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ABSTRACT

This report describes the results oi seven series of experiments conducted

[ to investigate heat and mass trancfer phenomena in multicomponent bubbiing pools
with apglication to the modeling of interlayer heat and mass transfer between

_ immiscible Tiquid layers and interfacial heat transfer to ver:ical and horizontal
; houndaries for the CORCOW computer code. Criteria for the onset of entrainment
between immiccible liquids, as well as the rate of entrainment and the rate of
settling are developed, which are applicable for modeling of mass transport
during core-concrete interactions. Heat transfer models are developed for toe
case of stratified layers as well as the case with mass entrainment between the
: layers. finally, models for heat transfer with bubbling to horizontal, drilled
| surfaces as we{l as bubbling along vertical surfaces are presented which are

appropriate for boundary heat transfer analyses during molten core-concrete
interactions.
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EXECUTIVE SUMMARY

The purpose of this report is to provide the experimental basis for
modeling of multiphase heat and mass transfer processes that may occur in
hypothetical core-concrete interactions. The models so developed are to form the
basis for the analyses of hydrodynamic mixing and interlayer heat transfer in a
multicomponent, bubbling pool of moiten core debris for the CORCON r- puter code.
The inclusion of these hydrodynamics and heat transfer models in CORCON will
represent a significant advancement in the code's capability to analyze the
effects of molten core-concrete interactions. By allowing the present constraint
of segregated immiscible layering of oxide and metal layers to be relaxed and,
in its place, {he capability to mechanistically calculate the morphology of each
layer (mixed or segregated) and the subsequent interlayer and boundary heat
transfer rates to be activated, the distribution of heat sources and fission
products and the melt temperatures will be mure reliably calculated and, as a
result, the analyses of containment loads, performarce, and fission product
release will be greatly improved.

A series of seven experimental investigations were performed during this
study which form the basis for the modeling of interlayer and interfacial heat
and mass transfer for the CORCON code. In all cases, the gas bubbling is to
simulate the effect of rising concrete decomposition gases in the pool, The
first series of experiments investigated the ennancement to heat transfer between
stratified immiscible liquids by gas bubbling across the interface. The
objective of these tests was to evalue e and’/~r improve the existing modeling in
CORCON for stratified fluid layer heat transfer. Three series of tests wer
performed; the heavy fluid was mercury and the three light fluids tested were 10
cs. and 100 cs. silicone oils and water. The mercury was chosen to suppress
mixing while the water and oils were chosen to cover the widest possible range
of fluid Prandt! number. An improved interlayer heat transfer model was
developed and implemented in CORCON to replace the original interiayer heat
transfer model.

The second series of experiments that was performed investigated the onset
of entrainment between immiscible liguid layers due to rising gas bubbles across
the interface. The objective of these tests was to develop a mechanistic and
reliable physical model to predict the conaitions necessary to support mass
entrainment from the lower fluid layer into the upper fluid layer, i.e., the
onset of mixing. Experiments were performed with eight different fluid pairs to
cover the widest possible range of the governing scaling parameters for
entrainment onset, A first-principle analysis led to the theoretical criterion
for the threshold volume of gas bubble necessary to cause entrainment.
Application of this entrainment onset criterion to the modeling in the CORCON
code will insure that the code calculations will reliably discriminate between
conditions which support mixing between core oxide and metal layers during core-
concrete interactions, and those conditions that will remain stratified.

The third series of experiments that was performed investigated the amount
or rate of mass entrainment between initially stratified immiscible liquid layers
due to gas bubbles rising across the liquid-liquid interface. The objective of
these tests was to develop a physically-based correlation model to predict the
amount of mass transferred by a single gas bubble rising across the Tiquid-liquid
interface under conditions that have been shown to exceed the onset of
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NOMENCLATURE

Test plate surface area

Specific heat

Drag coefficient

Equivalent sphericai diamcer
Seherical equivalent bubble diameter
froude numbe:

Gravitational acceleration

Coolant mass flux

Grashof number (= gfATr)/if)
Grashof number (= ga’r)/1f)
Grashof number (= gar)/if)

Heat transfer coe : cient
Superficial entrainment flux
Superficial gas velocity

Thermal conductivity

Droplet heat transfer efficiency
Nusselt number (=hr,/k)

Pre- t1 aumber

Heao flux

Spherical equivalent bubble r.dius
Radius

Rayroids number (= ud/vp)

Superficial Reynolds number (=j r,/v)
Entrainment Reynolds number (=j.d,/v,)
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NOMENCLATURE (cont in wed)

¢ Bimensionl~ss superficial gas velocity (= jo/u))
aubscripts
b Bubble
crit Critical value
| d Droplet
| e Entrainment
g Gas
i Side of interface (i = 1 or 2)
in Coolant inlet
¢ Liquid
m Max i mum
| wut Coolant outlet
| plate Test plate average
pool Liquid pool average
SR Surface removal
SURF Surface
1 Total
w Wall
1 Upper light liquid
2 Lower heavy liquid
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1. INTRODUCTION

Reas,sessments of the public risk due to unterminated severe accidents in
nuclear powe, reactors have pointed to the need for a better understanding of the
heat and mass iransfer processes in gas-sparged multi-fluid . bling pools. In
the case of severe core meltdown accidents in nuclear power reactors, the public
risk is a direct function of the physical threat to the reactor containment and
the release ot radionuc)ides from the molten core to the environment during the
stage of the accident termed the molten core-concrete interaction (MCCI) stage,
The MCC1 presupposes that the core meltdown has proceeded uninterrupted, that the
high temperature core-melt has penetrated the reactor pressure vessel, and that
the core has been deposited on the concrete floor below, Heat transfer from the
molten core debris is sufficient to wmelt the concrete, which will then release
W0 and €O, gases due to the decomposition of hydroxides and carbonates in the
concrete as well as the vaporization of water., As these gases rise through the
molten pool of core debris, they can react exothermically with molten metals in
the pool, releasing more energy into the core debris, converting H,0 and (O, into
H, and CO, and chemically transforming some condensed phase radionuclides into
intermediate volatile species by reactive vaporization., Since the core debris
consists of molten oxides (V0,, Zr0,, Fe0, etc.) and molten metals (Ir, Fe, NI,
Cr, etc.) which are immiscible, the molten pool would be vertically stratified
in the absence of the gas bubbling action of the concrete decomposition gases.
It is the action of the rising gas bubbles that enhances the bo'ndary surface
(bottom and side) and interfacial heat transfer rates and that drives the
entrainment mass transport across the interface between the stratified layers of
oxides and metals,

If the rising gas bubbles are not able to entrain the lower liquid into the
upper layer, the pool will remain stratified and heat transfer between the
liquids will be across a well-defined interface. Heat transfer across this
interfoce will be enhanced by surface renewal processes, as would be heat
transfer at the lower bubhling surface and along the vertical walls of the cavity
or container, Under some circumstances, the rising bubbles may drive mass
transport across the interface. If the rate of mass entrainment can be balanced
by the rate of settling of the entrained droplets, the upper layer will become
a heterogenout mixture layer; if the rate of entrainment exceeds the rate of
settling of the droplets, the fool will eventially become completely mixed and
the ligquid-liquid interface will disappear. In either case, heat transfer “rom
one layer to the other would be augmented even more than for the stratified case.

In the last decade, there has been a significant increase in research
activity in the area of heat, mass, and momentum transfs, in gas-sparged multi-
fluid bubbling pools. Some have looked at the heat iransfer processes across a
liguid-liquid interface due to the bubble action across the interface. Other
studies have examined the bubbling enhanced heat transfer at solid boundaries,
Attention has been focused un both horizontal and vertical surfaces; in addition,
some investigations have considered surfaces with bubbling along the boundary
layer while others have considered surfaces with gas injected through the surface
itself, There has Feen little activity in the study of the criterion for onset
of enteainment be’ween liquid layers due to gas bubbles rising across their
futerface, and similarly l1ittle activity in the investigation of the rate of mass
entrainment by the rising bubbles and the subsequent rate of settling of the




entrained droplets.

