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HEAT TRANSFER BETWEEN IMMISCIBLE LIQUIDS ENHANCED BY GAS BUBBLING

G. A. Greene, C. E. Schwarz, J. Klages and J. Klein

Brookhaven National Laboratory
Department of Nuclear Energy

Upton, New York 11973

ABSTRACT

The phenomena of core-concrete interactions impact upon containment in-
tegrity of light water reactors (LWR) following postulated complete meltdown
of the core by containment pressurization, production of combustible gases,
and basemat penetration. Experiment*; have? boon performed with non—rcfictor
materials to investigate one aspect of this problem, heat transfer between
overlying immiscible liquids whose interface is disturbed by a transverse
non-condensable gas flux emanating from below. Hydrodynamlc studios have
been performed to test a criterion for onset of entr.-iJnment: duo to bubbling
through the interface and subsequent heat transfer studies were performed
to assess the effect of bubbling on interfacial heat transfer rates, both
with and without bubble induced entrainment. Non-entraining interfacial
heat transfer data with mercury-water/oil fluid pairs were observed to be
bounded from below within a factor of two to throe by the Szekcley surface
renewal heat transfer model. However heat transfer data for fluid pairs
which are found to entrain (water-oil), believed to be characteristic of
molten reactor core-concrete conditions, were measured to be up to two
orders of magnitude greater than surface renewal predictions and arc cal-
culated by a simple entrainment heat transfer model.

BACKGROUND

The phenomena of core-concrete interactions impact upon containment integrity of a
light water reactor (LWR) following postulated complete meltdown of the core by con-
tainment pressurization due to condensable and non-condensable gas generation, possi-
ble ignition of combustible gases, and concrete basemat penetration*, In order to de-
velop a predictive capability to analyze such complicated interactions, the COKCON
code [1] has been developed at Sandia Laboratory under USNRC sponsorship.

Modeling of core-concrete interactions involves many poorly understood and com-
plicated heat transfer phenomena for which there exists a sparse data base. In sup-
port of the CORCON development effort, one heat transfer aspect of core-concrete In-
teractions has been investigated which had been found to have significant impact upon
the results of generic code calculations, namely the phenomenon of heat transfer be-
tween overlying immiscible liquid layers whose interface is agitated by gases liberat-
ed from the underlying concrete.

The mode} used in CORCON to characterize liquid-liquid heat transfer to an inter-
face agitated by transverse gas flow is given by a correlation developed by Konsetov



[2] and modified by Blottner [3] as

/ D \ 1/3 7 1/3
h = k ( - ^ M (.00274 BAT + .4a ) (1)

There had been only one heat transfer data point for comparison to this correlation
for a slag-metal system [4] and this was found to be greater in magnitude than the
calculated heat transfer coefficient by a factor of three. However, a limited amount
of data with an oil-water fluid pair were available from KFK [5] and these data are
shown along with the predictions of the modified Konsetov model as well as a model
developed by Grief [6] and the surface ronew.il heat transFor model of S/ekoloy IM I"
Figure 1. in this figure, it Is clear Lh.it Lliu data j'roaLly exceed i IK- KnnseLov model
in magnitude even at modest superficial gas velocity of less than 1 cin/s by as much as
two orders of magnitude. A more realistic, larger estimate of tho bubble radius would
tend to increase the disagreement between the Szokeloy model ami tho data as wo 11.

