along curved
boundaries. Because sufficient data on such variations are lacking, it is
necessary to make simplifying assumptions regarding the shape of the mass.
In the original GROWS Code, the mass was assumed to be a right circular
cylinder. Subsequent to that work, experiments with simulant materials
showed that growing pools tended to have curved sidewalls whereas the bot-
tom surfaces were somewhat conical in shape [2] (see Fig. la). Because of
the experimental results, the pool configuration chosen for GROWS-2 has
sidewalls with circular cross-sections but retains horizontal upper and
lower surfaces for simplicity (see Fig. lb). Kith this configuration,
there are three independent heat transfer processes to consider: (1) down-
ward from the pool to a horizontal boundary, (2) upward to a horizontal
boundary, and (3) sideward along a semi-circular boundary.

The heat transfer processes in each direction may be influenced dif-
ferently by such complicating factors as internal thermal radiation within
the fuel mass, density differences between the mass and the melting bound-
ary, and gas bubbling through the pool.

Downward Heat Transfer

Convection and conduction: the experimental studies of Kulacki and
Goldstein [3] and Jahn and Reineke [4] provided accurate data on downward
and upward heat transfer from a fluid layer with fixed boundaries. The
paper by Baker, Faw, and Kulacki [5] and the recent paper by Boon-Long,
Lester, and Faw [6] have shown that the horizontal layer can be viewed as
two sublayers, where the lower sublayer is essentially a stable inversion
layer. Accordingly, the downward heat transfer can be approximated by a
conduction formulation (see Table la).

Internal thermal radiation: The available data for molten oxide fuels
such as UO2 indicate that, over the temperature range of interest, the
optical absorption coefficient is of the order of 50 cm *, implying that
pools of the depth (>1 cm) normally considered are optically thick [7].
The radiative transfer may thus be considered as a diffusion process using a
radiative thermal conductivity (for definitions of terms, see nomenclature
section) 18]:



The Nusselt number for downward heat transfer is obtained from an analysis
of combined conduction and radiation in the lower inversion layer of the
fuel pool. The heat transfer is enhanced according to the factor F5*- as
indicated in Table lb where NT is a conduction-radiation coupling parameter:

Density difference: Simulation experiments by Faw and Baker [9] indi-
cated that for an insoluble situation, the gradual buildup, release, and
rise of globules of melted boundary material did not greatly perturb the
stable inversion layer and, to a first approximation, did not increase the
downward heat transfer. However, for a soluble situation, Farhadieh and
Baker [10] found that the heat transfer was increased in several steps with
increasing difference in density between the pool and melted boundary ma-
terial. The experimental data, Fig. 2, were limited to one pair of simu-
lant materials so that it is not clear how the data should be extrapolated
to a reactor case. A tentative method based on the dimensionless density
difference and the pool Rayleigh number is given in Table lc.

Gas bubbling: Simulant experiments of bubbling gases through a hori-
zontal porous metal surface by Bergholz and Bjorge [11] were correlated in
terms of a Peclet number based on the superficial gas velocity, V (Table
Id). The porous metal plate was considered to be a good simulation of a
gas-releasing concrete surface where the actual surface does not sublime
completely, such as is the case with solid carbon dioxide simulations.
There is considerable uncertainty at very high gas velocities where there
may or may not be a continuous gas film. At present, the heat transfer
correlation is arbitrarily limited to a maximum coefficient corresponding
to a gas velocity of 5 cm/s. In effect, it is assumed that at very high
bubbling rates, the heat transfer coefficient no longer increases.

Overall heat transfer coefficient: There have been nr> definitive ex-
periments that show how the several expressions for downward heat transfer
should be combined when more than one process is taking place. Under such
circumstances, we employ an empirical method. The overall heat transfer
coefficient is expressed in terms of the individual coefficients, as follows:

h d = ( h d c r 2 + V + h d g 2 ) 0 ' 5 ( 3 )

If there is no internal thermal radiation, the factor F is set equal to
unity. Expressions similar to Eq. 3 are used for upward and sideward heat
transfer.



Upward Heat Transfer

Convection and conduction: The experimental study of Kulacki and Eraara
[12] has provided data on upward heat transfer from a sublayer which is in
general agreement with other upward heat transfer data obtainec! with simu-
lant fluids. The correlation is given in Table 2a.

Internal thermal radiation: The upward heat transfer coefficient is
derived from considerations of combined radiation and turbulent convection
in the upper sublayer of the fuel pool. The model of Cheung [13] for eddy
heat transport is used in conjunction with Eq. 1 to determine the total heat
transfer. Solution of the equations of Cheung's model yields the 0.512
power expression given in Table 2b.