The objectives of this report are to present the results of a series of
seven separate experimental investigations which the author has conducted in
order to develop a compreliensive set of models for incorporation in the CORCON
computer code which models molten core-concrete interactions, The results of
these seven separate investigations will be discussed and the mathematical models
for each of the processes that are described will be presented. Finally, the
remaining uncertainties and areas which ~ould benefit from further investigation
and model development will be presented,




2. [NHANCEMENT T0O WEAT TRANSHER BETWLEN STRATIFIED ITMMISCIBLE LIQUIDS
BY GAS BUBBLING ACROSS THME INTERFACE

In early nuclear safety analyses, the core debris was assumed segregated
into overlying fmmiscible layers of core oxides, core metals, and melted concrete
slag in a vertical, cylindrical geometry. When the core oxide layer became
diluted by concrete decomposition products to the extent that it became less
dense than the metallic layer, these two layers would physically invert, The
core oxide layer and the overlying slag layer would then combine into one layer,
These layers would be cont inuously sparqed by concrete decomposition gases from
below, keeping the individual layers well mixed and isothermal. It is this gas
flux which would drive the heat and mass transfer processes between the overlying
layers. Separate analyses and experimental evidence have revealed that under a
wide range of conditions, hubble-induced entrainment may dominate the interlayer
transport processes (Greene et al., 1982, 1988a). However, under conditions in
which the rising bubbles are unable to support entrainment, transport processes
between liquid layers would be controlled by bubble agitativn and turbulence at
the ll?rid-liqnid interface, 1In the stratified state, fission products and their
decay heat would be concentrated in the oxide layer while chemically reactive
metals, principally zirconium, and their heats of reaction would be concentrated
in the metallic layer. Interfacial heat transfer between layers would determine
not only the temperature of each layer but also the upward-to-downward heat
transfer split, This in turn would control the downward concrete erosion vs,
upward radiative or boiling heat flux,

In the absence of mocels for mixing and entrainment, early assessments of
the consequences of molten core-concrete interactions were based solely upon
analyses which assumed this stratified configuration, Modeling of this
stratified heat transfer mode between immiscible 11quid layers with gas-sparging,
lnta?ded to represent molten core metals and oxides, will be discussed in this
section,

2.1 Background

The earliest stratified interlayer heat transfer model that was developed
was a version of the Konsetov model (16066) for heat transfer to a surface with
bubble agitation, modified by Blottner (1979) to include two effects: (1) a
lowe, asymptotic limit for natural convection in the absence of hubbling and,
(2) an arbitrary increase in the coefficient of the void fraction term from 0.4
to 50.0 to shift the model into better agreement with some limited experimental
2a§?. Blottner's interfacial relationship, applicabie for each fluid, is as

ol lows,

h, = k(re g®)3 (0.0027ap81 + 50a%) 173, (1)
This relationship can be non-dimensionalized as follows,
M= (0.00278 Gry + 50 Gry)'/3 pe 173 (2)
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Table 1

anges of Scaling Parameters
for Interfacial Heat Tran-fer

Scaling Parameter Experimental Range Ch:;;c;:;;:&ic
Jg (em/s) 0.33 - 7.75 3.3 - 5.5
Re 0.19 - 1099, 87. - 220.
Pr 4.0 =« 540. 6.0 « 9.0
Nu 7.~ 2500. 176, - 461,

*Calculated from CORCON-MOD 2,04 Standard Problem.

(calculated by Egn. 8)
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suppress entrainment and to have a winimal resistance to heat transfer, With
respect to stratification vs entrainment, a necessary condition for entrainment
by bubbles vising across a liguid-liquid interface was derived by Greene (1988a).
Application of that criterion to the water (or oil)/mercury system indicates that
risin? gas bubbles are unable to support liguid entrainment for the fluid pairs
used in the present study, This behavior has been verified expesimentally, With
respect to resistance to heat transfer, one can assume for the time being that
the interfacial heat transfer process is a transient surface renewal process on
both sides of the interface. Fxamination of the physical properties, in
particular the thermal diffusivities of each liquid layer, suggests that tue
resistance to heat transfer on the mercury side of the interface would be, for
the worst case, at least a factor of ten less than on the water side. Neglecting
this resistance would result in an uncertainty in the heat transfer coefficient
of, at most, 10% for the water/mercury tests and negligible uncertainty for the
two oils over mercury, In this fashios, the measured overall heat transfer
coefficient would be approxinatel( equal 1o the heat transfer coefficient on the
0il or water side of the liquid-Tiquid interface, Fluid density and viscosity
were measured in the laboratory., Specific heat and thermal conductivity values
were taken from the literature or from vendor-supplied data. The apparatus was
charged with the test fluids and power supplied by the immersed cartridge heatin?
assembly. The temperature distribution in the liguids was monitored unti
steady-state conditions were achieved at a prescribed heat flux. The overall
heat transfer coefficient was calculated as the net power iaput disided by the
interfacial temperature difference and the cross-sectional area. the superficial
gas velocity was calculated as the volumetric gas flux divided by the
cross-sectional area. Fach data point to bhe presented represents an average
value of from five to as many as thirteen tests, with the individual data
varigtions being in most cases less than 6%,

2.3 LXPERIMENTAL RESULTS

The experiments were performed in three series as listed in Table 1. The
numher in parentheses next to each heat transier coefficient listed is the
standard deviation of the value presented. The superficial gas «elocity covered
the range 0.30 - 8.35 cm/s and the measured heat transfer coeffi-iont varied from
2986 to 50216 W/m'K. lThe dimensional experimental data for the three fluid pairs
are shown in Figure 2. The experimental data greatiy exceed the data from Werle
(1982) for the same fluids by as much as a factor of ten. With one exception,
the data exceed the mode) predictions of Equations (1) and (3) by as much as a
factor of 7-14 at the highest superficial gas velocities investigated. The only
exception is the comparison of the water/mercury heat transfer data to Equation
(1), which lies a factor of two below the data.

It was found that Equation (5) deviates from the oil/mercury data as badly
as Equations (1) and (3). It agrees with the water/mercury data only in the
lower range of j, = 1 cm/s; the comparison rapidly deteriorates at higher gyas
velocity. Since the lower range of nas velocity is not the range of most
interest, it was concluded that the overall comparison of Equation (5) <o the
present experimental data is at leas! as poor as Equations (1) and {3). The hea!
transfer coetiicient was cast as a hasselt number and the superficial gas
velocity as a Reynolds number based upen the volume equivalent bubble radius and
the properties of the water or oil layer. The Prandt] number was similarly
chosen as that of the water or oil layer. The correlation that was developed to
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lable 2
Listing of Experimental Data
for Stratified Heat Iransfer

Run h J I Nu He Pr
i:J__.LnLn’LL_iil{ingfu o S e T
F
1 8823 (1023) 0.30 37 7.9 it.4 4.60
? 14424(4317) 0.%9 45 67.6  °8.5 4.00
3 14300(16R7) 0.48 an  74.6  43.2 4.32
4 15842(1837) 1.17 A7 90.8  59.5 4.60
5 20831(2174) 1.47 39 1728.7 81.6 4.41
6 27907(4222) 2.05 38 203.8 134.7 4.5
7 31039(B117) 2.65 41 254.6 208.B 4.23
B8 27766(1767) 3.23 39 250.6 277.8 4.4
9 32450(3079) 4.38 36 367.5 4349 4.71
10 38168(5766) 6.63 37 516.5 675.9 4.60
11 38946(4910) 6.728 36 671.% 808.1 4.7]
12 42805(1364) 7.21 35 G98.6 993.8 4.8)
13 50216(4800) 7.75 33 B873.3 1101.3 5.07
10 ¢5 Qil/Meicury
14 5177 (118) 0.30 56 104.3 1.18 79.4
15 5796 (68) 0.60 56 129.8 2.63 79.4
16 7196 (128) 0.90 56 177.2 4.34 79.4
17 8146 (164) 1.22 63 224.9 7.17 72.6
18 9609 (127) 1.52 63 2796.8 9.65 72.6
19 10784 (40) 2.13 63 3.2 15.9 72.6
20 14395 (2%0) »2.81 77 580.1 32.8 &2.8
21 14347 (415) 3.41 77 642.4 44,7 52.8
22 16870 (290) 4.64 77 931.6 4.2 52.8
23 20674 (4i6) 6.06 82 15720 136.2 44.9
24 24980 (631) 6.74 B2 1808.0 165.1 44.9
25 31604(1239) 7.74 82 2547.0 211.1 44.9
26 29105 (B42) B8.3%5 77 2476.0 205.6 52.8
27 2986 (32) 0.33 5l %? 4 0.19 501.0
28 3750 4?) 0.61 56 73.1  0.35 540.0
29 4338 (47) 0.91 6! 93.0 0.63 501.0
30 4924 (66) 1.21 56 1151 0.85 540.0
31 6052 ;25 1.52 61 157.2 1.27 501.0
32 7073 (54) 2.13 61 215.9 2.09 501.0
33 7885 (133) 2.80 78 276.5 3.5) 445.0
34 9382 (169) 3.43 72 371.6 4.76 457.0
35 10930 (193) 4.63 72 525.2 7.79 457.C
36 14082 (175) 6.03 78 813.8 12.5 445.0
37 18328 (B45) 6.70 78 1142.0 14.9 4450
38 20566 (577) 7.71 78 1429.0 19.1 445.0
39 24737 (480) 8.34 72 1831.0 ?21.6 457.0

