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INTRODUCTION

If a complete and prolonged failure of coolant flow were to occur in a LWR or FBR,
fission product decay heat would cause the fuel to overheat. If no available action to cool the
fuel were taken, it would eventually melt. This could lead to slumping of the molten core
material and to the failure of the reactor pressure vessel and deposition of these materials into
the concrete reactor cavity.

Sequently, the molten core could melt and decompose the concrete. Vigorous
agitation of the molten core pool by concrete decomposition gases is expected to enhance the
convective heat transfer process. Besides the decomposition gases, melting concrete (slag)
generated under the molten core pool will be buoyed up, and will also affect the downward
heat transfer. Though, in this way, the heat transfer process across the interface is
complicated by the slag and the gases evolved from the decomposed concrete, it is very
important to make its process clear for the safety evaluation of nuclear reactors.

Therefore, in this study, fundamental experiments were performed using simulated
materials to observe the behaviors of the hot pool, slag and gases at the interface. Moreover,
from the experimental observation, a correlation without empirical constants was proposed to
calculate the interface heat transfer.

The heat transfer across the interface would depend on thermo-physical interactions
between the pool, slag and concrete which are changed by their thermal properties and
interface temperature and so on. For example, the molten concrete is miscible in molten
oxidic core debris, but is immiscible in metallic core debris. If a contact temperature between
the molten core pool and the concrete falls below the solidus of the pool, solidification of the
pool will occur.

In this study, we treat the case that the slag is immiscible in the pool and
solidification of the pool does not occur. Thus, water, paraffin and air were selected as the
simulated molten core pool, concrete, and decomposition gas from concrete, respectively.

EXPERIMENTAL APPARATUS

Figure 1 shows a experimental apparatus. The experimental system is a acrylic resin
cylindrical cell with a 94.0 mm inside diameter, a 100.0 mm outside diameter. A cylindrical
paraffin block was inserted at the lower part, and a hot pool was poured onto it. The paraffin
block had nine holes drilled with a 2 mm inner diameter, through which the air as
decomposition gases was injected into the overlying pool. These drilled holes were fed by a
gas-filled plenum. The volume flow rate of the gas was measured by a rotameter.

The heat transfer mechanism in bubbling is the most complicated by the interacting
motions between bubbles when they form and leave the surface. When the bubble sites are
located far enough away from each other, the inter-bubble effects can be neglected.
Lienhard111 stated that when the nucleation site density is less than approximately 0.32
sites/cm2, the sites will cease to influence one another. In this study, in order to clear the
main contribution of bubbling to the surface heat transfer induced only by the movement of
the pool fluid near the agitated interface due to bubbling, a bubble density of 0.25 sites/cm2

was chosen. A electrical heater was fixed at the upper part to keep the pool bulk temperature
constant. Four type-K sheath thermocouples were inserted into the pool to measure a
temperature profile and the bulk pool temperature.
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EXPERIMENTAL PROCEDURE

In order to simulate MCCI (Molten Core/Concrete Interaction), a pool bulk
temperature was controlled by the electrical heater, and a volume flow rate of air from a
pump was adjusted. A main parameter was a volume flow rate (or a superficial velocity) of
air in this experiment. The range of superficial gas velocity was from 0.0 cm/s to 2.4 cm/s.

The hydrodynamic behaviors of bubble and slag adjacent to the interface was
recorded by a video camera and analyzed by a visualized computer image processing
technique. The paraffin was melted by heat from the pool, and total heat transfer across the
interface was calculated by the melting mass of it. The mass was measured by a precise mass
scale. The temperature profile and bulk temperature in the pool was measured by
thermocouples and recorded by a personal computer on-line.

EXPERIMENTAL RESULTS

Hydrodynamic behaviors of gas bubble and slag adjacent to the interface between
pool and solid surface are described with simplified representations as follows. Figure 2
shows slag behaviors for the case of no gas injection. Solid paraffin was melted by heat from
the pool, and a slag layer formed. A part of slag was buoyed up in the form of droplet
according to Taylor instability'21. Similar experiments were carried out by Dhir et al.[31,
Alsmeyer and Reimann141.

But phenomena was changed when gas was injected to the pool across the surface.
Behavior of slag and gas bubble was illustrated in fig. 3. Injected gas was rising up in the
form of bubble in the pool. Without gas bubble, departure location and time of slag droplets
were well predicted by Taylor instability. However, when gas bubbles existed, the slag layer
was stripped by the low pressure region in the wake of the rising bubbles as entrainment.
Subsequently, new pool material contacted the solid surface. This process is similar to
nucleate boiling. Because the gas bubbles control the slag droplets departure, it is expected
that heat transfer across the interface depends on the gas bubble dynamics.