Density difference: It is assumed that density differences between the
bulk pool and the melting boundary have no effect on upward heat transfer.

Gas bubbling: The data of Werle [14] indicate that gas bubbling has an
important effect on upward heat transfer. The gas bubbling correlation of
Sergholz, used for downward heat transfer, is also used for upward heat
transfer to approximate the effect (Table 2c).

Sideward Heat Transfer

Convection and conduction: The experimental study of Gabor ^t al.
[15] was performed with circular sidewalls and provided the correlation
of Table 3a. The correlation is very similar to that obtained by Jahn [16]
who reported a coefficient of 0.6 and an exponent of 0.19 for a vertical
wall of a shallow pool with heat removal at the top and bottom.

Internal thermal radiation: The sideward heat transfer coefficient is
obtained by combining the radiation and convection modes. With the side-
ward heat flux being proportional to the thermal conductivity to the 0.1
power, the expression listed in Table 3b is obtained.

Density difference: The analytical formulation cf Chen [17] to be used
here as given in Table 3c was found to agree qualitatively with experimental
results of Farhadieh.

Gas bubbling: No experimental correlation for the effect of gas bub-
bling on sideward heat transfer is available. Accordingly, it is arbitrar-
ily assumed that the downward correlation using the sideward gas velocity
provides an approximation for the heat transfer.

GROWS-2 MODEL

The fuel mass is modeled as indicated in Fig. 1b. The heat fluxes
from the. liquid portion of the fuel mass are calculated on the basis of the
heat transfer coefficients described in the previous section. The heat
fluxes needed for conduction into the downward and radial structures are



calculated on the basis of two 1-D routines, a linear and a spherical rou-
tine (see Fig. 1b). The difference in the available heat flux and that
needed for conduction results either in melting of structural material
(Material 2, in Fig. 3) or in freezing of pool material (the frozen crust,
if present, is considered to be Material 1). In this way downward and ra-
dial pool growth or partial freezing are calculated. The conduction routines
are backward-implicit with variable distance intervals. At each time inter-
val, the distance intervals are rezoned to correspond with a preset table
of round-number temperature values. In this way, the extremely variable
specific heat-temperature values needed to take account of the heat effects
of gas release from concrete, could be inserted as a table and rendered ac-
curately even in relatively coarse calculations.

The conduction routines can involve up to three different materials
as indicated in Fig. 3 and any one can be concrete or gas-releasing. Only
Material 2 can be melted in any one run. Several different assumptions can
be made relative to conditions above the pool, including the presence or
absence of a molten steel pool and upward heat transfer to either a sodium
pool or by thermal radiation to an environment at a fixed temperature.

At each time step, the total energy content of the system is calcu-
lated. From the balance of decay heat and energy transfer from the external
boundaries of the system, the pool temperature change is calculated. The
pool temperature is also corrected on the basis of a long-term overall
energy balance.

RESULTS OF GROWS-2 CALCULATIONS

For the calculations, a decay heat rate characteristic of a 3000 MWt
reactor was used in conjunction with 3 m3 of molten fuel at 2850°C. In all
calculations, time is measured from the instant of the HCDA and core debris
contact with the structure begins at 1000 s when the decay heat is 2.2%.

Iwo different combinations of initial pool dimensions were used (shal-
low pool: 0.025 m deep by 12.2 m diam., and deep pool: 0.102 m deep by 6.1
m diam.). Several different combinations of structural materials were used.

Results of calculations for a large mass of a single structural mate-
rial are given in Fig. 4. Figs. 4a and 4b show the relative dimensions of
the fuel mass for the deep pool case for four different materials at 6 hr.
after the HCDA and at 20 days after the HCDA. The pool formed in basalt
concrete is the largest because of the smaller heat of fusion and decompo-
sition. Magnetite and limestone concrete are about the same and magnesia
forms the smallest pool because of the very large specific heat and heat of
fusion of MgO.

The relative pool sizes were similar for the shallow pool for the con-
cretes. In the case of magnesia, the shallow pool froze completely with
very little penetration. This was a result of the effective melting temper-
ature of MgO which was taken to be 2250°C (MgO, U02 eutectic) while a value



of I400°C was taken for the concretes. The high melting temperature of MgO
combined with good heat removal from the top resulted in rapid and permanent
freezing.

