
z = compressibility factor, Pv/RT 
Z, 

Greek Letters 

a 
p = absolute viscosity, centipoises 
p* 
4 = viscosity parameter, T,1/6/W‘ZP,2/8 
,n = density, g./cc. 

pn = reduced density, p / p ,  
bpx = Enskog modulus 
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The Influence of Mass Transfer on a 

Coun tercurren t Liquid- Liquid 

Fluidized System 
1. DUNN, LEON LAPIDUS, and J. C. ELGIN 

The present work is concerned with an experimental study of the influence of mass transfer 
on the holdup of countercurrent Iqiuid-liquid fluidized systems and the effect of solute on drop- 
let coalescence. Of particular importance in the results obtained is the dramatic demonstration 
that mass transfer greatly influences the holdup when solute is being extracted from the dis- 
continuous phase loading to strong coalescence. 

The prediction of the volume fraction of the discontinu- 
ous phase is of particular concern in fluidization studies. 
The recent development of a generalized theory of fluid- 
ization (14) has led to a means of carrying out such a 
prediction. In  accordance with this theory the volume 
fraction of the discontinuous phase or the holdup of any 
fluidized system is dependent solely on the relative veloci- 
ties of the slip velocity between the phases for a given 
set of fluid properties and a given geometry. The theory 
has been experimentally verified for all regimes of solid- 
liquid fluidization and a modification of the theory ac- 

counting for drop and bubble terminal velocities verified 
for countercurrent liquid-liquid (1 ,  23) and gas-liquid 
systems ( 3 ) .  This modified theory states that the holdup 
is a function of the slip velocity-terminal velocity ratio 
where the added factor of a terminal velocity is defined 
for an average size drop or bubble. Apparently, drop and 
bubble motion which might cause a departure from ideal 
solid sphere behavior does not influence the fluidized sys- 
tem to any measurable degree. 

Many observations on the behavior of liquid-liquid ex- 
traction systems indicate that solute transfer between the 
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phases may seriously alter the holdup (12, 13, 18, 19) .  
Previous work, however, does not provide a means of mak- 
ing quantitative evaluations regarding this point, and no 
systematic study appears to have been made. Speculation 
indicates that coalescence, especially when promoted by 
mass transfer, could cause sufficient nonidealities in flow 
characteristics which may produce marked deviations from 
the predictions of the generalized slip velocity theory. The 
present work is concerned with an experimental study of 
the influence of mass transfer on the holdup of counter- 
current liquid-liquid fluidized systems and the effect of 
solute transfer on droplet coalescence. 

Of particular importance in the results obtained is the 
dramatic demonstration that mass transfer may greatly 
influence holdup. This is particularly true when solute is 
being extracted from the discontinuous phase leading to 
strong coalescence. In such cases the deviations from the 
ideal slip velocity theory become so great as to make it 
invalid. 

LITERATURE REVIEW 

The behavior of a falling swarm of droplets depends on 
the individual drop behavior and the interaction effects. 
Deformations, oscillation, internal circulation, and surface 
phenomena distinguish a liquid drop from a rigid sphere. 
Internal circulation patterns in falling droplets have been 
observed in many instances (2, 6, 17) .  Noncirculating 
drops result from the presence of surface active contami- 
nants (6, 17) .  These stagnant drops are less likely to 
oscillate when falling and will fall slower than circulating 
drops (6, 15, 2 2 ) .  Drop terminal velocities are difficult to 
predict, and correlations of terminal velocities with size 
and physical properties cannot be expected to be closer 
than 10%. This is not surprising when one considers the 
erratic experimental results which have been obtained 

Phenomena resulting from solute transfer across the 
drop interface may cause violent pulsating and kicking 
motions (9, 16, 2 0 ) .  Also a falling drop is most likely to 
display circulation, distortion, and oscillation when solute 
transfer is occurring. Local variations in interfacial tension 
seem to provide the forces necessary for all types of sur- 
face movement. Apparently a local lowering of the inter- 
facial tension by the solute is a necessary condition for 
interfacial motion (1 0, 20). The magnitude of the motion 
will depend on the magnitude of the gradient in interfacial 
tension. Thus the solute concentrations at the interface 
and the slope of the solute concentration-interfacial ten- 
sion curve are the important quantities in this process. A 
model for the mechanism by which interfacial turbulence 
is produced has been proposed and investigated analyti- 
cally ( 2 1 ) .  The results show how it is possible for the 
stability of some systems to depend on the direction of 
transfer and how these interfacial phenomena are driven 
by interfacial tension gradients. 

