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ABSTRACT
A situation that arises 1n the chemical,

metallurgical, and nuclear power Industries is one
1n which two overlying Immiscible liquids are stirred
by gas bubbles rising across their Interface. Due
to the gas bubbling, there are three mixture con-
figurations that may occur which depend primarily
upon the physical and transport properties of the two
liquids, and the droplet and bubble dynamics. These
are the stratified, partially-mixed, and fully-mixed
configurations. A model Is presented for heat
transfer between the liquids In the stratified state.
A criterion for the onset of entrainment and a model
for the rate of mass entrainment per bubble are also
presented. These models are combined to develop a
predictive capability for the heat transfer across
the 11quid-llquild Interface 1n the partially-m1xed
and stratified regimes.

1. DESCRIPTION OF PHENOMENA

Consider the case of two Immiscible liquids In
Initially stratified layers and agitated by rising
gas bubbles as illustrated In Figures 1 a-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 liquid. If the rising bubbles are
not able to support entrainment, the stratified state
will prevail, and heat transfer will be across a
well-defined Interface between two well-mixed pools
at different temperatures. This Is the configuration
presented 1n Figure la.

Under some circumstances, the rising gas bubbles
not only agitate the liquid-liquid Interface but also
drive a mass transfer process by entraining the lower
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 settl-
ing (or de-entrainment), a partially mixed configu-
ration will result 1n which the liquid-liquid In-
terface will be preserved between a homogenous lower
layer and a heterogenous upper mixture layer. This
Is the pool configuration presented In Figure Ib.*

*Work performed under the auspices of the U.S.
Nuclear Regulatory Commission
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If the rate of entrainment 1s greater than the
rate of settling of the entrained droplets, the two
liquids will form a pool that Is fully mixed, or
fully entrained; there will only be one heterogeneous
liquid layer and the concept of Interlayer heat
transfer will not be applicable. This Is the con-
figuration that Is presented 1n Figure 1c. This
configuration will not be discussed in this paper.

2. 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 liquid layers wiill
remain stratified as lllustrated In Figure la. |In
this stratified configuration, the rate of heat
transfer between the two layers 1s controlled by the
rate of bubble agitation at the liquid-liquid Inter-

face. It was hypothesized by Szekely [1963] that the
Interfaclal heat transfer Is a surface renewal
phenomenon. As the rising gas bubbles cross the

Interface, they eliminate the temperature gradients
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Fig. 1 Configurations of Multlfluld Bubbling Pools
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on both sides of the Interface, creating a sudden
step In temperature across the Interface, analogous
to the Instantaneous contact temperature when two
semi-infinite solids are suddenly brought together.
After the departure of the bubble, heat conduction
In each fluid causes the temperature gradients to be
reestablished. The transient growth of the Inter-
faclal temperature gradients would continue until
Interrupted by the arrival of the next bubble, at
which point the process would be repeated locally on
a periodic basis. Szekely developed an analytical
solution for the surface renewal heat transfer
coefficient for each side of the Interface (repre-
senting the heat flux divided by the average bulk
layer-to-Interface temperature difference) by Inte-
grating the time-dependent heat flux on each side of
the Interface over the period of arrival of succes-
sive bubbles. He arrived at the following result for
the heat transfer coefficient on each side of the
Interface,

ACpkJ,
hl = 1.69 1)
which can be case 1n dimensionless form as,

Nul = 1.69 Rel” Pr1? (2)
where Re| = jqrb/j' and 1 = 1 or 2, representing the
upper or lower liquid layer, respectively. The
overall heat transfer would be evaluated by summing
the two series resistances on both sides of the
Interface. Due to the absence of data with which to
evaluate this model, Greene and Irvine [1988a]
performed an experimental Investigation Into heat
transfer between overlying, stratified Immiscible
liquids with bubble agitation. The fluids that were
tested were water, and 10cs. and 100cs. silicone oils
over a layer of mercury. Mercury was used as the
lower fluid to prevent entrainment and to present a
minimal resistance to heat transfer; therefore, the
measured overall heat transfer coefficient would be
approximately equal to the surface renewal heat
transfer coefficient on the water or oil side of the
Interface. Three sets of experiments were performed.
The experimental data were non-dimensionallzed as 1n
Equation 2 and an empirical correlation was develop-
ed. The resulting correlation Is given by,

Nu, = 1.95 Re0!2 Pr0'72 (3)
This Is the model that 1s recommended for surface
renewal heat transfer driven by gas bubbling In the
absence of mass entrainment.