This apparent modeling deficiency v?as chosen for study and a sensitivity analysis
was performed. Generic CORCON coae calculations were run for the Zion plant input
data deck. The effect of interfacial heat transfer was examined parametrieally, by
increasing the heat transfer coefficient by a factor of 10 ami 100, i-hoson on the
basis of comparison of the heat transfer models to l.he limited KFK. data. It was found
that the integrated results of the core-concrete i.nieractions were significantly af-
fected by these parametric variations on the inter facia] heal: transfer coefficient.
It was found that the heat transfer model given by Equation (I) always gave an upper
bound to the generation rates of H2, CO, H20 and C0 2 gases; however, increasing
the magnitude of the coefficient by factors of 10 and 100 would reduce these gas li-
beration rates by as much as a factor of from two to five. The reason for this effort
on the gas release rates from the concrete is that the downward heat flux into tho.
concrete from the heavy core oxide layer is reduced due to the i-icreased upward heat
flux into the overlying lighter metallic layer. This reduced downward heat flux simi-
larly reduces the concrete ablation rate and, for the parametric calculations perform-
ed with the Zion plant input deck, reduced the rate of dilution of the Lower oxide
layer by concrete slag. Accompanying the calculation of reduced j»as j;enoratlon rates
and reduced concrete ablation rate by increasing the intcrfucial liquid-1Lquiil heal
transfer coefficient, it was found that the layer temperatures themselves would cooL
significantly faster with the increase in the magnitude of the interfacial heat
transfer coefficient, so fast in fact that layer inversion may be postponed until
solidification of the corium melt occurred. An example of the effect of '•.he magnitude
of the interfacial liquid-liquid heat transfer coefficient on the temperature history
of the core oxide layer for the Zion input deck calculations is shown in Figure 2. On
the basis of these observations, the experimental and analytical program about to be.
described was begun.

DESCRIPTION OF EXPERIMENT

An experimental apparatus to investigate heat transfer between immiscible liquid
layers with gas agitation was constructed. A schematic diagram of the apparatus is
shown in Figure 3. The apparatus is a liquid pool constructed of plexiglass and lex-
an. It is approximately 13 cm by 22 cm in cross section and 40 cm deep. A porous
frit is mounted in the base to provide a spatially uniform distributed gas flux. The
porous frit is installed in such a manner that it may be easily interchanged with an-
other of a different pore size. Electrodes are installed in the side walls to provide
internal heating of the lower liquid layer. The electrodes are connected to a cali-
brated watt meter for accurate determination of power dissipation in the pool. For
the cases in which the lower fluid is a liquid metal, the electrodes can be replaced
by a submerged cartridge heater. The porous frit is connected to a bank of air rota-
meters and a turbine flow meter for accurate and duplicate measurement of the gas



superficial velocity. A vertical traversable thermocouple rake is installed along the
center line axis of the pool for determination of the temperature distribution in the
pool. Twelve thermocouples are installed at a nominal separation of one inch. All
thermocouples were calibrated from the ice to steam point with an accuracy of 0.1 C.
All instrumentation is interfaced to the Hewlett Packard series 1000 mini computer-
based data acquisition system. The entire apparatus, with the exception of the sur-
face, is insulated with one inch thick polystyrene sheet to insure one dimensional
heat transfer and minimize boundary heat losses, which have been estimated to be 2-3%.

Experiments were performed with silicone oil-water and water-mercury fluid pairs.
Thermophysical properties were measured whenever possible (density, viscosity, surface
tension); when not feasible, vendor supplied or literature values wore utilized. The
apparatus was charged with the fluids and power supplied via the electrodes. The tem-
perature distribution in the liquids was monitored until steady state conditions were
achieved at a prescribed gas flux. The overall interfacial hent transfer coefficient
was calculated as the electrical power supplied divided by the overall temperature
difference between the liquid layers and the cross sectional, area. The superficial
gas velocity was the volume gas flux divided by the cross sectional area of the pool.
Tests were performed with zinc sulfate-silicone oil (Series 100) fluid pairs with a
density ratio of 0.80, copper sulfate-silicone oil (Series 200) fluid pairs with a
density ratio of 0.65, and water-mercury (Series 100, 400) fluid pairs with a density
ratio of approximately 0.1. In the discussion that follows, these are compared to
water-oil and Wood's metal-oil data of Werle [5, 7, 8] with density ratios of approxi-
mately 0.9 and 0.1, respectively. The data to be presented indicate an average of up
to 20 separate experiments at nominally the same conditions of power and gas flux.

EXPERIMENTAL RESULTS AND COMPARISON TO MODELS

Mercury-Water Bubbling Interfacial Heat Transfer

Two sets of bubbling heat transfer data were taken with mercury-water fluid pairs,
Series 300 and Series 400 data. The bubble radii were in the range 0.3 to 0.5 cm and
the superficial gas velocity was varied over the range from zero to 1.4 c.n/sec. These
data are presented in Figure 4 along with the Wood's metal-oil data of Wiirle. In the
limit of zero gas flow rate, these data converged asymptotically to a lower limit cal-
culated by the conducting-sheet model of Haberstroh [9] as would be expected. A brief
description of the conducting—sheet heat transfer model is given below. At zero gnu
flux, the liquid-liquid interface is not disturbed and the heat transfer is controlled
by turbulent natural convection in each layer. The layers are observed to be nearly
isothermal and the temperature gradients are restricted to the interface region, for
both liquid pairs the data were found to agree with the conducting-sheet model of
Haberstroh within an uncertainty band characteristic of the uncertainty In rha thermo-
physical properties.