Coalescence of drops is a process which depends on 
surface properties and interfacial phenomena. Any dis- 
turbance of the film of liquid between two drops may 
promote coalescence. Such a disturbance is apparently 
responsible for the coalescence promoting effect of solute 
transfer. Transfer from the droplet hastens coalescence, 
while transfer into the drop retards coalescence ( 4 ,  7, 
19). Most investigators agree that this phenomena is 
caused by Marangoni instability, which is a surface flow 
driven by gradients in interfacial tension; the flow is in the 
direction of high surface tension. The gradients in inter- 
facial tension are a result of high or low local solute con- 
centrations in the region between the drops, and the de- 
pendency of interfacial tension on solute concentration. 

(22) .  

The interfacial tension of most liquid pairs is reduced by 
the presence of a solute (except for some inorganic salts) ; 
therefore, the higher concentration between the drops 
which is caused by solute transfer from the drop induces 
a local lowering of the interfacial tension and drives a 
surface flow away from that region. It is probable that 
this surface flow thins the continuous phase fdm which 
separates the drops and thus hastens coalescence. In ac- 
cordance with this mechanism a development of a region 
of locally high interfacial tension between the drops would 
tend to build up the interfacial film separating the drops. 
This could be caused by solute transfer in the opposite 
direction (into the drop) or the opposite dependency of 
interfacial tension on concentration. 

The mathematical difficulties encountered in describing 
the motion of a single particle contribute to making the 
description of a swarm of interacting particles extremely 
complex. All analyses of falling single spheres (15)  and 
two interacting spheres (1 1 ) have been limited to creep- 
ing flow ( N E , ~  << 1). Experimental investigations (8) 
confirmed the theoretical finding that two spheres will 
fall faster than one and that a trailing sphere will tend to 
overtake the leading one. These accomplishments do not 
go far in describing a fluidized system. Certain correla- 
tions are available in the literature with which an estima- 
tion can be made of the batch fluidization curve for solid 
spheres in liquid. In the present work the experimental 
fluidization data are compared with fluidization curves 
derived from the correlation of Zenz ( 2 4 ) .  

Actually in the range of 1 - E up to 0.10 to 0.15 there 
is a disagreement among various empirical correlations 
such as Zenz’s and these correlations differ from a number 
of theoretical treatments (3).  It was felt, however, that 
this correlation was adequate for the current work. 

EXPERIMENTAL DETAILS 

The purpose of these experiments was to determine the in- 
fluence of solute transfer on the holdup of liquid-liquid coun- 
tercurrent fluidized systems and to compare the results ob- 
tained with a correlation for the batch fluidization of solid 
spheres with the generalized slip-velocity theory. It was also of 
interest to measure the effect of surface active additives on 
these systems with and without mass transfer. The experiments 
were directed to a general conclusion about the influence of 
solute transfer on the operation of spray types of extraction 
columns for all liquid-liquid systems. 

Holdup-flow rate data were taken on two countercurrent 
liquid-liquid systems of radically different interfacial tensions, 
methyl isobutyl ketone (mibk)-water (y = 11 dynes/cm.) 
and toluene-water (y = 33) with dissimilar solutes acetic 
acid and acetone, respectively. The organic phases entered 
through nozzles at the bottom of the column and rose in drop- 
let form countercurrent to the continuous aqueous phase. 
Dodecyl sodium sulfate was added to some of the runs to de- 
termine the effect of this surface active agent on column be- 
havior. A nonsurface active organic dye was added to mark 
single tracer drops. 

The equipment was essentially the same as used previously 
(23). The column test sections, entry sections, nozzles, and 
cut-off valves were of the same size and geometry. All metal 
parts were stainless steel, and all synthetic seals and tubing 
which contacted the liquid were teflon. Thus the major source 
of contaminating surface active substances was eliminated. 
Additions to the earlier equipment consisted of a sensitive 
manometer arrangement with which steady state conditions 
could be detected and a separate nozzle through which single 
dyed tracer drops could be introduced for coalescence studies 
and terminal velocity measurements ( 5 ) .  Actual holdup values 
were measured directly by isolating the column with rapidly 
closing ball valves and allowing the phases to separate. Photo- 
graphs for drop size data were taken through a plastic cell 
which minimized distortion. 
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Holdups were determined for each system at two values of 
the continuous phase flow rate over a wide range of discon- 
tinuous phase rates from very low holdups to nearly flooded 
conditions. Each system was studied with and without solute 
transfer in both directions and at high and low concentration 
levels. Samples were taken and analyzed for solute concentra- 
tion to determine that solute was being transferred throughout 
the column length. Terminal drop velocities of each system 
were measured in the column for use with the slip velocity 
relation, and a surface active agent was added to the system 
under all transfer conditions. Table 1 provides the necessary 
information regarding the runs, including entering solute con- 
centration, surface active agent concentration, direction of 
transfer, and flow rates. 