12
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*Numher in parentheses indicates the standard deviation of che measured heat
transfer coe“ficient.
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3. ONSET OF ENTRAINMENT BETWEEN IMMISCIBLE LIQUID
LAYERS DUE TO RISING GAS BUBBLES

In toe previous section, the enhancement to heat transfer across &
stratified liquid-liquid interface due to rising gas bubbiles was treated |t was
explained that this situation is found in such diverse applications wetal-
lurgical processini and nuclear reactor safety., In all these occurre 5, one
15 concerned with the possibility of entraining the denser liquid from the bottom
layer into the top layer of lighter liquid by the rising gas bubbles., Such
entrainment can significantly increase both heat and mass transfer between the
two immiscible liquid layers, a phenomenon which could be either detrimental or
desirable depending upon the specific application, In the absence of such a
criterion for the onset of entrainment, the molten layers are required to remain
stratified in spite of the action of the rising gas bubbles. 1In this section we
describe the investigations of entrainment onset and the criteria developed which
allow relaxation of the stratification constraint.

3.1, Background

Previous investigations reported in the literature indicate that
entrainment hetween the liquid layers is clearly observed in some cases while
apparently not present in other cases, Szekely (1963) deals with the case of a
bubble-stirred interface between the two immiscible 1iquids without entrainment,
Porter, Richardson, and Subramanian (1966) report observations of agueous
solutions overly o9 liquid mercury with no apparent entrainment of the mercur{
into the aqueous ase. Poggi, Minto, and Davenport (1969) report experimenta
indications of en.rainment occurring between pools of glycerin-water over
mercury, fused salt over lead, and slag over molten copper. More recently, Werle
(1982) and Greene (1982) investigated the fluid mechanics and heat transfer
hehavior of silicone oil and water over liquid metal pools of Wood's metal and
rercury, and silicone oil over water pools, both cases with gas bubbling from
helow, It was found in both investigations that the rates of heat transfer
between the two overlying immiscible l?quid layers driven by gas bubbles rising
through the interface were strongly dependent upon whether the system exhibited
entrainment or stratification, The gas bubbling was able to support entrainment
for the oil over water system, ‘lowever the water/oil over Wood's metal/mercury
systems rewmained stratified with no mass transfer between phases. As reported
by the authars, the fluid systems which underwent entrainment exhibited rates of
interlayer heat transfer that greatly exceeded those measured for the fluid
systems that vemained stratified. Epstein et al. (1981) tested stratified pools
of organic liquid and water with nitrogen as the bubbling gas. These authore
reported that a well-mixed emulsion of the two liquid phases wes for. ! upon
exceeding some critical value of gas flux. Gonzalez and Corradini (1y87) and
Suter and Yadigaroglu (1988) also reported clear indications of mixing between
stratified layers of liquids under certain operating conditions,

The accumulateo evidence indicates that entrainment between the immiscible
liautd layers could occur or not occur depending on the specific liquid system
and operaling conditions. The objective of this section is to develop a
criterion for predictinq the onset of intorfacial entrainment between the liquid
layer=. A conceptual limiting criterion is developed and then compared with
experimental observations,

13
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3.2 Physical Phenomena

Consider a pool consisting of stratified layers of two immiscihle liguids.
1f gas is injected at the bottom of the pool and flows upward throuygh the liguid
layers, entrainment and mixing of the heavier liquid (density p,) into the
lighter 1iquid (density p,) can occur, as reported above. Our objective is to
develop & criterion that can predict the minimum gos flow needed to cause such
entrainment. C(learly, the phenomenon is affected by the two-phase flow regime
of gas in the lower liquid pool. As gas flux increases, the two-phase flow
reg?ne changes from bubbly flow, to churn-turbulent flow, annular flow, and
eventually to dispersed flow. Since our concern is with the minimum gas flow
that would induce entraincent, attention is centered on the regime of discrete
bubbly flow.

In the first part of this study, a series of photographic records were
obtained to aid in qualitative understanding of the physical phenomenon,
Stratified layers of silicone oil over colored aqueous solutions of copper
sulfate in a transparent 10 cm diameter column were used for these experiments.
Single bubbles of air were injected at the bottom of the column anc photographed
as they penetrated the interface between the two liquids. txamples of the
photographic records of the phenomenon are shown in Figure 4. It is seen in
Figures da-b that as the gas bubble penetrates the liquid interface, it begins
to drag a column of the denser fluid in its wake into the lighter fluid. As the
bubble continues to rise [Figures 4c-d], this “wake” column elongates and then
necks down and finally snaps to free a glob of the denser fluid which is then
successfully entrained nto the upper fluid by the rising gas bubble. In these
experiments, depending on the size of the gas bubble, globules of the lower
liguid would be so entrained or not entrained into the upper pool. In the latter
case, a raised column (such as in figure 4a) could still occur but then the
column would be pulled back into the lower pool by surface tension without
necking down and breating off as an entrained globule. It was also observed that
small gas bubbles wild sometimes be trapped at the two-fluid interface and be
prevented from penetrating into the upper layer of Tighter liguid.

The question to be addressed is, “Under what conditions does a rising
bubhle penetrate the interface betwe . the two liquid pools wid entrain some
velume of the denser liquiu into the lighter liquid." Our interpretation of the
photoyraphic records indicated that the entrainment process was caused by the
rising gas bubble having sufficient buoyancy to penetrate the liquid-Tiquid
interface and 1o drag in its wake a globule of the denser fluid into the upper

ool, with sufficient force to overcome interfacial tension between the two

iquids as well as the ne?ative buoyancy of the denser fluid, In the foilowing
discussion, a criterion is deveioped based on this hypothesized mechanism to
estimate the minimum size gas bubble able to cause entrainment for a given pair
of inmiscible liguids.

3.3 Formulation of Criterion

Consider a gas bubble of volume vV, as it rises through the lower liquid
layer and approaches the interface. To successfully entrain fluid of densily
Py into the fluid of density p,, the gas bubble must necessarily meet both of the
following requirements:
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Figure 4, Photograph of entrainment phenomenon.









Figure 5. Geometrical system for analysis.
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Table 3

Ranges of Scaling Parameters
for Entrainment Onset

Scaling Parameter Experimental Range °"§$:°$:§f,:§.‘.°
Vg* (cm’) 0.02 - 0.90 0.50
p* 1.0 - 3.0 .21
015/ Py 3.0 - 80.0 83,
v 0.7 - 60.0 ol *
Yorent variable 1.2

*Assumes Vo, * 2 cm’

**Calculated from CORCON-MOD 2.04 Standard Problem,
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should be equal to (0,,/p,)%, where V_ is the threshold volume of the gas hubhle
to cause entrainment. 1he experimental measurements for the test fluids are
plotted in Figure 9b and confirm this prediction over a 20-fold range of o,,/p,.
The theoretical prediction, Equation (14), is also plotted and shows very good
agreement with the experimental results over the 100-fold range of the threshold
volume, The axes in this figure are in CG5 units. The proposeu theory, based
on first-principles, obtained this good agreement with measurements without the
use of any empirical parameters.

