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SCOPE

When two immiscible liquids are combined in a mixing tank,
the interfacial area, or drop size, is usually of primary concern.
In the operations of extraction, emulsion polymerization, and
direct-contact heat transfer, the interfacial area directly affects
the rates of interphase mass and heat transfer.

Previous work in liquid-liquid mixing has shown that system
variables such as volume fraction of dispersed phase, fluid
properties, and the mechanical mixing conditions all have an
effect on the interfacial area obtained, but the quantitative re-
lationships have not been well established. Knowledge of these
quantitative relationships is extremely important for: (1) the
prediction of two-phase interfacial areas in new systems; (2) the
optimization of existing operations; and (3) the scale-up of ex-
perimental or pilot plant units. Thus, there is a definite need for
a better understanding of the liquid-liquid mixing process.

In this study, the principle variables involved in the mixing
process were varied systematically in order to identify those

factors that have a significant influence on the interfacial area
formed. The parameters varied include the volume fraction of
dispersed phase, tank size, impeller size, impeller speed, and
fluid properties of both the continuous and dispersed phases.
Standard mixing tank geometry, baffles, and six-blade, flat-blade
turbine impellers were used throughout (Rushton et al., 1950).
A light probe described previously (McLaughlin and Rushton,
1973) was used to measure the interfacial areas of the disper-
sions. A total of 122 different combinations of volume fraction,
tank size, impeller size, impeller speed, continuous phase
properties, and dispersed phase properties were studied ex-
perimentally in a design that enabled interactions ag well as
functional dependence of the above factors to be determined.
In addition, 42 replicated runs of these conditions were used
to strengthen the determined functional dependence of inter-
facial area on the above factors and establish the statistical
validity of this model.

CONCLUSIONS AND SIGNIFICANCE

Our detailed experimental study of liquid-liquid mixing with
flat-blade turbine impellers in standard mixing tank geometry
has shown that the interfacial area per unit volume of dispersion
is primarily a function of seven variables: ®, o, uq4, p4, pc, P/ V
and U. Furthermore, statistical regressions on the experimental
data identified those variables that significantly affect the area
of the dispersions in a mixing tank. The results are presented
as regression equations that represent the effects of the mixing
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parameters far more accurately than previously reported studies,
wherein dimensionless groups, such as the Weber number, were
relied upon. Furthermore, it was found that the interactions
between some of these parameters are highly significant, which
explains in part why previous works in this field have often been
contradictory.

For purposes of comparison with previous work, some of the
significant interactions can be neglected. The resulting equation
is not as good a prediction of interfacial area but does enable
a direct comparison with previous work in which there were
insufficient data to evaluate interactions. Qur simplified model
for interfacial area has an exponent of 0.66 on volume fraction,
while the average of six previous studies reporting such a value
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is 0.78. Our exponents on the impeller diameter and impeller
speed are 1.23 and 1.11, respectively, for geometrically similar

systems; the values compare extremely well with previous
works.

INTRODUCTION

In a recent book, Oldshue (1983) reviews liquid-liquid mass
transfer and presents some of the models used to express Sauter-
mean diameter of the dispersed drops as functions of the agitation
factors. Studies of liquid-liquid interfacial areas in mixing tanks
have also been summarized in tables by both Fernandes and
Sharma (1967) and Coulaloglou and Tavlarides (1976). These ex-
tensive tables include the range of experimental conditions studied,
the type of impeller, and the method used for measuring interfacial
area. Paddle agitators were used by Vermeulan et al. (1955) and
Kagan and Kovalev (1966), while the propeller-type was used by
Pavlushenko and Yanishevskii (1958, 1959). Turbines were em-
ployed in the work of Rodger, et al. (1956) and by Yamaguchi et
al. (1963). Investigators who compared these types of agitators are
Kafarov and Babanov (1959), Rodriguez et al. (1961), and Fer-
nandes and Sharma (1967).

The most common experimental methods of measuring inter-
facial area are light transmission and photography. Sprow (1967a,b)
used a Coulter counter for strongly eoalescing systems. In general
these studies were conducted in batch-type mixing tanks, but
continuous systems were used by Thornton and Bouyatiotis (1963),
Bouyatiotis and Thornton (1967), Keey and Glen (1969), Schindler
and Treybal (1968), Weinstein and Treybal (1973), and Coulalo-
glou and Tavlarides (1976).