In order to draw general conclusions on the influence of 
solute transfer for other liquid-liquid fluidized systems, single 
drop coalescence studies were conducted. This was accom- 
plished by forming the drops on a hypodermic needle and 
then contacting two or more of them on a glass or teflon surface 
which was submerged in the continuous phase. Contact times 
required for coalescence were measured and related to the 
column performance. Table 2 suminarizes these experiments. 

RESULTS AND DISCUSSION 

The slip velocity theory previously mentioned for liquid- 
liquid fluidized systems postulates that for a given ter- 
minal velocity Vp the holdup 1 - E is a function of the 
discontinuous phase velocity V,, with the continuous phase 
velocity V. as a parameter. This may be  expressed func- 
tionally by 

For the ideal solid-liquid system this functionally may be 
determined from a single, simple experiment, namely the 
batch fluidization of solid spheres (V, = 0) .  Many such 
experiments have already been carried out, and these 
form the basis of the Zenz correlation. Thus, the Zenz 
correlation, within its limitations, provides all the informa- 
tion necessary to obtain the functionality above for the 
fluidization of solid spheres of the size and density of any 
liquid drop. The resulting solid analogue (the fluidization 
curve expected if the liquid drops were solid spheres of 
the same density) provides a means of comparing ideal 
solid sphere fluidization with the nonideal fluidization of 
liquid drops. In the present work a large number of photo- 

1 - € = f [Vd, v,, V,] 

System 

Mibk-HAc-HzO" 
Mibk-HAc-HzO 
Mibk-HAc-HzO 
Mibk-HAc-HzO 
Toluene-HzO 
Tol-acetone-HzO 
Tol-acetone-HzO 
Tol-acetone-HzO 
Tol-acetone-HzO 

aniline-n-hep tane 
aniline-methylhexanone-n-hep tane 
aniline-methylhexanone-n-heptane 
aniline-petroleum oil ( clear ) 
aniline-methylhexanone-petroleum 

aniline-methylhexanone-petroleum 

aniline-CCl4-petroleum oil ( clear) 
aniline-CCL-petroleum oil ( clear) 

oil (clear) 

oil (clear) 

Series 

I-A 
I-B 

11-A 

11-B 

111-A 

111-B 

IV-A 
V-A 
I-AS2 

11-AS2 

I-A 
I-B 

11-A 

111-A 

IV-A 

I-AS2 

I-AS1 

111-AS2 

TABLE 1. COLUMN EXPERIMENTS 
Methyl isobutyl ketone-acetic acid-water 

V C ,  

Discontin- Trans- Contin- cm./ Coa- 
uous phase fer uous phase min. lescence 

mibk none water 56.4 slight 
mibk none water 39.9 slight 
0.138 M Hac -+ water 56.4 much 

0.138 M Hac -+ water 39.9 much 

0.045 M Hac water 56.4 much 

in mibk" 

in mibk 

in mibk 
0.045 M Hac water 39.9 much 

in mibk 
mibk t- 0.132 M Hac 56.4 none 
mibk t- 0.031 M Hac 56.4 none 
mibk f- 0.005% sur- 56.4 none 

0.138 M Hac --+ 0.005% sur- 56.4 none 
factant 

in mibk factant 

Toluene--acetone-water 
toluene 
toluene 
0.123 M ace- 

tone in tol- 
uene 

0.042 M ace- 
tone in tol- 
uene 

toluene 

toluene 

toluene 

0.042 M ace- 
tone in tol- 
uene 

none water 
none water 
--+ water 

j water 

t- 0.137 M ace- 

none 0.005% sur- 

none 0.0025% sur- 

+ 0.005% sur- 

tone 

factant 

factant 

factant 

56.4 
39.9 
56.4 

56.4 

56.4 

58.4 

56.4 

56.4 

some 
some 
very much 

very much 

slight 

none 

some 

none 

M = g. moles/liter. 