3.6 Swmeary

The problem of entrainme 1t between stratified layers of immiscible liquids
caused by rising gas bubbles was examined to develop a criterion for onset of
entrainment. Visualization experiments led to a hypothesis that entrainment by
single bubbles is caused by the levitation of a small column of the denser fluid
in the wake of the bubble as the bubble passes across the liquid-liquid
interface. A first-principle analysis led to a theoretical criterion for the
threshold volume of gas bubble necessary ‘o cause entrainment, indicating a
strong dependence on the liquid-liquid density ratio (p') and the interfacial
tension-liquid density ratio (o,,/p,). Experiments were conducted to measure
actual onset of entrainment for eight different pairs of fluids. The experiments
covered a 3-fold range in p", a 20-fold range in o,,/p,, and a 2000-fold range
in the gas bubble volume, The proposed theoretical criterion, with no empirical
parameters, was able to predict the experimental measurements with good agreement
over the entire test range,

Application of the entrainment onset criterion to the modeling in the
CORCON code will insure that the code calculations will reliably be able to
discriminate between conditions which support mixing between core oxide and metal
layers duy ing core-concrete interactions, and those conditions which will remain
stratified. This will be important in so far as entrainment wi'll determine the
heat balance in the mnlten core debris as well as the disiribution of fission
product in the melt,
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4. BUBBLE INDUCED ENTRAINMENT BETWEEN INITIALLY STRATIFIED LIuu!D LAYERS

As illustrated in Figure 4, it is known that gas hubhles of sufficient size
rising through stratified layers can entrain some volume of the denser liquid
from the lower layer into the upper layer of lighter liquid. This entrainment
pheromenon has significant effects on both heat and mass transfer between the two
liguid layers (Szekeley, 1963; Greene, et al,, 1988b). This situation is
encountered and is of concern in a number of applications. Some examples are
chemical processing, assessments of severe nuclear reactor accidents, and in
metallurgical processing. In ‘he previous section, an entrainment onset
criterion was developed which enabled relaxation of the limiting constraint
requiring the two liquid layers to be stratified under the action of gas bubbles
rising across their interface. In this section, a model is developed and
presented which will enahle the amount of the lower liquid which is entrained by
the rising gas hubbles to be calculated. A model for entrainment between
immiscihle layers of molten core debris is needed for CORCON in order to be able
to calculate the mixture properties of the layers, the rate of heat transfer
between the layers, and the distribution of fissicn products in the core debris,

4.1 Background

Greene et al. (1988a) showed that discrete gas bubbles must exceed a
certain minimm volume to cause entrainment of the denser liquid into the upper
rool; a theoretical criterion was developed to predict this onset cuadition. The
objective of the present section is to determine the vo'ume of the denser fluid
that will be entrained by a discrete bubble, once this onset criterion is
exceeded, The study is limited to that regime of gas flux which results in
bubhly flow. Higher gas fluxes would lead to alternate flow regimes (e.g., churn
turbulent flow) which may have very diffe-ent mechanisms for fluid iixing between
the two immiscible 1iquids,

Previous investigations reported in the literature indicate that er‘rain-
ment between overlying immiscible liyuid layers by bubbling gas is clearly ob-
served for some filuid systems while onparently not observed for other fluids.
Szekely (1963) and Greene et al. (i988a) report on stucies of liguid systems
which did not support entrainment, but rather remained stratified. Szekely
presents a theore ical analysis of transient heat transfer at the interface by
surface renewal principles, while Greene et al. present experimental results for
interfacial heat transfer and a dimensionless correlation of their data.

Mercier et al. (1974) report on visual observations in which a minimum
bubble volume threshold was observed (0.020 cm’) for onset of entrainment between
water and a variety of minera! oils. A similar observation is reported by Mori
et al. (1977) who observed ¢ winimum bubble volume fur penetration of an aqueous

lycerol-R113 interface; for bubbles larger than this penetration threshold value
?0.020-0.045 em’), entrainment of the lower fluid always occurred and increased
with increasing bubble volume. Epstein et al. (1981) report on the onset of
mixing and stratification in bubbling systems; they s ggest that it is only
v tessary to know the mixture density to predict the pool configuration. In a
similar study, however, Suter and Yadigaroglu (1988) develop an entrainment
criterion on the basis of stability considerations which include density and
interfacial and surface tensions. Greene et al. (1988a) present a theoretical
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and experimental study of entrainment in which they report both a bubble
penetration th :shold and an entrainment onset threshold, The model is a
function of the densities of the gas and two liguids, the interfacial tension
between the iiquids and the bubble volume; entrainment onset data for eight
separs*e fluid pairs were found to be in good agreement with the entrainment
onse .riterion. The bubble penetration criterion was in agreement with tne
expey imental observations of Mori et al. (1977).

That the rate of entrainment between immiscible liquid layers increased
with increasing bubble volume for a particular pair of fluids is reported by
Poggi et al. (1969), Cheung et al. (1986), Veeraburus and Phiibrook ('959), and
Mori et al. (1977). Mori et al. present data for glycerol-R113 which dewonstrate
an increase in entrained volume with an increase in bubble volume and a decrease
in the viscosity of the light liquid. Entrainment mechanisms of film and bubile
transport were observed by Paggi (1969), Veeraburus (1959), and Mori et al.
(1977). Cheung et al. (1986) observed that entrainment could be affected by
non-uniform gas bubbling. Although no model for the rate of entrainment is
presented, Gonzalez and Corradini (1987) report experimental results for
entrainment onset and emulsification for several fluid pairs as a function of the
superficial gas velocity,

Heat transfer hetween overlying liquids hoth with and without entrainment
is reported by Greene et al. (1982, 1988b) and Werle (1982). Both authors
observed that pools could be stratified, mixed, or homogenized depending upon
the fluid properties and volumetric gas flux. [he component of heat flux due to
entrainment was observed to cubstantially increase the interlayer heat transfer
over the stratified situation. Greene and Schwarz (1962) present a model for
calculating the entrainment heat transfer as a combination of the stratified
componient and that due to direct mass transfer. The analysis require” a model
for the rate of mass entrainment which, until now, was not available. It should
be noted that Suo-Anttila (1988) recently proposed a framework for calculating
entrainment and entrainment heat trans‘er between overlying liquid with gas
bubbling. MHowever, models for the various processes invelved are not of fered.

4.2 Experiment

In order to investigate the phenomenon of bubble-induced entrainment
between stratified liquids, the experimenta! investigation to be described was
initiated. 1In this section we will discuss in detail (he experimental apparatus
and the experimental procedure. It became necessary during this investigation
to measure the physical and transport properties of the fluids that were used,
as well as the bubble rise velocities for each ot the fluids., These measurements
will be discussed as well.

As was the case for the entrainment onset studies, the fluid pairs that
were utilized in the entrainment rate studies were chosen in an attempt to
encompass the widest possible range for the appropriate scaling parameters. For
the most cart, the fluid pairs chosen were the identical ones as utilized in the
entrainmen. onset experiments. The significant scaling parameters, both
dimensional and dimensionless, are listed in lable 5, along with the ranges of
these parameters that were covered hy the experiments. Note that in all cases,
che characteristic values for these paremeters that could be expected under MCCI
conditions are spanned by the ranges covered in the experiments. Therefore, the
resuits may be applied to MCCI conditions reliably.
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Table §

Ran?es of Scaling Parameters
for Volumetric Entrainment Between
Overlying Immiscible Liquids

by Rising Bubbles

| 1 Characteristic

| Scaling Parameter | Experimental Range NPP Value*

| vg,o (cm’) 0.0025 - 1.02 0.62

| ¢ 0.28 - 1396.0 2.0-5.0
V.. (cm’) 0.27 - 54.9 ~13.

| € 0.006 - 0.366 ~0.2

| Re, 0.87 - 8752, ~1200.

Re, 0.48 - 12815. ~8800.

*Calculated from CORCON-MOD 2.04 Standard Probiem.

B T e TR T o TR T FE S e

Y aE—me—

Lm}ﬂ-;‘a.na.—.ﬁ..— [T P —— Aude =

31









e Al AL e e s T L e e T B & e e e T B e e e Bt e FaEmee | = -y .