3. ONSET OF BUBBLE-INDUCED ENTRAINMENT

Experiments with liquids such as water or light
oils over a pool of mercury (and other heavy metals
as well) have shown that the stratified configuration
Is possible, even under the Influence of gas bubbling

across the Interface. However, there Is evidence
from other studies [Mercler, 1974; Mori, 1977,
Epstein, 1981; Suter, 1988] that Indicate that with

some fluid pairs, the gas bubbling can drive mass
transfer across the Interface If some threshold
entrainment condition Is satisfied. Merder et al.
[1974] report on visual observations In which a
minimum bubble volume threshold was observed for

onset of entrainment between water and a variety of
mineral oils. A similar observation is reported by
Mori et al. [1977] who observed a minimum bubble
volume for penetration of a glycerol-R113 Interface.
Epstein etal. [1981] report that the onset of mixing
and stratification Is only a function of the fluid
densities, while Suter et al. [1988] developed a jet
stability criterion based upon both liquid density
and Interfaclal tension.

There still remains a shortage of data with
which to evaluate these modeling approaches for
entrainment onset or to develop a generalized model-
ing approach which would be applicable to all fluid
pairs. As a result, Greene et al. [1988b] performed
a systematic experimental and analytical Investiga-
tion of the conditions for the onset of mass entrain-
ment across a stratified liquid-liquid Interface due
to single rising gas bubbles. Experiments were
performed for eight fluid pairs with single air
bubbles. The bubble volumes In the entrainment onset
experiments covered over three orders of magnitude.
A sample of the experimental data for onset of
entrainment Is lllustrated In Figure 2 for four of
the eight fluid pairs tested. For each of the fluid
pairs, a distinct bubble volume at which entrainment
onset occurred was observed. The onset volume was
observed, however, to be strongly dependent upon the
fluid pair, ranging from 0.002 cnf for acetone/
glycerine to 1.0 cm} for water/bromoform. (Note: an
anomalous condition was observed for acetone/
glycerine In which two onset volumes were encoun-
tered; this has not been resolved.)

An analytical criterion for the prediction of
entrainment onset was developed, based upon a static
force balance on the bubble/1lqufd system as It
attempts to levitate a column of the lower, heavy
liquid, and Interfaclal tension which acts to re-
strain the entrainment. Stated In words, when the
net upward buoyancy force on the lower fluid exceeds
the restoring force due to gravity and Interfaclal
tension, entrainment by single rising gas bubbles Is-

possible. The mathematical criterion for onset of
entrainment that was developed 1s given by the:
dimensionless Inequality,
v
g 2(/>. -Ag)
u > (a)

_(3Aa,-A2-2A,)

where w Is the dimensionless bubble volume equal to
V'V, Vg Is the bubble volume, V0* Is the necessaryi

bubble volume to penetrate the Interface, and Isl
the entrainment onset bubble volume. These are
defined as
3/2
7.8 012
v
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Fig. 2 Comparison of Entrainment Onset Model and Data

The proposed theoretical criterion (Eqns. 4-6), with
no empirical parameters, was found to predict the
experimental measurements with good agreement over
the entire test range, as shown In Figure 2.

4. RATE OF BUBBLE-INDUCED ENTRAINMENT

There Is clear evidence In the literature that
entrainment between overlying immiscible liquid
layers by gas bubbling from below occurs for some
fluid pairs, and 1s a function of the bubble volume
as well as the physical and transport properties of
the liquids and the gas. This Is the configuration
shown schematically 1n Figure Ib. That the rate of
entrainment Increases with increasing bubble volume
for a particular pair of fluids Is reported by Poggl
et al. [1969], Cheung et al. [1986], Veeraburus and
Phllbrook [1959], and Mori et al. [1977]. Mori et
al. [1977] present data for glycerol-R113 which
demonstrate an Increase 1n entrained volume with an
Increase in bubble volume and a decrease in the
viscosity of the light (upper) liquid. Aspects of
entrainment mechanisms by films and bubble transport
were observed by Poggl et al. [1969], Veeraburus et
al. [1959], and Mori et al. [1977]. Cheung et al.
[1986] made observations that the entrainment could
be affected by non-uni form gas bubbling. A physical-
ly-based and general model for the volume entrained
by gas bubbles rising across a stratified, liquid-
liquid Interface which would be applicable to a wide
range of fluid pairs was not presented In any of the
references cited. As a result, Greene et al. [1990]
performed a systematic experimental investigation of
the parameters that contribute to the volume of heavy
liquid that can be entrained by a gas bubble rising
across a liquid-liquid Interface to develop a general
entrainment rate model. Experiments were performed