graphs were taken of the fluidized systems, and when this 
information is combined with terminal velocity data, a 
characteristic terminal velocity of an  average size drop 
can be determined for all the noncoalescing systems. From 
this information and the knowledge of the flow rates used, 

TABLE 2. COALESCENCE EXPERIMENTS WITH SINGLE DROPS 

Discontinuous phase Transfer 

1% HAc in HzO * 
2% HAc in HzO --+ 
HzO t- 
HzO t- 
HzO none 
1 % acetone-H20 --+ 
Ha0 t- 
HzO t- 
0.15 M acetone-toluene --+ 

Organic nonaqueous systems 

aniline none 
5% solute in aniline 3 
aniline f-- 
aniline none 
5% solute in aniline --+ 
aniline c- 

5% solute in aniline * 
aniline t- 

Continuous phase 

Mibk 
Mibk 
1% HAc in mibk 
2% HAc in mibk 
toluene 
toluene 
1% acetone in to1 
2% acetone in to1 
HzO 

n-heptane 
n-heptane 
5% solute in n-heptane 
oil 
oil 

5% solute in oil 

oil 
5% solute in oil 

Coalescence time 

2 to 30 sec. 
immediate 

5 to 80 sec. 
30 to 60 sec. 
5 to 10 sec. 

immediate 
3 to 5 sec. 
3 to 5 sec. 

immediate 

<5 sec. 
immediate 
20 to 30 sec. 
<5 sec. 
immediate 

20 to 30 sec. 

immediate 
20 to 30 sec. 

* In the ternary systems the solute is named second. 
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Fig. 1. Comparison of solute-free MlBK sys- 
tem with slip velocity theory. 

the Zenz solid analogues follow by direct calculation; 
these results are shown as solid lines on all the graphs to 
be discussed here. 

Figure 1 is a plot of the holdup of the mibk system 
without solute vs. V, at constant V, and fixed VT. As can 
be seen, there is fairly good agreement with the solid ana- 
logue equivalent as predicted by the slip velocity theory 
for countercurrent liquid-liquid fluidization system. An 
analogous behavior is obtained with the toluene system, 
although the data are not shown here. Neither system 
showed appreciable coalescence in the absence of solute 
transfer. 

When solute is added to the systems so that transfer 
takes place, the holdup and the coalescence of the system 
are strongly affected; furthermore, the direction of solute 
transfer influences this parameter. Solute transfer from 
the continuous into the discontinuous phase resulted in 
noncoalescing systems with both toluene and mibk. Almost 
the same holdup was attained as in the case of no solute. 
Transfer in the opposite direction, from the discontinuous 
into the continuous phase, promoted coalescence. Under 
these conditions the holdup was determined by a com- 
petition between drop coalescence and drop breakup. 
The low interfacial tension of the mibk systems encouraged 
drop breakup and did not permit the formation of ex- 
tremely large drops. Contrastingly, the toluene system, 
with higher interfacial tension, permitted coalescence to 
build drops which almost filled the column. The overall 
effect of coalescence on the column for both systems was 
to lower the holdup drastically. The holdup of the coalesc- 
ing toluene systems (series II-A and III-A in Table 1) ex- 
hibited only a slight sensitivity to solute concentration 
in the organic phase. Runs at these two concentration 
levels resulted in approximately the same reduction in 
holdup, 40% of the holdup of the noncoalescing series 
I-A and IV-A at the high discontinuous phase flow rates. 
In each case coalescence created drop sizes which nearly 
filled the column cross section. Holdups of the coalescing 
mibk systems (series II-A and III-A) was also influenced 
by a change in solute concentration. Figure 2 shows the 
data which demonstrate the influence of direction of 
transfer and solute concentration for the mibk systems. 
The violence of the coalescence in such systems indicates 
that higher concentrations would probably not lower the 
holdup further. 

Fig. 2. Influence of direction of transfer and 
solute concentration, MlBK systems. 