I ——

Lu PRl

been pulled through the interface between the two liquid layers. Studies of the
hi?h-speed movies showed that entrainment starts when a ?as bubble of sufficient
volume penetrates the surface and pulls a column of the lower liguid in its wake
into the upper pool. 1t the bubble volume is of insufficient size, the levitated
column falls back to the lower pool and the gas bubble continues to rise through
the upper pool without having caused any entrainment, For sufficiontly large gas
bubbles, the levitated colian rises to a sufficient height that it becomes
h(drodynanically unstahle; as it elongates, it necks down to snap free a glob of
the denser fluid which is then considered to he successfully entrained into the
upper fluid layer, Our experiment perwitted the capture and measurement of the
volume of such entrained globules. Observations of the phenomena fiom the visual
recordings indicated that the volume of entrainment would be affected not only
bz the size of the gas bubble but also by the densities of the two liquid fluids,
their viscosities, and the interfacial tension between the two liguids.
Experimental indicati .s of these parametric effects are described helow.

4.4.2 Effect of Meavy-Liquid Density

figure 11a shows the experimental data indicating volumes of entreined
liquid for individual bubbles of various sizes (volumes). Results are plotted
for two pairs of fluids, water overlying Refrigerant-11 and water overlying
bromoform, 'he major parametric difference between these two pairs is the
density of the heavier liquid, bromoform being 2.9 times wore dense than water.
It is seen that the entrainment volume for a given bubble volume decreased very
significantly with increasing density of the heavy liguid, the water/bromoform
entrainment volumes being almost an order-of wagnitude lower than the
corresponding entrainment volumes for water/RIl,

4.1.3 Effect of Light-Liquid Density

The effect of the tight-liquid density is just the opposite. Figure 11b
shows data for two pairs of fluids, silicone oil over water and hexane over
water, The major parametric difference between these two pairs is the density
of the upper layer light iluid, hexane, with a specific density of 0.7 as
compared to silicone oil with a specific density of 0.9. These results clearly
show that entrainment volumes increased with increasing density of the light
liguid, Ffor the fluids indicated, a density ratio of 1.5 in the upper layer
fluid resulted in a factor of approximately four in the entrainment volumes, for
the same bubble volume. Comhined with the observation of Figure 1la, the
experimental results demonstrate the importance of buoyancy difference between
the two liquids.

4.4.4 [ffect of Interfacial Tension

Measurements obtained with the twe pairs of fluids, water over
Refrigerant-11 and hexane over waler, can be compared to evaluate the effect of
interfaciai tension on entrainment. Both of these pairs have a relative density
difference of approximately 0.4 g/cm3 bctween the heavier and lighter liguids
so that relativ« ..oyancy should nc* be a factor. The major parametric
difference bel..¢: these twe pairs is the interfacial temsion f{o,,) which
differed hy almosc a factor of ten. Ihe results showed that Lhere is little
discernible difference in the entrairment volumes between these two pa‘rs of
fluids. However, the minimum gas bubble volumes for which measurable entrainment
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could be obtained was found to be 0.03 cw® for water over R1l and 0.002 cm' for
hexane over water. The conclusions from this observation is that the interfacial
tension affected the onset of entrainment but had relatively small effect on the
volume of entrainment. The first effect is consistent with the results reported
in Greene et al. (1988a),

4.4.5 Effect of Heavy-Liguid Viscosity

While the liquid viscosities do not affect static force balances, they
would be expected to afiect bubble rise velocities which in turn influence the
characteristics of the bubble wake, Ffigure 11c examines the potential effect of
the 1iquid viscosity of the heavier liquid in the lower pool  The two pairs of
fluids . ictrated in this figure have essentially identical v .cosities in the
lighter s(uid and also similar density differences; the wajor parametric
dependence is in the viscosity of the heavy liquids which differ by « factrr of
over 1000 for water and glycerin. 1he experimental results show a strong
inf luence »n the entrainment volumes The low viscosity case (hexane/water) had
entrainment volumes greater than 10 times tha. of the high viscosity case
(acetone/giycering.

4.4.6 Effect of Light-Liquid Yiscosity

Figure 11d illustrates the effect of different viscositier for the iight
liquids in the upper pool. Data are plotted for water over bromoform and
lvcerin over bromoform. liese two pairs of test fluids had the sawe heavier
iquid (bromoform) and similar buoyancy density di‘ferences. Thus this figure
illustrates the parametr.c effect of the upper fluid (Tight liquid) viscosity.
It is st.) that while there is a discernible increase in entrainment volume for
the less viscous case, the magnitude of the effect ‘or changing light-liquid
viscosity is much leys than that for changing viscosity of tne heavy-ligvid.

4.5 Correlation of Dava

The experimental results clearly indicate that tie volume of entrainment
from the lower pool into the upper poc! by a discrete gas bubble is a function
of the gas bubble volume, the densities of the two liquids, the viscosity of the
two liguids, and the interfacial tens on between the two liquids. Over the range
of experimental tests for eight di ferent fluid pairs, the resultant entrainment
volume per bubble varied over two orders-of-magnitude. The development of a
correlation to reprevent this experimental data base is presented here,

It vas tirst noted that, for a given pair of liquids, entrainment would be
pussible by discrete gas bubbles only if the bubble volume exceeded the
criterion for onset presented by Greene et al. (1988a),

Y92 Yoo - (20)
Voo was theoretically derived by Greene ¢t al. (1988a), and is given by
7.8 712 32
¥ = (14)

g0 - -
L 9(3Pl Py ZPg)
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A static force balance was performed (assuming negligible inertial forces) to
determine the waximum theoretical liquid volume that could be entrained across
the liquid-liquild interface by a rising gas bubble which exceeds this entrainment
onset volume. As the bubble (in this analysis the bubble is assumed to bhe a
spherical cap) rises across the llquid liquid interface, it is obseived that a
column of the Jower, heavy fluid rises with it due to bu0yancy and wake effects
associated with the bubble. We will censider a control volume ronsisting of the
rising gas bubble and the l¢vitated column of the lower, heavy liquid. By
considering the upward 'ifting force due to the buoyancy of the bubbile on the
colum of entraining fluid, the restoring force on the fluid column due to
interfacial tension with the upper fluid, and negative buoyancy of the entrained
column in the upper iayer, the tollowing force %alance was decived,

3Vg 1/3
(pl - pg) gvg = 27 _.Ei_dJ 012 % Vm'e (P2 - pl)g (21)

The first term is due to " . ble buoyancy, the second term represents the eifect
of interfacial tension as the levitated column attempts to tear free from the
lower layer, and the third term is the restoring buoyancy of the entraining
colum. This can be rearranged to solve for the maximum volume of lower liquid
(V) that can be levitated into the lighter upper liquid as follows:

y 2 1/3
. = )
: : vg(pl pg) (alz/g (12 = Vg) (22)
m.e (P? 'Pl)

One can consider an "efficiency"” of entrainment (¢) by taking the ratio of
actual entrainment volume (V,) to the max aum entrainalle voiume (V_,},

i
@ (23)

wn,e

Figure 12 shows plots of the experimentally obtained entrainment efficiencies
versus the gas bubble volume for two sampie liquid pairs. It is seen that for
a given pair of fluids, ¢ initially increases rapidly when V_ exceeds Vgor but
then seems to approach asymptotic iimits at higher Yo values. For the rases
-ested, the entrainment e{ficiency varied over two orders - -of-magnitude but did
not exceed 0.3. Other pairs of test fluids presented parametric curves similar
to those plotted in Figure 12.