Most works correlated experimental data by expressing inter-
facial area as a product of agitator speed, tank diameter, fraction
of dispersed phase, and Weber number, each to a power deter-
mined empirically. However, there has been little agreement on
the quantitative values of the exponents in these relationships. For
example, the exponent of P varies from —0.53 to 1.0, and the ex-
ponent of D varies from 0.7 and 2.0. Such lack of ageement is likely
because of the complexity of the break-up and coalescence process
in the mixing tank, and the necessity of expressing this complex
process in terms of a simplified mathematical model. Shinnar and
Church (1960) and Shinnar (1961) present a theory that dispersions
are stabilized by the mixing turbulence; the exponents on various
factors have been discussed in light of theory (Coulaloglou and
Tavlarides, 1976).

A model for the Sauter mean diameter used frequently is of the
form

%3 =b(l + cP)N2E (1)

Equation 1 is used by Calderbank (1958), Chen and Middleman
(1967), Brown and Pitt (1970), Mlynek and Resnick (1972), and
Coulaloglou and Tavlarides (1976) with values of b ranging from
0.058 to 0.081, and values of ¢ from 3.14 t0 9. In a following study
Brown and Pitt (1974) chose a different form of model for the
Sauter mean diameter. Skelland and Lee (1978, 1981) developed
a correlation that has the 1.4 power on Reynolds number, 0.7 on
D/T, —0.53 on ®, and does not depend upon the Weber
number,

“There are large differences in the interfacial area data by dif-
ferent investigators,” notes Oldshue (1983), and he concludes, “they
are probably not adequate for use as absolute data.” Most of the
previous studies have not varied all the important parameters in
a comprehensive plan. Such approaches can be misleading because
the volume fraction, fluid properties, and mixing conditions surely
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interact with one another in affecting the drop size or interfacial
area.

The purpose of this work was a detailed study of the most effi-
cient system geometry for obtaining high interfacial areas. Previous
work by Rushton et al. (1950) and Rushton and Oldshue (1959)
showed that a cylindrical tank with four equally-spaced wall baf-
fles, each one-tenth of the tank diameter in width, is desirable for
this type of operation. This standard configuration was used, with
the liquid depth equal to the tank diameter, and the impeller
placed at one-third off-bottom. For liquid-liquid mixing, this im-
peller location seems to be better than the more commonly reported
one-half off-bottom position because no sacrifice is made in in-
terfacial area (Fernandes and Sharma, 1967) and more power can
be exerted on the two liquids before air is entrained into the system.
Geometrical similarity was maintained in all dimensions except
for impeller size to lend direct applicability to scale-up procedures
(Rushton, 1951).

The impeller type used was a six-flat-blade turbine because this
impeller has given the best results when dealing with liquid-liquid
systems (Fernandes and Sharma, 1967; Pitt, 1966). With a given
tank geometry and liquid pair the flat-blade turbine is generally
most efficient in creating the maximum interfacial area (minimum
drop size) for a given power input and impeller diameter. For this
reason the standard six-flat-blade turbine (Rushton et al., 1950) was
used in all experiments. Figure 1 illustrates the basic tank geometry
used, with the flow lines from the turbine impeller indicated by
the arrows.

In a baffled cylindrical tank with a turbine impeller, there are
numerous parameters that could significantly affect the interfacial
area per unit volume of dispersion, a. Some of the most obvious are
the volume fraction &, the impeller diameter D, the impeller speed
N, the tank diameter T, the interfacial tension between the two
fluids o, the continuous phase viscosity, g, and density p,, and the
dispersed phase viscosity pq, and density pg. Other possibly vari-
ables directly related to the above nine include the ratio of impeller
diameter to tank diameter D/ T, the power per unit volume exerted
on the fluids P/V, the impeller Reynolds’ number Ng,, the impeller
tip speed U, and the Weber number Ny,.
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Figure 1. Mixing tank geometry studied.
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TABLE 1. EXPERIMENTAL LEVELS, DESIGN I

Levels
Variable Units Low, Lows Low, Low, Middle High, Highs
[+ (dimensionless) — —_ 0.005 0.01 0.02 0.04 0.08
4 dynes/cm (1075 N/cm) 8.6 14.3 24.4 374 39.0 41.6 52.5
T cm — — — 142 29.5 43.9 —
D/T (dimensionless) — — — 1/3 5/12 1/2 —
N s-1 — — —_ N N Na —

EXPERIMENTAL DESIGN AND METHOD

The purpose of the experimental design was twofold: to identify the
significant variables, and to quantify the effects of these variables. To ac-
complish these purposes the experimental design was divided into two parts.
In the first part (design I), the continuous phase was water, and the prop-
erties of the dispersed phase were varied by using different organic liquids.
In the second part (design II) the properties of the continuous phase were
varied by the addition of various amounts of corn syrup to the water phase,
while the properties of the dispersed phase were again varied.