Figure 4 shows time-averaged downward heat transfer coefficient calculated from the
melted mass of the paraffin block. In experiments, the time average heat transfer coefficients
were obtained from

h ML
no = ; r (L)

A-dt(Tp-To)
where S and dt are area and time period of heat transfer respectively, M and L are melted
mass and latent heat of solid paraffin respectively. TD and Tp is decomposition temperature of
the solid and the pool bulk temperature, respectively.

The heat transfer coefficient increases with the superficial gas velocity. Compared
between cases with gas existing and without gas, the heat transfer coefficient for the case
with gas existing are over 3 times as large as that for the no gas case. This shows the
fundamental heat transfer mechanism changes whether gas exists or not.

MODEL FORMULATION

In order to evaluate an erosion rate of concrete, it is necessary to calculate a
downward heat transfer across the concrete surface, that is, across the interface between
concrete slag and concrete. From the experimental observation, the fundamental heat transfer
mechanism is considered as a transient heat conduction process between the pool liquid and
the solid surface. When decomposition gas bubbles will rise up and away from the surface,
the interface will be stirred and the pool liquid will be brought into contact with the surface.
This cyclic phenomena, similar to nucleate boiling, leads to periodic contact between the
pool liquid and the solid. And the paraffin slag layer provides a thermal resistance, which
depends on the interface temperature between the pool and slag layer.

Therefore, in this study, we formulated these phenomena from a modeling assuming
that the downward heat transfer coefficient was controlled by the interface temperature and
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bubble dynamics.

HEAT TRANSFER IN SYSTEM

Heat transfer in this system was illustrated in fig. 5, where the subscripts p and o for
heat flux and heat transfer coefficients refer to the pool/slag interface and the slag/solid
interface. Tx is the interface temperature between the pool/slag. qseas is a heat flux acting as a
sensible heat for the slag layer.

Heat transfer coefficients are defined as

qP=hp(TP-Ti) (2)

qo = ho(Tp-TD) (3)

and

qP = q0 + qSens (4)

The qsens is obtained by assuming a parabolic temperature profile exists in the slag layer as
below.

q0 Ti - TD

qsens = — Cs (5)
1—/ *J

where cs is a heat capacity of the slag.
Combining equations from (2) to (5), one can get

hp(TP - Ti) = ho(TP - TD) j l + ̂ i l ! ^ M (6)

Now, the effective decomposition enthalpy L* is defined as

* T I - T D , S

L = L + Cs (7)
3

and a new parameter a is defined as follows

Combining (6) to (8) gives

The factor of cc(T -TjVCT -Tp) is due to thermal resistance of the slag layer. We can get the
downward heat transfer coefficient h^ if the pool/slag interface temperature and heat transfer
coefficient are evaluated quantitatively.

INTERFACE TEMPERATURE

The pool/slag interface temperature Tj can be obtained from the temperature field of
the system which is assumed as a one-dimensional transient temperature field with phase
changes, and is modeled using a similar model to Epstein's model[5]. His model considers the
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following four regions: the initially molten phase, the solid substrate, the solidified molten
phase, and the layer of melting substrate.

In the case of this study, however, the pool material equivalent for the initially molten
phase does not solidify. Thus the three regions, the pool, the solid substrate and the melting
substrate, are considered.

The temperature profile in each of the three regions is illustrated in fig. 6 and must
obey a partial differential equation of the form

^ , ^ (10)
d2at

where Tt is the temperature in region i, aj is the thermal diffusivity of region i, x is the spatial
location, and t is the time.