Addition of a surface active agent, dodecyl sodium sul- 
fate, increased the holdup of all toluene and mibk systems 
with and without solute transfer. A concentration of 
0.005% surfactant added to the toluene and mibk I-A 
series resulted in holdup increases of 40 and SO%, respec- 
tively. This increase can be attributed to the measured 
5 % reduction in drop terminal velocities; the resulting 
lower slip velocities gave correspondingly higher holdups. 
The effect of the addition of surface active agent is well 
demonstrated by the data for the mibk series I-A and 
I-AS2 (0.005% surfactant) in Figure 3. A surfactant con- 
centration of 0.0025% in toluene series I-AS1 produced 
essentially no holdup enhancement over series I-A. This is 
in agreement with the measurements of terminal velocity. 
The action of surfactant on coalescing solute systems was 
much more marked. Coalescing systems were converted to 
noncoalescing systems with a large increase in holdup. The 
holdup increase over the coalescing system was as much 
as 190% for the mibk system and 250% for the toluene 
system. Experimental data which demonstrate the influ- 
ence of surfactant on a coalescing toluene system III-A 
are shown in Figure 4. In Figure 5 the data for two 
mibk noncoalescing systems with surfactant are plotted in 
the form 1 - E vs. V , / V T .  Here the unique functionality 
between slip velocity ratio and holdup and the agreement 
with the solid analogue is apparent. 

All observations of droplet coalescence tendencies and 
measurements of variations in interfacial tension support 
the theory which explains the influence of solute transfer 
on coalescence in terms of interfacial tension gradients. 
Measurements of the dependency of interfacial tension on 
solute concentration for the mibk-acetic acid-water system 
and the toluene-acetone-water system showed that inter- 
facial tension decreases steadily with solute concentration 
over the range studied here. This conjecture was further 
supported by experiments with surfactant systems. I t  was 
found that a noncoalescing system was obtained if enough 
surface active agent was present to make the interfacial 
tension insensitive to solute concentration, a flattening of 
the curve. Under these conditions the interfacial tension 
gradients which apparently promote coalescence are not 
induced by solute transfer. A dodecyl sulfate concentra- 
tion of 0.0025% was not high enough to flatten the inter- 
facial tension curve and render the toluene system non- 
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Fig, 3. Effect of surface active agent on 
solute-free MlBK system. 

I 

I 

coalescing, but 0.005% prevented coalescence in the 
toluene and mibk extraction systems. 

A correlation between single drop experiments and the 
column behavior provided a means of extending the sig- 
nificance of the toluene and mibk studies to other systems. 
Systems which coalesced instantaneously in the single drop 
experiments exhibited vigorous coalescence in the column. 
Experiments on three ternary nonaqueous organic systems 
revealed that instantaneous coalescence occurred with 
single drops whenever one component was being trans- 
ferred from the drop. Transfer in the opposite direction 
inhibited coalescence. These results firmly suggest the 
possible occurrence of vigorous mass transfer promoted 
coalescence in organic fluidized systems. The reduction in 
holdup would be expected to be similar to that shown 
by the mibk and toluene systems. 

CI 

01  

APPLICATION OF RESULTS 

The Sdid Analogue as a Method o f  Predicting Holdup in 
Noncaalescing Liquid-Liquid Systems 

This work demonstrates the use of the slip velocity 
theory with the Zenz solid analogue in predicting the 
holdup of noncoalescing liquid-liquid systems. Necessary 
for this comparison is a knowledge of droplet terminal 
velocities and drop size distributions. A noncoalescing 
system is obtained under the following conditions: no 
solute transfer between phases, solute transfer from the 
continuous phase, and solute transfer from the discontinu- 
ous phase with sufficient amounts of surfactant in the 
system. The maximum error in the predicted holdups 
would probably be 8 to 10%. Although this work dealt 
only with countercurrent systems, the generalized slip 
velocity theory can be applied to all flow regimes. This 
has been verified for solids fluidization and is probably 
true for the present case. 

The information from single drop experiments demon- 
strated that coalescence is minimal under the above con- 
ditions, regardless of which phase is dispersed. In ac- 
cordance with the experiments, the behavibr of nonaque- 
ous organic systems should be equally predictable under 
these conditions. This would suggest that whenever a high 
and predictable holdup is desired, the solute gaining phase 
should be dispersed. 

0 

RUN SOLUTE COKENTRATUN SURFKTANT 

mLs2 LOW(MSCONTINUWS1 0005% - mAS2 SOLID ANALOG 

Fig. 4. Effect of surface active agent on 
solute-free MlBK system. 