Fig. 3 Stages of Entrainment Phenomenon:
a) Penetration, b) Elongation, c) Necking Down,
d) Entrainment

with eight separate fluid pairs and single air
bubbles as previously described for the entrainment
onset studies [Greene et al. 1988b]. Single air
bubbles of a precise volume were charged into the
apparatus and allowed to rise through the liquid
Interface. The gas bubble volume covered the range
from entrainment onset to 4.0 cm1. Both photographic
and quantitative measurements were made on the same
fluid pairs that were considered in the entrainment
onset experiments. For bubbles greater than the
entrainment onset threshold, the volume of the lower,
heavy fluid was captured and measured. High speed
photographic studies, as lllustrated in Figures 3 a-
d, were found useful In Identifying the stages of the
entrainment process: these are identified as the
bubble penetration, elongation, necking down, and
entrainment stages. A sample of the experimental
data for the volume of heavy, lower liquid entrained
by rising gas bubbles Is lllustrated in Figure 4 for
two of the eight fluid pairs tested. The results In
Figure 4 lllustrate the effect of considering varia-
tion In the light liquid density only. Similar
observations were made for the effect of the heavy
liquid density, light and heavy liquid viscosities,
and Interfaclal tension. The experimental results
clearly Indicate that the volume of entrainment from
the lower pool Into the upper pool by a discreet gas
bubble Is a complicated function of the gas bubble
volume, densities and viscosities of both liquids,
and the Interfaclal tension between the two liquids.
An analysis based upon a static force balance was
developed to predict the maximum volume that can be
entrained, neglecting Inertial forces as,

\(prP,)-(<Tj<3)(WVq
(Pi-P<) @)

One can consider an entrainment efficiency, e, by
taking the ratio of the actual measured entrained
volume, V,, to the maximum entrafnable volume, Vmtl

V.V, (8)

It Is reasonable to expect that any Inefficiencies
In the entrainment process would be associated with
the size and character of the bubble wakes. The
bubble wakes are affected by Re, and Re, the bubble
Reynolds numbers In the upper (1) and lower (2)
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liquids, respectively. Afunctional relationship for
the entrainment efficiency was sought of the form,
e=f(®, Re,, Rej), where " is the dimensionless excess
bubble volume beyond that required for onset of
entrainment,

The final relationship was found to be,

J__ Re0™
[

This correlation and
lllustrated
agreement.

Re03" = 806 T4 (10)

the experimental data, as
in Figure 5, are found to be in good

5. OVERALL INTERLAYER HEAT TRANSFER WITH
ENTRAINMENT

In order to evaluate the magnitude of the heat
transfer between overlying immiscible liquid layers
with bubbling induced entrainment across the inter-
face, the configuration shown in Figure Ib, it is
necessary to calculate the component due to surface
renewal as well as that due to the entrained mass.
The total heat transferred between the two liquid
layers is assumed to be the sum of the heat transfer
across the Interface and the heat transfer from the
entrained drops of the lower, heavy fluid while
suspended in the upper layer. The overall surface
renewal heat transfer coefficient, hsn, is construc-
ted by summing the series resistances to heat trans-
fer on both sides of the Interface, h, and hJ( as
follows:
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Fig. 5 Correlation of Entrainment Data:
o-Water/Bromoform,I-100 cs. Silicone 011/Bromoform, i
V-10 cs. Silicone 011/Water. *-Water/RII,
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Both h, and h, can be computed from the surface
renewal heat transfer correlation, Equation 3, by
simply substituting the fluid properties appropriate
}o the continuous fluid on each side of the inter-
ace.

The heat transferred by the entrained droplets
while suspended in the upper, light liquid layer is
modeled as a fraction of total excess (or deficit)
enthalpy transferred from the drops to the continu-

ous liquid. This can be represented in terms of an
entrainment heat transfer coefficient, h,, as fol-
lows :

h. 1 Kli2ecd. (12)

where j, is the superficial (volumetric) entrainment
flux, analogous to the superficial gas velocity, j
(“volumetric gas flux/interfacial cross-sectionaf
area). The superficial entrainment flux, Jt, is
defined as the product of the superficial gas
velocity and the ratio of entrained volume per bubble
to the bubble volume:

Both Equations 11 and 13 lllustrate the importance:
of not only the physical and transport properties of
both liquids, but the size of the rising bubbles as
well, in evaluating the heat transfer under
entraining conditions. The size of the bubbles was
directly measured in the course of these tests. The
parameter K in Equation 12 is an efficiency factor
for the droplet-1iquid heat transfer which represents
the actual fraction of excess enthalpy transferred
from the drop to the surrounding liquid. For the
experimental data to be presented, K was found to be
almost always nearly equal to one, and will be
assumed equal to one for this model. The total
Interlayer heat transfer coefficient can now be
represented by summing Equations 11 and 12 as
follows,

M1 = A90 + PjCpd (14)



where the first term on the right hand side Is the
contribution due to surface renewal effects and the
second term 1s due to mass transport effects. This
heat transfer coefficient Is multiplied by the
overall temperature difference from bulk layer to
bulk layer to calculate the overall heat flux.

It Is possible to non-dimensionallze Equation
14 by multiplying both sides by the quantity (do/k,),
resulting 1n the following dimensionless form of the
total Interlayer heat transfer model,

Nur = Nusn + Re.Pr, (15)
where NuT = hA/lo,. Nubn = hmdb/k,, Re, = J,db/v,, and
Prj 1s the Prandtl number of the lower, heavy liquid
layer. This form of the model may be useful for
evaluating data for additional fluid pairs as they
become available.

In order to evaluate the model for total
Interlayer heat transfer with entrainment (Figure
Ib, Equation 14), a series of two heat transfer
experiments were performed [Greene and Schwarz,
1982]. The experiments utilized 10 cs. silicone oil
over water with gas bubbling from a porous frit
Installed In the test section base. The heat
transfer coefficient that was measured was the net
overall heat transfer coefficient, Including both
the surface renewal and entrainment components. The
resulting experimental heat transfer data are listed
In Table 1 and shown graphically in Figure 6. The
heat transfer coefficient was then calculated by
Equation 14 and compared to the measured data, as
shown 1n Figure 6. The model was shown to be In good
agreement with the data over two orders of magnitude
In measured heat transfer coefficient.

10 cs. Oil/Water
O Series 100
= Series 200

Superficial Gas Velocity (cm/s)

Measured Overall Heat Transfer vs.
Velocity

Fig. 6 Gas
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6. CONCLUSIONS

A framework for evaluating the total heat
transfer between overlying Immiscible liquid layers
with bubble Induced entrainment was presented. It
was found to be a synthesis of surface renewal heat
transfer and that due to direct heat transfer from
the entrained drops. Models for surface renewal heat
transfer, entrainment onset, and entrainment rate
were presented and compared to available experimen-
tal data. The models and data were found to be In
very good agreement. These models were then combined
to construct the overall heat transfer model, Equa-
tion 14. When the total Interlayer heat transfer
model was compared to available heat transfer data
for bubbling pools of 10 cs. sifleone oil over water,
the model and data were found to be In very good
agreement over two orders of magnitude In the measur-
ed total heat transfer coefficient.

Table 1.

Entrainment Heat Transfer Data
10 cs. St1ileone 01 1/Water

RUN Jg(cm/s) h™ ., «(W/
101 0.17 2578
102 0.17 2490
103 0.25 3819
104 0.25 3953
105 0.38 7115
106 0.38 7490
107 0.63 27344
108 0.63 28646
110 1.25 75300
200 0.12 2136
210 0.19 4143
220 0.25 7382
230 0.38 12058
240 0.63 23670
250 1.00 52513
NOMENCLATURE

cp specific heat

spherical equivalent bubble diameter

g gravity
h heat transfer coefficient
J. superficial entrainment flux
B superficial gas velocity
k thermal conductivity
K droplet heat transfer efficiency
Nu Nusselt number (=hrb/Kk)
Pr Prandtl number
tb spherical equivalent bubble radius
Re superficial Reynolds number (=Jarb/*)
Re. entrainment Reynolds number
Re,, bubble Reynolds number In layer 1 or
2 (=ubdb/i/)
bubble rise velocity
V. entrained volume
\ bubble volume

entrainment onset bubble volume



V,* minimum bubble penetration volume

V.. maximum  theoretical entrainment
volume

SUBSCRIPTS

e entrainment

9 gas

1 side of Interface, 1 = 1 or 2

SR surface renewal

T total

1 upper light liquid

2 lower heavy liquid

Greek

6 entrainment efficiency

P density

<7 Interfaclal tension

% kinematic viscosity

u dimensionless bubble volume

f dimensionless excess bubble volume
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