As the superficial gas velocity increased, the heat transfer coefficient similarly
increased due to the periodic bubble-induced disturbances at the liquid-liquid inter-
face. The vertical temperature distribution demonstrated a sharp gradient in the vi-
cinity of th3 fluid-fluid interface, suggesting that the interface did maintain its
approximate spatial integrity and that mixing and entrainraent were absent. These ob-
servations were further supported by visual and photographic evidence of the absence
of entrainment of mercury even under intense interfacial disturbance.

The mercury-water heat transfer data were found to be greater in magnitude than
the Wood's metal-oil data (KFK) by a significant margin. The mercury and Wood's metal
layers have negligible thermal resistance to heat transfer in comparison to the water
and oil layers and for calculational purposes may, thus, be neglected. The observed
superiority of the water layer to the oil layer in transferring heat is evident from
the data in Figure 4, and the ratio is roughly a factor of five increasing to as much
as ten. On the basis of the surface renewal formulation shown in Figure 4, this ratio



should be approximately four, however, as will become evident in the discusti••-., there
are factors absent from this formulation which, when included, may account for this
discrepancy.

The regime of heat transfer between two fluid layers enhanced by interfacial dis-
turbances generated at their interface by rising bubbles with the absence of entrain-
ment is referred to as the surface renewal regime. A brief description of the surface
renewal model is given. When the gas flux is initiated, the interfaci ~1 heat transfer
coefficient is found to increase above the value characteristic of pure steady natural
convection. For the mercury-water case, no entrainment of the mercury is observed
into the overlying water layer. When the bubble breaks the interface, a droplet forms
behind the bubble from the metal film that previously surrounded it ll(>|. Kor this
liquid pair, the density difference between the liquids is great enough that the drop-
let remains at the interface while the bubble rises through the water. Evidently, the
buoyancy of the bubble is not sufficient to carry Che drop of mcrr.ury upward. For
this case, the bubble acts only to disrupt Lhe temperature c,r;idi(.Mits .it the interface
and transient conduction acts to renew the gradients untiL the arrival of a subsequeuL
bubble. This procedure of thermal gradient destruction by discrete bubble agitation
with no accompanying mass transfer or significant physical alteration of the interface
is referred to as surface renewal. The mercu>:y—water and Wood's metal-oil data are
characterized by this model.

The major assumptions of the surface renewal model are that a rising bubble total-
ly destroys the temperature gradients on both sides of the interface only In the area
of impact projected by ttu.> bubble, no influence is felt outside the bubble area, and
surface disturbances do not enhance the transport mechanises or the interfacial sur-
face area. As is evident from Figure 4, the surface renewal model, of SzokeJey |4),
modified by Blottner [3],

hSZE = l°69 k (V K rb ) 1 / 2 &

represents a lower bound to both the mercury-water data as well as the Wood's metal—
oil data. In both cases the deviation between the measured and calculated heat trans-
fer coefficient increases with increasing superficial gas velocity, indicating the ef-
fect of the increasing disturbance intensity and interfacial wave propagation on the
magnitude of the heat transfer. The fact that the discrepancy is greater for the
water-mercury data than for the oil-Wood's metal data may indicate the presence of. a
Prandtl number effect in add/.tion to the hydrodynamic interfacial stretching mechanism
due to instability formation.

Nevertheless, for fluid pairs that do not mix or entrain even under the influence
of transverse gas bubbling through their interface, the simple transient conduction
surface renewal model is found to predict ?. lower limit to the magnitude, of the inter-
facial heat transfer coefficient, differing fron> the measured data by up to a factor
of four over the range of conditions covered by those experiments.