A normaiiced driving force for entrainment can be defined, based on the
excess bubble volume beyond that required to cause onset cof entrainment, as

$ = o N (24)

When the entrainment efficiencies are plotted versus @, approximately linear
line s nts are obtained on log-log coordinates. Parametric variations in the
magnitude of ¢ are obviously related to the fluid properties of the stratified
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liquids, covering a wide range of physical properties, In addition to
photographic observations, quantitative measurements of the entrained liguid
volumes were obtained for a range of gas bubble size. The results indicated
that once the gas bubble exceeded the necessary minimum size to cause onset of
entrainment, measurable entrainment occurred which increased with e.cess gas
volume (above the required onset volume). The efficiency of entrainment, defined
as the ratio of entrained volume to maximum entrainable volume as derived from
a limiting static force balance, was found to range over two orders-of-magnitude
but did not exceed 0.3 for any of the test cases. A dimensionless correlation
was obtained to represent the entrainment efficiency as a function of the excess
gas volume (@), and the gas bubble Reynolds numbers in each 'iquid (Re, Re,).
Agreement between the proposed correlation and the 189 experimental data points
indicated a mean deviation of 0,35,

Applicatior of t!» entrainrent rate =adel ‘n the CORCON code will insur.
that hydroa,namic mixing and lay mixture propercies are reliably calcul~*ed.
This will iasure that the morphology of the core debris layers is accurateiy
predicted, and that the heat transter between the layers and the distri’'..iion of
fission products tnat are calculated by CORCON are reliable.
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5. HEAT TRANSFER BETWEEN STRATIFIcD LIQUIDS WITH ENTRAINMENT
ACROSS THE INTERFACE

Consider the case of two immiscible liquids in initially stratified layers
and agitated by rising gas bubbles as illustrated in Figures 1d4a-c. As gas
bubbles rise upwards through the liquid-liquid interface, they not only disturb
the temperature gradients on both sides of the interface, but may entrain the
lower, heavy liquid into the upper, lighter layer, further increasing the heat
transfer from liquid to ligquid. Iif the rising bubbles are not able to support
entrainment, wne stratified state will prevail, and heat transfer will be across
a well-defined interface between twn weil-mixed pools at different temperatures,
This is the configuration presented in Figure 14a and discussed in Section II.
Under somc¢ ci-cumstances, the rising gas Lubbles not only agitate the liquid-
liquid interface but also drive a mass transfer process by entraining the lTower
heavy liquid upwards in the wakes of the rising gas bubbles. [If the rate of
entrainment of the lower phase can be balanced by the rate of droplet settiing
(or de-entrainment) a partially mixed configuration wi'l result in which the
liquid-1iquid inte: 'ce wil! be preserved between a homogenous lower layer and
a heterogenous upper mixture layer. This is the pool centigur-*ic, presented in
Figure 14b. Criteria for onset of entrainment and rate of en.rainmeit were
discussed in Sections 111 and 1V, respectively. De-entrainment will be discussed
in Section VIII. If the rate of entrainment 1s greater than the rate of settling
of the entrained droplets, the two ligquids will form a pool that is fully mixed,
or fully entrained; there will only be one heterogereous liquid layer and the
concept of interiayer heat transfer will not be applicable. This is the con-
figuration that i5 presented in Figure 14c, This configuration will not be
addressed in this discussion.

5.1 Heat Transfer in Stratified Configuration

If conditions are such that entrainment of the lower fluid into the upper
fluid cannot be supported by the rising gas bubbles, the ligquid layers wil!
remain stratified as illustrated in Figure 14a. In this stratified
configuration, the rate of heat transfer between the two layers is contr. led by
the rate of bubble agitation at the liguid-liquid interface. Szekely d:. :loped
an analytical solution for the surface renewal heat transfer coefficient for each
side of the interface (represcrting the heat flux divided by the average bulk
layer-to-interface temperature difference) by integrating the time-dependent heat
flux on each side of the interface over the period of arrival of successive
bubbles. He ariived at the following result tor the heat transfer coefficient
on each side of the interface, a

. o 1/2

pe k)

h, = 1.59[—*2——9] (3)
b

which was cast in dimensionless form as,

Nu; = 1.69 Rel€2 Pr1<2 (4)
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Figure 14. Configurations of multifluid buhbling pools.
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Table 6
Fatrainment Heat Transfer Data
10 ¢s. Silicone 0i'/Water

RUN 1, (em/s) W es (W/OK)

101 0.17 2578

102 0.17 2490

103 05 3819 5,
104 0.25 3953 g
105 0.38 7115 |
106 0.33 7490 |
107 0.63 27344

108 0.63 20646

110 1.25 75300

200 0.i2 2136

210 0.19 4143

220 0.25 7382

230 0.38 12058 |
240 0.63 23670 |
250 1.00 52513 ’

=g
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6. HEAT TRANSFER FROM A LIQUID POOL IN BLSBLY FLOW TO A VERTICAL WALL

In a number of cases of bubbling of a non-condensable gas through an
overlying liguid poul, it is desirable to know, not only the rate of heat
transfer between overlying immiscible liguid layers, but heat transfer rates to
the boundaries of the vessel as well. These structural boundaries include the
base as well as the vertical sidewalls of the vessel. In this section, we shall
consider the bubhling enhancement to the heat transfer from the bubbling liquid
pool to the vertical sidewalls of the vessel. This modeling is needed for the
CORCON code to be able to accurately and reliably predict lateral! heat loads on
the vertical walls of confining structures such as concrete pedestals and Mark |
steei shells. In the subsequent section, we shall consider bubbling ennanced
heat transfer to the bottom surface.

6.1 Physical Phenomena

Consider a liquie pool with an internal heat source which 15 held in a
container. in the absence of gas bubbling, the heat trarsfer from the heated
gool to its surroundings would be controlied by free convective processes driven

y the temperature differences between the pool and its walls, In the free
convection configuration, the magnitude of the boundary heat transfe) coefficient
is typically on the order of 100-500 W/m’K. Boundary layers are stable under
these conditions and may, in fact, be laminar over a considerable portion of the
boundary surface.

1f a non-condensahle gas is injected into the poo: from below, a two-phase
flow environment would be created. The rising gas bubbies would create severe
circulation patterns and turbulence. Depenuing upon the rate of gas injection,
the flow regime may be bubbly or churn-turbulent, The length and velocity scales
of the turbuience in the pool would be functions of the characteristic bubble
size and gas injection velocity, respectively, particularly in the bubbly flow
regime which is characterized gy distinct rising buhbles. As the bubbles rose
in the pool, they would interact with the wall boundary layer. The kinetic
energy of tie turbulent eddies would be orders-of-magnitude greater than that of
the boundary layer flow per unit volume, resulting in destruction of the boundary
layer processes. This could occur by two mechanisms: direct interaction of the
hubbles with the wall boundary layer, and convection of turbulence from the
bubbling core of the pool to the boundaries,

It is expected that the heat flux from the bubbling pool to the boundaries
would he considerably enhanced over the free convection case. The heat flux
along the wall may bhe spatially uniform and cannot be predicted by free
convection or single-phase flow considerations. This situation just described
is what would be encountered in gas-sparged contactors, metallurgical furnaces,
and molten core-concrete interactions.

6.2 Previous Studies

There have been several previous studies concerning hubbling heat traesfer
to vertical surfaces. The first was an experimental study by Kolbhel et al.
(1958). They investigated bubbling heat transfer in a vertical cylinder to a
cylindrical heat transfer element., They investigated eight fluids ranging in
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6.3 Experiment

A rectanqular test vessel was fabricated out of one-inch plexiglass stock
and had the fo'' swing inside dimensions: length = 16.9 cm, width = 15.3 cm, deptn
= 41 om, reuiving in a hovizentad platform cross-sectional area = 258 cw’, In
the base was installed a porous plenum asseshiy through which the gas was
injected into the pool. Submerged in the test pool was a horizontal, coiled
calroa heater capable of dissipating nominally 2.5 kW into the poel fluid. It
was installed in such a manner as to reside dirvectly over the gas injection
plenum, The gas was metered through a bank of rotameters and pre eated to the
pool temperature prior to injection, The calrod heater power was measured by a
precision Wattmeter as well as by RMS voltage and amperage. Discrepancies in
calculated power were always negligible.

A vertically-oriented instrumented test wall was sibmerged in the pool,
It was constructed out of micarta in a window-frame design. A one-fourth inch
thick copper plate was installed in such a wanner that one surface was exposed
to the bubbling pool, flush with the micarta frame, and the hack-side was exposed
to a serpentine coolant passage through which water was « ilated to cool the
test plate, Two thermocouples were installed in the coo . . inlet and outlet
ports to measure the coolant enthalpy rise. A vertical rake of ten thermocouples
was instailed along the pool centerline to measure the average pool temperature.
five microthermocouples were installed in the copper plate to perform precise
local surface temperature measurements along the vertical axis of the test wall.