Designating the pool material as material 1, the initially solid material as material 2,
and the positions of the melting front (relative to the coordinate system origin which is at the
interface between the two materials) as X2, we have the following boundary conditions,

Tlm(0,t) = T2m(0,t) = Tl (11)

, (/Tim
k

oT2m , .
= k2m at x=0 (12)

dx dx

-X2,t) = T2m(-X2,t)=TD (13)

- k2m = -Lp2 at x=-X2(t) (14)
dx dx dt

T l m K t ) = Tp (15)

T2s(-O°,t) = Tb (16)

where the subscripts s and m refer to the solid and molten phases, respectively. Tp and Tb are
the initial and bulk temperatures of materials 1 and 2, k and Q are the thermal conductivity
and density.

l2m> 1 2 s 'Solutions for the functions T1m, T?m, T?, and X? are assumed to be the form161

Bierf[ * I (0 < x < ~) (17)
V 2 V t ;

= A2 + B2 erf [ — ^ = | (-X2(t) < x < 0) (18)

( X i

T2s = A3 + Bserfc . (-<*> < x < -X2(t)) (19)
V 2 V t ;

(20)

where Alf A2, A3, Bl5 B2, B3, k2 are constants to be determined by imposing the conditions
eqs. (11) through (16).

By algebraic manipulation, this set of equations is reduced to a equation for Â ,
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exp(/32A22)-erfc(y3A2)

where

v =
2 m k l s

A =
C S (T P -TD)

Equation(21) can be solved numerically by the Newton-Lapson method.
After X2 have been determined, the interface temperature TT is calculated from

T I - T D = erf(A2)

T P - T D y + erfJA2)

PERIODIC CONTACT MODEL

The periodic contact model was proposed by Lee et al.[7] and Kao and Kazimi'83. Their
correlations include many empirical constants. However, in this study, we proposed a heat
transfer coefficient without empirical constants.

When a hot pool is brought into contact with a solid surface, the temperature at the
interface immediately is assumed to be a value T r The temperature prof ile of a semi-infinite
medium with a step change in surface temperature from Tp to Tj ist6f

T(x,t) = Tp-(TP-Ti)erfc| —?U | (23)

where a is the thermal diffusivity of the pool.
The amount of heat transferred out of the pool per unit area within certain time

period, td, can be obtained by the following integration,

q = Jo~(pc)P[TP-T(x,td)]dx (24)
Jo

we get

2(pc)p-Jap7
-(Tp-Ti) (25)

For the bubble site density in this study, bubbles do not interact each other according
to the study of Lienhard[1]. Kutateladze and Styrikovich, as found in the referenced], showed

- 5 5 7 -



that when the gas leaving an orifice exceeds a certain velocity, it no longer forms bubbles at
the orifice but forms a jet which breaks into bubbles later in the pool. Applying the
Kutateladze and Styrikovich criterion to the present study predicts a local jet velocity of
greater than 15 m/s to cause the gas to leave the orifice as a jet instead of as bubbles. This
local gas velocity translates into a superficial gas velocity of approximately 6 cm/s in the
present apparatus. Maximum superficial gas velocity in this study was about 2 cm/s.
Therefore, each of bubbles produced from the gas injected into the pool would behave like as
a single bubbles.

Assuming that the bubble is approximately spherical, we get

^ d t (26)

N
where R is bubble radius, Rd and td are the bubble departure radius and time respectively, N
is the bubble population density.

Integration of equation (26) results in

The bubble departure radius is determined by the balance of surface tension and
buoyancy force. According to Kutateladze and Styrikovich, as found in the referenced], the
bubble departure radius which is derived from their experimental data is

(28)

where R,, is the drilled hole radius, a is surface tension between pool fluid and gas.
As the bubble moves away from the surface, it will strip away slag layer in a certain

region. That area is assumed to be jtRd
2 according to the study of entrainment by Greene et

al.t101 Thus the total amount of heat transferred out of the pool in each bubble departure
region within the time period td is

Q = ^Rd
2q (29)

Because effective heat transfer area per bubble is 1/N, the heat transfer coefficient
between the pool and the slag layer is

Substituting equations (25), (27), (28), and (29) into (30) leads to

(31)
,g(pp-0«).

After some manipulation, we get

hP = CRo^A%,VN VVg (32)

where
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Combining equations (9) and (32), the downward heat transfer coefficient h0 is obtained by

(33)

COMPARISON TO EXPERIMENTAL RESULTS

Comparison between model predictions and experimental results for the downward
heat transfer coefficient was performed. Figure 7 shows comparison between model
predictions and experimental results. In general, the comparison is excellent, and proves
validity of the model.

CONCLUSIONS

Fundamental experiments were performed using simulated materials to observe the
behaviors of the hot pool, slag and gases at the interface. From the experimental observation,
a model without empirical constants was proposed to calculate the interface heat transfer. In
this system, comparison between theoretical predictions and experimental results showed
good agreement.

For the future work, it is necessary to develop heat transfer models under other
conditions for MCCI evaluation.
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