Predictability o f  Coolescing Systems 
The column and single drop experiments indicate that 

coalescence is promoted by solute transfer from the dis- 
continuous phase for all systems in which the solute low- 
ers the interfacial tension. This was true regardless of 
which phase was dispersed and for nonaqueous organic 
systems as well. Vigorous coalescence in any liquid-liquid 
fluidized system can be expected with transfer from the 
drops whenever it is known that the solute lowers the in- 
terfacial tension appreciably or whenever single drop 
experiments show instantaneous coalescence. Again, this 
applies to organic and aqueous systems regardless of 
which phase is dispersed. 

Predicting the reduction of holdup due to coalescence 
at given flow rates is rather difficult. The holdup in a 
coalescing system depends on the competition between 
drop coalescence and drop breakup processes. The drops 
of high interfacial tension systems can grow very large 
before the surface forces are overcome and the drop breaks 
apart. Thus a system such as toluene-water which is co- 
alescing may attain a holdup which is only 40% of its 
holdup without coalescence. It is at the high holdups, 
where a column would most likely be operated, that coa- 
lescence severely reduces the holdup. Unfortunately the 
information obtained on these two systems does not permit 

RUN SOLUTE CONQNTRATICU 
0.3~+1 0 0 - I-ASP U-ASP HIGH(DISC0NTINUWSI NONE 

- I-ASP.H-AS2 SOLID ANALOG 

Fig. 5. Slip velocity-holdup curve for noncoalescing MlBK surfactant 
systems. 
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formulation of a quantitative prediction scheme for the 
holdup of coalescing liquid-liquid systems. 

The effect of coalescence on the operation of an extrac- 
tion column or other contacting equipment would make 
itself most strongly felt through the reduction in interfacial 
area. The specific interfacial area is proportional to the 
holdup and inversely proportional to the drop size for 
spherical drops. While the holdup may be reduced by 
SO%, the drop size may be increased by fifty times, which 
results in a one-hundred-fold reduction in interfacial area. 
The reduction in interfacial area is not as great for systems 
of low interfacial tension, since the drop size does not 
reach these proportions. 

A rational design of an extraction column is possible 
with knowledge of the interfacial area, the mass transfer 
coefficient, and the driving forces, and how these factors 
vary throughout the column. Only one of these factors is 
of direct concern in this work, the interfacial area. How- 
ever, a strong degree of coalescence in a column would 
certainly influence the others. For instance, the mass trans- 
fer coefficient is probably appreciably enhanced by coales- 
cence and would alter the driving forces in the column. 
The net effect of coalescence would probably be a reduc- 
tion in the overall efficiency of most liquid-liquid contact- 
ing operations, especially in the case of high interfacial 
tension systems. 

The Use of Surface Active Agents 

For some purposes the use of surface active agents to 
eliminate coalescence and increase the holdup of liquid- 
liquid fluidized systems might be advantageous. As the 
experimental results demonstrate, addition of these mate- 
rials to a coalescing system can increase the holdup two to 
two and a half times. Surfactants can increase the holdup 
of a noncoalescing system 40 to 60%. Their use would of 
course be dictated by whether contamination of the sys- 
tem could be tolerated. 

The amount of surfactant which should be added for 
optimum effectiveness can be easily determined. Experi- 
ments presented in this work indicated that the most ef- 
fective surfactant concentration for a solute system will 
cause a flattening of the interfacial tension-solute concen- 
tration curve. This amount of surface active material in- 
sures that no coalescence will occur. For a system with no 
solute, the most effective amount would reduce the ter- 
minal velocities to a minimum. 

One must consider that surface active agents will re- 
duce the intrinsic mass transfer coefficient of a single drop 
three to four times and will lower the coefficient for a 
coalescing system probably even more. It is expected that 
the gain in interfacial area will usually more than com- 
pensate for this decrease in mass transfer coefficient; the 
overall efficiency of the column will be therefore increased. 

CONCLUSIONS 

Mass transfer exerts its influence on a liquid-liquid 
fluidized system through the promotion or inhibition of 
droplet coalescence. This process depends on the direction 
of transfer in accordance with a mechanistic theory. Grad- 
ients in interfacial tension apparently control this mech- 
anism. 

The liquid-liquid fluidized systems with undistributed 
solutes studied in this work will coalesce strongly when- 
ever the solute is being extracted from the discontinuous 
phase. Experiments with single drops demonstrated that 
this will be true for these systems, including nonaqueous 
organic systems, whenever the solute significantly lowers 
the interfacial tension. This is found to be independent of 
which phase is dispersed. The effect of coalescence on a 
fluidized system is to reduce the holdup approximately 

50 74. This figure is not quantitatively predictable, but it 
is shown to be greater for high interfacial tension systems 
and lower for low interfacial tension systems. 