Water-Oil Bubbling Interfacial Heat Transfer

In addition to the liquid metal-oil/water interfacial heat transfer experiments
which did not exhibit entrainmer.t over the entire range of gas velocity covered, ex-
periments were also performed with zinc sulfate-silicone oil (Series 100) and copper
sulfate-silicone oil (Series 200) fluid pairs which did demonstrate entrainment and
mixing when their interface was agitated by rising bubbles from below. The bubble
radii and superficial gas velocity were in the same range as for the liquid inetal-
oil/water experiments. The data for the Series 100 and 200 oil-water experiments are
presented in Figure 5 along with the oil-water data of Werle. These experiments, *>11



experiencing liquid-liquid entrainment effects, are compared Co the Wood's metal-oil
data previously discussed. Since all these data sets, entraining or non-entraining,
involving silicone oil have the resistance to heat transfer concentrated in the oil
layer, this comparison is a test of the contribution to the net heat transfer of the
entrainment process versus the surface renewal process.

Once again it is evident that, in the limit that the superficial gas velocity as-
ymptotically goes to zero, these data converge to the natural convection conducting-
sheet limit represented by the Haberstroh model within an uncertainty band character-
istic of the uncertainty in the thermophysical properties.

As the superficial gas velocity was increased, a dramatically ill f Orout behavior
was observed than for the fluid pairs which did not exhibit entrainment. Instead of ;i
gradual increase in magnitude, the heat transfer coefficient is seen to suddenly jump
almost a factor of ten at the onset of bubbling and steeply increase until, at a gas
velocity of 1 cm/s, it is greater Chan the silicone oiJ-Wood's molnl il.ita by more than
two orders of magnitude. The measured vertical temperature distribution exhibited
characteristics of an intermediate mixing zone in which the temperature gradually
changed from one layer to the other. This is in contrast to the sharp temperature
gradient r.easured with non-entraining fluids previously. These observations were fur-
ther supported by visual and photographic evidence of the sevuri* mass cntrainment rato
even at the modest superficial gas velocities below 1 cm/sec.

The significant increase in intecfncinl heat transfer Cor the siliconc oil-water
fluid pair over that measured for the siliconc oil-Wood's metal fluid pair (KKK) is
attributed directly to the effect of mass entrai nmont of. the hot lower fluid across
the interface into the cold upper fluid. This regime of heat transfer is referred to
as the entrainment heat transfer regime [12]. A detailed discussion of the modeling
of entrainment heat transfer is given in the Appendix and wiLl only be briefly men-
tioned here.

As the bubble penetrates the liquid-liquid interface, a finger of the lower heavy
fluid is sucked upward into the upper layer in the bubble wake region. At some loca-
tion, this liquid finger is observed to pinch off.; the fluid below the point of the
break returns downward through the interface, while the fluid above this point con-
tinues to entrain upwards in the wake region of the bubble. In the case of large en-
trained drops, they are also observed to fragment in the vortex region behind the bub-
ble into smaller droplets, greatly increasing the surface area for heat transfer. On
the basis of simple analysis of transient convective heat transfer around a sphere
[11], it can be shown that for the conditions of these experiments, the droplets es-
sentially transfer all their excess enthalpy to the upper fluid prior to settling back
to the lower fluid layer from whence they came. On the basis of these observations,
it is argued that one only need to know the liquid entrainment rate in order to calcu-
late the entrainment heat transfer rate. In this fashion, the overall heat transfer
coefficient can be written as the sum of the interfacial surface renewal contribution
and the entrainment contribution as

heff = h S Z E + J 2 P 2 C p 2 <3>

where j 2 is the volumetric entrainment rate of the lower fluid per unit cross sec-
tional area. At present, calculation of the liquid entrainment rate, j 2 , is treated
parametrically as a function of the gas superficial velocity, J2=c2Jg* I n

reality it is recognized that C 2 is. not a constant but is a function of j itself.
For this discussion, C2 is assigned the values 0.3 and 1.0 awaiting further attempts
to improve the entrainment rate model which are currently underway in recognition of
the obvious non-linear relationship between j g and j 2 .

The results of the comparison of Equation (3) to the oil-water entrainaent data



are shown in Figure 5. Note that the choice of C 2 in the range 0.3 to 1.0 appears
to bracket the available data. The development of a more refined entrainment rate
model will enable a more mechanistic calculation of intrainment heat transfer rate.