For design I the independent variables are ®, o, T, D/T, and N; com-
bination variables vary as a result of changing these five factors. For three
levels each, five factors require 243 treatment combinations if a full factorial
design is used, so a modified central composite design (Davies, 1963) was
chosen to substantially reduce the size of the experimental design. In this
design, seven levels of o, five levels of ®, and three levels each of T, D/T,
and N were studied. The levels of each factor in the design are summarized
in Table 1. The different levels of ¢ were obtained by using different or-
ganic liquids as the dispersed phase. Where possible, the different levels
were equally spaced on a logarithmic scale (®, for example), because of
the form of the mathematical model (see the Regression Analysis section).
In the table, the exact levels of N cannot be specified because they varied
with each combination of the previous variables. The impeller speed for
each set of conditions must be great enough so that all the organic phase
is dispersed, but not so great that air is drawn into the system. The presence
of air bubbles in the system is generally undesirable, and interferes with
the light transmission technique for measuring the interfacial area. The
range of impeller speeds for all runs is 1.33 to 11.67 s7L.

The physical properties of the organic liquids used to obtain the various
levels of ¢ are given in Table 2. The interfacial tension listed is that of the
mutally saturated organic-water pair. As shown, the interfacial tension was
varied from 8.6 to 52.5 dyne/cm (1075 N/cm), the dispersed phase viscosity
from 0.445 to 129.0 mPa-s, and the dispersed phase density from 0.714 to
1.20 g/cm3. These experimentally determined values were obtained as
described in the Experimental Methods section. Literature values were
available at 20°C for many of these properties and are given for comparison
only.

'IYhe modified central composite design resulted in 27 different combi-
nations of ®, o, T, and D/T. Three or more impeller speeds for each
combination of ®, o, T, and D/ T led to a study of 85 different combinations
of the independent variables. To allow the estimation of the experimental

TABLE 2. ORGANIC LIQUIDS USED, DESIGN I (CONTINUOUS PHASE:

error, 23 of these 85 combinations were replicated at least once for a total
of 114 trials.

After completion of this experimental design, it was thought that the
impeller Reynolds number, N, = D2Np, /., might have a significant
effect on the interfacial area. However, only two of the factors in this di-
mensionless group had been varied, namely D and N. For this reason, an
additional experimental design (design II) was formulated to include
variation of the density and viscosity of the continuous phase. This was
accomplished through the addition of various amounts of corn syrup to the
water phase.

For design II, the primary variables are u., ®, ¢, T, D/T, and N, This
choice was based on the results of design 1, where it was found that ®, ¢,
T,D/T, and N all have a significant effect on the interfacial area. Again,
a central composite design was performed; the levels of the factors are
summarized in Table 3. In this design, levels of o were obtained with ker-
osene, xylene, and n-heptane as the dispersed phase, as shown in Table 4.
Fewer treatments were required than in design I even though an additional
factor had been added, because the effects of ®, o, T, D/T, and N were
already well established with water as the continuous phase. Design II re-
quired the study of 22 different combinations of g, ®, o, T, and D/T. Of
these 22 combinations, eight had already been studied, because the lower
level of u. (0.874) is that of water. Thus, only 14 additional combinations
of g, @, 0, T, and D/T had to be studied. Multiple impeller speeds for each
of these combinations gave a total of 37 additional treatments. Finally, 13
of these 37 were replicated, leading to a total of 50 runs for design II.

Upon completion of the two experimental designs, a wide range of lab-
oratory operating conditions had been studied. The ranges of the most
prominent variables are listed in Table 5. The table shows that as a result
of the mixing conditions studied, the interfacial area per unit volume of
dispersion was varied from 2.17 to 19.4 cm?/em3, roughly a tenfold range.
The range of Reynolds numbers covered emphasizes the fact that turbulent
mixing conditions were maintained in all experiments.

Measurement of Interfacial Area

The impeller was mounted one-third off-bottom in a baffled glass tank.
A light probe (McLaughlin, 1970; McLaughlin and Rushton, 1973) was
located in the tank so that the optical gap received the discharge of the
impeller; the direction of the light beam was perpendicular to the local
direction of flow. The gap was located halfway between the impeller tip
and the tank wall, where the local direction of flow is approximately 20°
in the direction of rotation from the tank diameter (Sachs and Rushton,
1954). The interfacial area at this point is not necessarily equal to the av-
erage interfacial area throughout the entire tank because the drops will
coalesce as they leave the highly turbulent conditions of the impeller dis-
charge (Hillestad, 1965; Sprow, 1967). Nevertheless, since the interfacial

TABLE 3. EXPERIMENTAL LEVELS, DESIGN 11

WATER)
4
dynes/cm Hs Pd
(10~5 N/cm) mPa-s g/cmd

Liquid 20°C*  25°C** 20°C 25°C 20°C 25°C
n-Octanol 85 8.6 8.95 713 827 0.825
Oleic acid 15.6 14.3 — 28.7 .854 0.890
Nitrobenzene 25.66 24.4 1.98 1.86 1.205 1.20
Xylene 37.77 374 0.65 0.602 0.861 0.860
Kerosene — 39.0 — 1.32 — 0.796
n-Heptane — 41.6 0.416 0.445 0684 0.714
Paraffin oil — 52.5 — 1290 — 0.874

#20°C values from Lange, Handbook of Chemistry.
** 95°C is the approximate tgmperature at which data were determined and runs conducted.