The water pool depth would be set to cover the test wall (approximateiy 30
cm). The gas flux, pool heater, and test plate coolant would be set to
specifications. The gas heater was energized and monitored in order to keep the

] temperature and gas temperature as equal as practical. The pool temperature
was targeted to 41°C in order to keen the coolant temperature rise around 5°C.
The gas flux was varied to cover a range of superficial gas velocities from 2 to
25 mm/s. The size of the bubbles generated by the gas plenum was approximately
3 mm in equivalent spherical radius and essentially constant over the range of
the experiments. The test fluid was water and the water properties were
evaluated at 41°C for all test runs. All (ests were executed under steady-state
conditions and each data point to be presented represents the average of five
separate tests under nominally identical conditions.

6.4 Results

The modeling approach adopted by Konsetov (1966) and Blottner (1979)
requires knowledge of the void fraction in order to correlate the heat transfer
data, and a model to predict the void fraction in order to apply the heat
transfer rodel. As a result, the void fraction was measured in the course of
these tests.

6.4.1 Yoid Fraction Measurements

The pool-average void fraction was evaluated as a function of the super-
ficialegas velocity as part of this investigation. The data were visually
observed to all reside in the bubbly flow regime, an observation that is in
accord with observations of transition to churn-turbulent flow in a pool with
bottom gas injection at a superficial gas velocities of approximately 10 cm/s.
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Figure 16. Average void fraction in bubbling pools
with bottom gas injection.
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Figure 19. Dimensionless correlation of bubbling heat transfer
data to a vertical wall.
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7. HEAT TRANSFER FROM A HORIZONTAL BUBBLING SURFACE
10 AN OVERLYING POOL

In addition to the enhanced lateral heat transfer from a bubbling pool to
vertical sidewalls, it is of interest to examine the effect of gas bubbling on
the downward heat transfer from the bubbling pool to the base when the gas
bubbling is through the base. This is primarily of interest when considerinrg
hypothetical core melt accidents in nuclear reactors. ! a reactor core becomes
molten and penetrates the reactor vessel, it may attack the concrete basemat of
the containment. The ahlating concrete would reiease non-condensable gases that
rise through the molten pool., It is important to know the heat transfer rate
from the wolten pool to the bubbling concrete surface in order to accurately
calculate the rate of ablation of the concrete,

7.1 Background

Heat transfer to a gas-evolving surface from an overlying pool was
initiallv modeled as if there were a stahle gas film between the surface and the
pool, This situation is similar to film boiling as shown by Benjamin (1979).
In film boiling on a horizontal flat plate or heat transfer througn a stable gas
film, as in the sublimation of ice under a pool of water (Dhir et al., 19077;
Reimann and Alsmeyer, 1982),6 the gas is released in a fixed geometrical pattern
where the relative bubble locations are governed by the Taylor instability
thecry. Recently, Bradley (1988) suggested that heat transfer from an overlying
poel to an outgassing surface is distinctly different than from simple gas film
models., He found that the gas release from a concrete surface is less than
required to form a gas film, and intermittent pool-concrete contact would occur,
In this case, the heat transfer would be strongly dependent upon the liquid-solid
contacts and the increased movement of liquid past the heat transfer surface
caused by the bubbling action,

Sims and Duffield (1971) attempted to correlate porous and drilled surtace
bubhling heat transfer with nucleate boiling te explain the hydrodynamic aspects
of the heat transfer mechanisms in nucieate boiling. They found th * when the
latent heat transport is small porous surfaces do imitate nucleate boiling, bt
that all their drilled surface data poorly modeled nucleate boiling since “the
numher of bubble generating sites does no. vary with the amount of gas leaving
the heat transfer surface." Kutateladze and Malenkov {(1976) used several drilled
heat transfer surfaces with varying hole densities, 4 to 400 sites/cm’. They
showed that as the number of holes increased, the heat transfer coefficient of
a drilled plate approached that of a porous surface which in turn could be
equated to nucleate boiling under a limited ranye of superficial yas velocities,

A cowniicating factor in trying to understand the heat transfer mechanisms
in bubbling is the interaction between bubbles as they leave the surface. When
the bubbling sites are far enough away, the inter-bubble effects can be
neglected. Without the inter-bubble interactions, anly the effect of the bubble=
jeiting into the overlying pool on the surface heat transfer needs to be studied,
An importam. question is how far away the bubbling sites have to be from each
other in covder to neglect inter-bubble effects.

Bard and Leonard (1967) showed that the effect of bubbling from a single
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orifice on the local heat transfer decreases inversely with the distance from the
orifice. They noted that for distances along a surface greater than 10 mm from
the center of an orifice of ! mm or less in diameter, the heat transfer was not
alfected by the presence of the bubble. This was confirmed by several nucleate
boiling studies dealing with nucleation site densities on horizontal surfaces
(Tien, 1962; Lienhard, 1963; Kurihara and Myers, 1960). Lienhard foupd that when
the nucleation site density i< less than approximately 0,32 sites/cm’, the sites
cease to influence one another. This site density leads to a bubble influence
area on the heat transfer surface which, if assumed circular, has a radius of
10 wm, corroborating the observations of Bard and Leonard (1967). Therefore, if
the bubbling sites are located far enough away from each other, the main
contribution to the surface heat transfer is due to the movement of the fluid on
that surface by the stirring action caused by the bubbles.

Konsetov (1966) proposed that heat transfer from a surface in a bubbling
pool is due primarily to the action of turbulent eddies. He stated that
o, ocoximately one-third of the heat was removed by flow normal to the surface and
the remaining heat by the parallel movement of the eddies. Iunterestingly,
Konsetov (1966) made no mention ahout the orientation of the heat transfer
surface in the pool, whether the bubbles were emanating from the heat transfer
surface or from another source, or about the specific shape of the surface. He
developed a correlation using the data from two bubbling pool studies, Fair et
al, (1962) and Kolbel et al. (1958). Both studies measured the heat transfer
from vertical cylinders in deep peols and the bubbling came from a different
source lower in the pool. The phrase "deep’ means that the pool lLieight is equal
to or greater than its width. Using their data, Konsetoy (1966) developed a
correlation which accounted for the void fraction in the bubbling pool as a
function of the superficial gas velocity and a range of sizes for the turbulent
eddies. From data which covered a range of dynamic viscosity of over three
orders of magnitude he developed the following heat transfer relationship,

Wk (Fig)"™ Pe'® (uJw)®™ = 0.25 ' (40)

where @ is the void fraction, The void fraction was empirically determined by
Kutateladze, as shown in Konsetov (1966), to be:

a = 6.403,°° (go/lpy - pa))" (ppleg)® "] (41)

Konsetov evaluated Equation (41) for an unspecified gas-liquid system and, upon
suhstitution intc cquation {40) arrived at the following egquation for the
bubbling h2at transfer coefficient:

h(W/n'k) = 0.200k 3.°% Pr'® (w/p,)*"™ (g1”)"") (42)

It should be pointed out that this formula is guits insensitive to variations in
the properties in Equation (41) and is applicable to a wide range of fluids. The
corregggion coefficient in Equation (42) is not dimensionless; it has units of
(m/s) "% and requires the other variables to be of consistent units. In this
correlation al) properties are calculated at the pool temperature unless
indicated otherwise,

Duignan et al. (1990) examined the heat transfer rate from a horizontal
bubbling surface when the bubble sites are "sparsely” located. A bubble site
density of 0.11 sites/cm’ was chosen to anproximate the spacing of bubbles
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pool height if the pool height is lower than 60% of the pool diameter., This is
rigorously true for the study of Duignan et al. (1990) which ytilized a pool 10.2
cm in aiameter with a bubbling site dernsity of 0,11 site/em”. For pool heights
greater than 60% of the diameter, the heat transfer coefficient (at a fixed
superficial gas velocit() is a constant. for a deep pool (pool height greater
than 60% of the vessel diameter), the heat transfer coefficient i1s a weak
function of the superficial gas velocity, for j, greater than 0.6 cm/s,

Molten core-concrete interactions are generally considered to he deep in
the above sense. The heat transfer model and data that have been developed in
this section are available for comparison to the present downward heat transfer
modeling in CORCON. The CORCON code clearly does not recognize this depth-
dependence of the downward heat transfer coefffcient to a bubbling surface. This
may be important in circumstances in which molten core debris is spread out to
sra:low depths and in contact with structures, such as a Mark | steel containment
shell,
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8. DRAG AND INSTABILITY OF LIQUID DROPLETS SETTLING IN
A CONTINUOUS HLUID