Nevertheless, for fluid pairs that exhibit interfacial mixing and entrainment
under the influence of transverse gas bubbling through their interface, a simple en-
trainment rate heat transfer model is seen to reasonably bracket the available experi-
mental data when appropriate assumptions regarding the mass transfer rate are incor-
porated. This limitation is expected to be relaxed when a mechanistic entrainment
rate model for J2 i s available.

DISCUSSION

In the case of several Immiscible overlying liquid layers agitated at their inter-
face by gases rising from below, there are two regimes of interfac.ial heat transfer
that may occur.

One is the surface renewal regime in which the gas flux serves to enhance the heat
transfer by disrupting the steady state temperature gradients at the interface. This
mode of heat transfer is characterized by the absence of liquid entrainment and mix-
ing, and presently the mathematical model that appi'.nrs to do tho host job of predict-
ing the available experiment data is the Szekeley surface renewal heat transfer model
given by Equation (2). This model consistently undo (.'predicts the available experimen-
tal data and the degree of disagreement increases to as much as a factor of four at
the highest superficial gas velocities examined. It is oxpueted that this disagree-
ment would increase with a further increase in gas flux. Accounting for interfacial
area enhancement due to surface waves and enhanced radial heat transfer would be ex-
pected to improve the model predictions and bring thorn into significantly better
agreement with the data. Efforts to do this are currently underway. At this point,
the Szekeley model is recommended over either the Konsetov or Grief models for calcu-
lation of interfacial heat transfer with bubbling for conditions under which liquid
entrainment is negligible.

The other mode of heat transfer that has been observed is the enLmi uniont heal:
transfer regime. This regime is characterized by cntrainment of the l^wcr fluid into
the upper layer in the form of droplets driven by bubble-induced hydrodynamic insta-
bilities at the interface. The magnitude of the entrainment heat transfer rate has
been measured to be as much as two orders of magnitude greater than for the case with-
out entrainment. An entrainment heat transfer model (Equation (3)) has been develop-
ed which, at this time, requires some estimate of the volumetric entraininent rate.
Realistic parametric estimates of the entrainment rate for the oil-water experiments
described have done an encouraging job of bracketing the available heat transfer data.
Parallel efforts are underway to refine the entrainment model which appears to predict
the potential for onset of entrainraent well but severely overpredicts the rate of en-
trainment. Under conditions which the entrainment onset model predicts entrainment,
this model is recommended instead of the surface renewal model.

Parametric calculations have been performed with the CORCON code for the Zion
plant input deck for the case of a molten reactor core attacking underlying concrete.
At the initial debris temperature of 2500K, the density ratio of the metal layer (6.9
gm/cm3) to the heavy oxide layer (8.0 gm/cm3) is calculated to be approximately
0.86 and approaches unity as concrete slag is ablated and dissolved in the oxide
layer. This represents a case similar to the oil-water experiments which had density
ratios in the range 0.65 to 0.80 and were found to be dominated by liquid entrainment.
Such behavior is also expected for the case of core oxide-metal interfacial heat
transfer during core-concrete interactions. Under such conditions and assumptions, it
is clear that the surface renewal heat transfer model will significantly underpredict
the upward heat transfer rate. Interfacial liquid-liquid heat transfer must be calcu-



lated with the entrainment heat transfer model under these conditions. From the non-
reactor materials experiments performed, it was found that the entrainment model would
predict a heat transfer coefficient at least two orders of magnitude gruntor than ':he
surface renewal-type model currently in CORCON. This is identical to the parametric
code calculations referenced earlier in this paper. Relying on those parametric code
results with enhanced heat transfer, it is clear that modeling of liquid-liquid heat
transfer with bubble-induced entrainment represents a mitigating Influence on the
severity of the consequences of core-concrete interactions from the point of view of
containment response. Calculations have shown that increasing the interfacial liquid-
liquid heat transfer coefficient by a factor of ten to one hundred would reduce the
overall mass of decomposition gases generated by a factor of two .is well as accelerate
the cooling rates of the oxide and metnl l.-iycrs by ;is much as 'WOK ami KH)K, respec-
tively, over the first two hours of core-concrete interaction, improvement of the
surface renewal model would also result in severely mitigated consequences should
calculations not be based upon the presence of entrninment.