Noncoalescence results for the systems studied when- 
ever there is no mass transfer or whenever the solute is 
tranferred from the continuous phase into the drop. Coa- 
lescing systems can be converted to noncoalescing systems 
by the addition of enough surfactant to render the inter- 
facial tension insensitive to solute concentration. The 
holdup of these systems attained values as much as 
two and a half times greater than coalescing systems and 
can be predicted by the solid analogue. 

All observations on coalescence and measurements of 
the variation of interfacial tension with solute concentra- 
tion support the theory that coalescence is promoted 
whenever solute transfer induces a local reduction in inter- 
facial tension in the region between the drops. 

NOTATION 

V, = continuous phase velocity 
V, = discontinuous phase velocity 
V T  = terminal velocity 
V, = slip velocity 
y = interfacial tension 
1 - E = system holdup 

LITERATURE CITED 

1. Beyaert, B. O., Leon Lapidus, and J. C. Elgin, A.I.Ch.E. 

2. Boye-Christensen, G., and S. G. Terjesen, Chem. Eng. 

3. Bridge, A. G., Leon Lapidus, and J. C. Elgin, A.I.Ch.E. 

4. Charles, G. E., and S. G. Mason, J. Colloid Sci., 15, 236 

5. Dunn, I. J., Ph.D. thesis, Princeton University, Princeton, 

6. Gamer, F. H., and A. H .  P. Skelland, Chem. Eng. Sci., 

7. Groothuis, H., and F. J. Zuiderweg, ibid., 12, 288 (1960). 
8. Happel, J,, and R. Pfeffer, A.1.Ch.E. Journal, 6, 129 

9. Haydon, D. A., Nature, 176, 839 (1955). 

Journal, 7 ,  46 (1961). 

Sci., 9, 225 (1959). 

Journal, 10, No. 6, 819 (1964). 

(1960). 

New Jersey ( 1963). 

4, 149 (1955). 

( 1960). 

10. - , Proc. Royal SOC., A(243), 483 (1958). 
11. Hocking, L. M., Quart. J. Royal Meteor. SOC., 85, 44 

( 1959). 
12. Johnson, H. F., and Harding Bliss, Trans. Am. lnst. Chrrn. 

Engrs., 42, 331 (1946). 
13. Krishnamurty, V. V. G., and C. Rao Venkata, J .  Sci. ln- 

dust. Res., 21D, 274 (1962). 
14. Lapidus, Leon, and J. C. Elgin, A.1.Ch.E. Journal, 3, 63 

(1957). 
15. Levich, V. G., “Physicochemical Hydrodynamics,” Chapter 

8, Prentice-Hall, Englewood Cliffs, New Jersey ( 1963). 
16. Lewis, J. B., and H. R. C. Pratt. Nature, 177, 1153 (1953). 
17. Linton, M., and K. L. Sutherland, “Proceedings Second 

International Congress of Surfactant Activity,” Vol. 1, p. 
494, Academic Press, New York ( 1957). 

18. Logsdail, D. H., J.  D. Thornton, and H. R. C. Pratt, Trans. 
Inst. Chem. Engrs., 35, 301 (1957). 

19. Sawistowski, H., and B. R. Tames, Chemie-1ng.-Tech 
35, 175 ( 1963). 

20. Sigwart, K., and H. Nassenstein, V.D.I.-2, 98, 453 (1956). 
I 

21. Sternling, C. V., and L. E.  Scriven, A.I.Ch.E. Journal, 5, 

22. Thorsen, G., and S. G. Teriesen, Chem. Eng. Sci., 17, 
514 (1959). 

137 ( 1962): 

Journal, 5, 533 ( 1959). 
23. Weaver, R. E. C., Leon Lapidus, and J. C. Elgin, A.1.Ch.E. 

24. Zenz, F .  A,, Petrol. Refiner, 36, 147 (1957). 
Manuscript recehed May I, 1964; revision received September 16, 

1964. paper accepted September 17, 1964. Paper presented at A.1.Ch.E. 
Pitts6urgh meeting. 

Page 163 Vol. 11, No. 1 A.1.Ch.E. Journal 