In the case of severe core melitdown accidents in nucliear power reactors,
the public risk is a direct function of the physical threat to the reactor
containment and the release of vadionuclides from the molten core to the
environment during the stage of the accident termed the melten core-concrete
interaction (MCC1) stage. The M(CI presupposes that the core meltdown has
proceeded uninterrupted, that the high temperature core-melt “as penetrated the
reactor pressure vesscl, and that the core has been depesited on the concrete
floor below. Heat transfer from the molten core debris is sufficient to melt the
concrete, which will then release W0 and (0, gases due to the decomposition of
hydroxides and carbonates in the concrete as well as the vaporization of water,
As these gases rise through the molten pocl of core debris, they can reactor
exothermically with molten metals in the pool, releasing more energy into the
core debris, converting W,0 and (O, into H, and CO, and chemically transfoiming
some condensud phase radionuclides 1utu intermedicie volatile species by react i e
vaporization, Since the core debris consists of molten oxides (U0, Zr0,, fe0,
etc.) and molten metals (Zr, fe, Ni, Cr, etc.) which are immiscible, the melten
pool would be vertically stratified in the absence of the gas bubbling action of
the concrete decomposition gases. [t is the action of the rising gas bubbles
that enhances the boundary surface (bottom and side) and interfacial heat
transfer rates and that drives the entrainment mass transport across the
interface between the stratified layers of oxides and metals. If the rising gas
bubbles are not able to entrain the .cwer liquid into the upper layer, the pool
will remain stratified.

To determine the configuration of multi-fluid poois with bubbiing-induced
mass entrainment across the liyuid-liquid interface, it is necessary to address
the motion of the entrained liquid drops as they resettle downwards under the
action of gravity, In the absence of entrainment, the pool will remain
stratified as seen in Figure l14a. [f the rate of settling of the entrained drops
can balance the rate of entrainment driven by the rising gas bubbles, the pou)
can take on an equilibrium mixture, as seen in Figure 14b, If the rate of
settling cannot keep pace with t.e rate of entrainment, the lower fluid will
continue to be pumped into the upper layer until the pool would hecome fully
mixed and the concept of layers becomes irrelevant (Figure 14c). In this section
we will examine the drag characteristics of solid spheres and liguid droplets,

Studies of the relationship between the terminal veloc.ty and drag
coefficient of spheres falling in a semi-infinite medium have been numerous. The
broad scope of applications for such research, from the analysis of particie
motion in fluids to the study of phenomena such as rainfall and boiling, 1 a
clzar indication 2s to the importance of this field of study. A review of the
literature indicates that there exists a substantial body of work devoted to the
study of both solid spheres and liguid droplets. We will discuss the existing
data and the data from our studies over a wide range of Reynolds number, and
compare the data with the predictions of existing drag correlations. in
additior, the onset of droplet deformation and oscillation will be discussed and
e efic t upon the droplet drag will be demonstrated.
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8.1 Background

The construction of a force balance on a sphere moving at a constant
terminal velocity, u, results in the following expression for the drag
coefficient,

4 g [Pa” Po)
C, = (43)
d Budg ( P

which is usually presented as a function of the Reynolds number, defined as,

u d
d
Re y--' (44)

These relationships will be needed in the following discussion.

8.1.1 3olid Spheres

A number of investigators have w aken to develop a general correlation
between the drag coefficient and Reyn' . nuwber for solid spheres. Barnea and
Mizrani (1973) studied single-particle and multi-particle fluidization and
sedimentation systems, and synthesized data from 12 different sources. They
proposed the following simplified correlation,

2
%-Pm0ﬂ]. 103 Re <2x10° (45)
{ Re :

Zanker (1980) used their work as the basis for the development of nomographs for

determining particle ~ettling velocities. Turton and Levenspiel (1986), in order
to imlif{ a 10-polynowmial regression correlation that lad been proposed by

Clirt et al. (1978), developed the following relationship,

24 0.657) 0.413 5
C,= 5= {1 +0.173 Re t —— , 10 < Re <2x10 (46)
¢ [ 1* T+ 6300 pe-i WP

which was found to correlate the existing data with better accuracy than the
cumbersome set of equations suggested by Clift., In addition, Flemmer and Banks
(1986), modifying the traditional Oseen (1927) approximation using a regression
technique, prupused the following empirical correlation for a settling sphere,

ey = 2.k, 1074 Re <3x10° (47)

0.431 _ __0.124 (48)

where € = 0.261 ReY*3%¥ _ 0.105 pe .
1 + (Log Re)
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i S Table 8
& | Ranges of Appropriate Property Groups
e for Oroplet Settling

Characteris «c

Property Group . Expe-imental Range NPP Vaiue
Re ~ v;l (cs'l) 0.96 - 19¢.0 1.0

L P s
E‘* e~ L (-c.'.,) 0.002 - 0.33 0.01

e 0.036 - 13.4 0.3 |
sxg } e P |
|

LT Y T
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sumbers © 8 less than ten to greater than 1000,  From the present data, a
connc? bos oy relationship between the Reynolds number and Weber number at this
& . st departure from stable drag was calculated as shown below,
0.65%
We iy * Re 4y 165 (55)

It is clear that for values of WeeRe"™ less than 165, a particular droplet-
continuous liguid pair would be stahle, and the droplet drag would be well
charaSSfrized y any of the solid sphere drag models. As the critical value of
WeeRe is approached, the droplet would begin to experience oscillation and
deformation, For values greater than 165, extensive droplet oscillation and
deformation would result in an increase in the droplet drag far above that for
an equivalent spherical drop as the Reynolds number were to increase.

Liquid droplets for which the value of WeeRe®™ oxceeds 165 will have
deviated from the stable drag curve and the trend of the droplet drag coefficient
will be to increas2 with increasing Reynolds number. The data from the present
study that evidenced this behavior as shown in figure 23 are those that depart
from the Beard line and move up and to the right. As shown in the figure, this
behavior was found to occur for Reynolds numbers as low as eight, It is evident
that nan{ droplet systems may experience this drag enhancement ang that for
practical applications, the unstalle drag regime, described by WesRe * greater
than 165, may be the dominant regimsd0 In order to develop an empirical model for
the data in this regime (for WesRe"™ 5 165), the droplet drag coefficients and
droplet Reynolds numbers for these data were normalized by the corresponding
critical values for departure from stable drag which were previously determined
and shown in Figure 24, From the normalized data, a functional empirical
relaitonship Setween the droplet drag coefficients and Peynolds numbers was
calculated gy ieast squares regression analysis and is given by,

C4/C + [Re/Re 1112 (56)

d,crit crit

The normalized data are shown along with Eqn. 56 in Figure 25, This is tqi
drag relationship that is appropriate for droplet systems for which WeeRe®
exceeds 1665,

8.4 Summary

pata for droplet drag have been found to agree well with established solid
sphere or spherical droplet models and correlations as 1on? as the droplets
maintained their spherical shape w(ile settling under the influence of ?rlvity.
At the Reynolds and Weber numbers indicative of the onset of droplet oscillation
and deformation, the drag coefficients for the droplets were observed to suddenly
depart from the solid sphere drag curve and increase with increasing Reynolds
number, This sudden departure from classical drag has been found to occur for
Reynolds and Weber numbers over the ranges 10-1000 and 2-50, respectively. No
stable dray data were found for Reynolds “““Qﬁ& greater than approximately 1000,
It was found that the parameter, WesRe'° , at this critical point was
approximately 165. For values less than this criterion, the droplet drag was
stable and agreed well with spherical drop models; for values greater than this
criterion, the droplet drag departed from stable drag models and the drag
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coefficient increased with increasing Reynolds number,

when the droplet drag coefficients and Reynolds numbers in the unstable
drag regime were normalized by the corresponding critical values for the
departure from stable drag, the normalized dropiet drag coefficient was found to
correlate well to the normalized droplet Reynolds number.

These models for stable and unstable droplet drag and the criterion for
transition from stable to unstable drag are appropriate for implementation into
the CORCON-MOD3 computer code for the modeling of molten core-concrete
interactions. Once these models have been implemented, the code capability to
specify the configuration of the molten core debris, i.e., stratified,
heterngenously mixed, or homogeneously mixed, will be complete and integral
testing of the computer code predictions will be possible.
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