NOMENCLATURE

A cross sectional area

Cj constant (defined in Equation A.2)

C2 constant (defined in Equation A.5)

C_ specific heat

g gravitational acceleration

h heat transfer coefficient

j superficial velocity

k thermal conductivity

Pr Prandtl number

r^ bubble radius

AT temperature difference

a void fraction

B coefficient of thermal expansion

K thermal diffusivity

v kinematic viscosity

p density

Subscripts

2 entrained phase

g gas phase

SZE S z e k e l e y model v a l u e
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APPENDIX: ENTRAINMENT HEAT TRANSFER MODELING

Current modeling of l i q u i d - l i q u i d entrainment due to gas bubbling i s crude at
b e s t . Although a model has been developed based upon a s t a t i c force balance which ap
pears to descr ibe the condi t ions for the onset of entrainment, ca l cu la t ed entrainment
rates have been greater than measured rates i n s i n g l e bubble entrainment t e s t s by ap-
proximately a f a c t o r of t en . For the purposes of t h i s development, therefore , the
entrainment w i l l be treated i n a parametric f a s h i o n , subject to future refinement i n
the entrainment rate model.

For the entrainment heat t r a n s f e r model, i t i s assumed that the heat transfer i s
composed of a component due to the i n t e r f a e i a l ;\i?1 Cation (surface rcnowal) aiul a i-om-
ponent due to the mass entrainment i t s e l f . The SzokeLey heat t rans fer c o e f f i c i e n t i s
given by

hSZE - 1.69 k(jg/<rb

The interfacial heat transfer rate (surface renewal) i s therefore

^interface = hSZE A AT12 (A-1

where A is the interfacial cross—sectional area and AT12 is the temperature differ-
ence between the upper (1) and lower (2) layers. The interfacial area was demonstrat
ed to be enhanced by disturbance formation and wave propagation and, as a result-,
^interface represents a lower bound to the interfacial heat transfer rate as pre-
viously discussed.

The component of the heat transfer due to entrainment can be expressed as the
product of the mass rate of entrainiueut times the excess enthalpy of the enU'niiunl
phase (2) transferred to the continuous phase (1 ) , that i s

''entrain = (n^38 entrainment rate)x(excess enthalpy
transferred/unit mass)

or

qentrain " <J2 k^2> <cl Cp2 AT12> (A-2)

where J2 i s the superficial velocity of the entraining fluid, p2 i s the density,
C 2 i s the specific heat, and Cj i s the fraction of the excess enthalpy of fluid 2
that is transferred to fluid 1. It can be easily shown by analysis of transient coir
vective heat transfer around a sphere, under conditions of tho ontraiwnent heat trans-
fer data, that Cj ^ 1 [11].

Combining Equations (A.I) and (A.2), we have

^total = hSZE AAT12 + J2AP2 Cp2 AT12 (A-3>

If the effective heat transfer coefficient i s defined as h e f f = qtotal/AAT12»
then this reduces to

heff * hSZE + j2p2 Cp2 ( A - 4 )

L e t J2=C2^g' w^ere C£ is the ratio of the volumetric entrainment rate of fluid
2 to the volumetric gas flux. Then Equation (A.4) becomes

heff = hSZE

In the oil-water experiments, the component of the interfacial heat tra" ;fer



resistance on the water side of the interface can be shown to be negligible v/ith re-
spect to that on the oil side of the interface. As a result the overall interface
heat transfer coefficient from the surface renewal model is simply that calculated for
the oil. In the general case, where both sides of the interface must be considered,
the overall interfacial heat transfer coefficient due to interfacial disturbances (not
entrainment) would be

overall SZE1 SZE2
(A6)

At present, the major uncertainty ir. applying Equation (A.5) to tlu» rase of ln«at
transfer with entrainment is the determination of the coefficient C2(j.r). Com-
parison of Equation (A.5) to the available BNL and KFK entrainment heat transfer data
suggests that the data are bracketed by the choice of C2 in the ran^e (0.3, 1.0).
Further work is underway to improve tlii.w .-IHIJO.-'- -..f thr •.•m >-•. > >\w<' *n*nl ir-nslcr
modcl.
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