The heat transfer coefficients for the concrete cases were dominated by
gas bubbling throughout the entire course of 30 day runs. The values of the
heat transfer coefficients at 6 hr. for limestone concrete are typical (see
Table 4). For magnesia, there was no gas bubbling and the downward heat
transfer was dominated by the density difference effect as shown in Table 4.
After about 12 hr., the density difference decreased to less than 0.095
and the effect became unimportant. At this time, the downward penetration
ceased while sideward propagation continued for 20 days. No further growth
had occurred at 30 days which was the end of the calculation.

Several magnesia cases were run to examine the effects of heat transfer
assumptions. Penetration increased (see Fig. 4c) from the smallest downward
penetration for conduction and convection without internal radiation to an
intermediate situation when internal radiation is included to the greatest
penetration, when the density difference effect was also included.

An additional series of calculations was performed using a layer of
concrete backed by a layer of gravel (no gas release). For the case of
basalt or magnetite concrete, the downward penetration stopped as the molten
pool approached the gravel layer when the gas release stopped because the
concrete had dried completely. This had the effect of directing the con-
tinuing pool growth into the radial dimension.

CONCLUDING REMARKS

Available heat transfer data were reviewed for their applicability to
the internally-heated fuel pool situation. The data were found to be incom-
plete and uncertain relative to the effects of internal thermal radiation,
density difference and gas bubbling, although these effects have been shown
to be key factors in controlling the penetration of structural materials.

The results of the calculations have indicated several possible ways
to limit downward penetration by passive means. These include: (1) the use
of magnesia of sufficient cross-section to cause immediate and permanent
freezing; (2) the use of a thick section of magnesia to limit maximum pool
size; and (3) the use of a layer of concrete backed by a layer of non-gas
releasing material to limit downward penetration and promote radial growth.



NOMENCLATURE

C Specific heat

F Factor for internal radiation

g Acceleration of gravity

h Heat transfer coefficient

k Thermal conductivity

L Pool depth

L Depth of upper sublayer of pool

N Radiation-conduction coupling
parameter

q Volumetric heat generation rate

T Temperature

V Linear velocity

a Thermal diffusivity

3 Coefficient of volumetric
expansion

Heat of fusion and decomposition
from reference temperature

v Kinematic viscosity

p Density

a Surface tension

Subscripts

c conduction or convection

d downward or density difference

g gas

m melting substrate

p pool

r thermal radiation

s sideward or surface
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TABLE 1. Downward Heat-transfer Coefficients

a. Conduction f oriuuln t ion:

h. .._-2ha.-

b . Conduction with in te rna l thermal r a d i a t i o n :

h . = h , F 0 - 5

dcr dc

<1 + T /T ) 3

where K - 1 + - * - • * -

h , . = hdd dc & < 0.095

c. Density difference formulation for melting boundary:

Ap

P

0.095 <I . . . = 0.15 j - Ra1/.3
dd L dd

hdd
k Ra'/3 f̂ fA
L dd I p I H > ° - 2 5

, 3

where l(a. , = &•-•'---dd avp

d. C.is bnhblin[j forimilncion:

h. = 2.765 7 re°-3 B

where I'e •'• —^ and (fc

TABLE 2. SidtJarJ lloac-t.raiisft.-r Cooff ii-lcnts

a. Thcrm.il convec t inn f ormul a t i o n :

It = v 0 . 7 R a , ° - ?

s c L . I

where RaT = &$?
I . avk

!>• ThcnnaJ cunvection with int oni.il tadint ion:

h -• h K 0- 1

scr sc

c . DtMisily tii l i c r e n c e f o r m u l a t i o n [or i n c i t i n g hin

.3/..

where C - 1 + -1-- - \ K + -'1
2A /.A^ A

1/2

v
A =. 3(kpC)pS

• (kpC), "

d. Cas bubbliiif, f ormulnt iun:



TABLE 3. Upward Heat-transfer Coefficients

a. Thermal convection formulation:

h = ~ 0.403 (Ra_ / 2 ] 0 - 2 2 6

uc L lu
u

where Ra
Iu avk

b. Thermal convection with internal ra.liation:

h = h F0'^2
ucr uc

c. Gas bubbling formation: Same as Downward

TABLE 4. Heat Transfer Coefficients at 6 hr (kW/m2K)

Conduction/
Convection*

Limestone Concrete

Upward
Sideward
Downward

0.95
0.62
0.77

Magnesia

Upward
Sideward
Downward

8.6
4.7
1.5

Density
Difference

__.
0.05
1.2

—-.
1.1

18.2

Gas
Bubbling

16.6
16.6
16.6

0
0
0

Overall

16.6
16.6
16.7

8.6
4.8
18.3

*Includes internal thermal radiation