Levels

Variable Units Low Middle High
¢ (dimensionless) 0.01 0.02 0.04
a* dynes/cm (1075 N /em) 35.1 374 45.5
He mPa-s 0.874 1.87 4.00
T cm 14.2 29.5 43.9
D/T (dimensionless) 1/3 5/12 1/2
N s71 Ny Ny Na

® Varies slightly with g,.
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TABLE 4. INTERFACIAL TENSIONS FOR ORGANIC L1QUIDS USED,

DEsioN 1T
o at
#e =187 ue=4.0
Liquid dynes/cm* dynes/cm
Kerosene 35.1 34.9
Xylene 374 36.7
n-Heptane 45.5 44.6

* Dynes/cm = 1073 N/cm.

area is measured at the same relative position in each tank size, the results
can be applied to the behavior of the average interfacial area as well.

In these experiments the optical gap of the light probe was adjusted so
that the fraction of light transmitted for any experiment was greater than
0.10. This assured maximum accuracy in the light transmission measure-
ment, as shown by McLaughlin and Rushton (1973). Drops of diameter less
than 0.1 mm can scatter light and cause inaccuracy in determining inter-
facial area by this method. However, many two-phase dispersions consist
of drops above 0.1 mm diameter. For example, Coulaloglou and Tavlarides
(1976) used a flash photomicrographic method and a modified dye-light
transmission technique to obtain distributions. A typical graph shows
negligible volume density of drops near or below 0.1 mm.

The continuous phase was put into the tank and the appropriate volume
of dispersed phase (organic) was then added, giving a total liquid depth
equal to the tank diameter. The impeller speed was gradually increased
until all of the organic phase was drawn off the surface or bottom. Time
was allowed for an equilibrium drop size distribution to develop, usually
20 to 30 min. After reaching equilibrium, the voltage developed by the
phototube circuit was recorded. Through previous calibration of the light
probe with neutral density filters, the voltage reading was translated into
the fraction of light transmitted for those experimental conditions. Finally,
the interfacial area was calculated with the following equation (McLaughlin
and Rushton, 1973):

4In(f)
l

When possible, the equilibrium interfacial area was measured for at least
three impeller speeds for any particular combination of volume fraction,
tank geometry, and liquid pair. This could not be done when the speed
range between incomplete dispersion (a stagnant layer of organic on either
the surface or bottom) and air entrainment was small. Replicates were
performed by repeating the entire experiment, starting with an empty tank,
to insure that the overall experimental error was determined.

@

Measurement of Physical Properties

The physical properties of all fluids used were measured experimentally.
The viscosity of each liquid was measured with a Cannon-Fenske vis-

TABLE 5. RANGE OF VARIABLES STUDIED

Variable Minimum Maximum Units

a 2.17 19.40 cm?/cm?
¢ 0.005 0.08 (dimensionless)
T 14.2 43.9 cm
D/T 0.34 0.54 (dimensionless)
N 1.33 11.67 sl
I'4 8.6 52.5 dynes/cm (1075 N/cm)
Hd 0.445 129.0 mPa-s
pd 0.714 1.20 g/cm®
e 0.874 405 mPass
Pe 0.996 1.140 g/cm?
P 8,100 428,300 g-cm/s
P/V 1.32 17.42 g/cmes
Nge 7,200 114,700 (dimensionless)
Nwe 137 1,528 (dimensionless)
U 80 207 cm/s
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cometer and the density was measured with a standard hydrometer. The
interfacial tensions of all the liquid pairs were measured with a DuNouy
ring interfacial tensiometer after mutual saturation was achieved.

REGRESSION ANALYSIS

The overall model expresses interfacial area as a product of
various functional forms for each factor and interactions of two
factors. For example the functional groups used for phase ratio
alone included %, (1 — ®)*, y In®, e® and all possible combi-
nations of these four, where w, x, y, and z are constants. Statistical
regression calculations were performed on the logarithm of in-
terfacial area which transforms the terms of the equation from a
multiplicative to an additive model.

A total of 64 terms were used as candidates for the equation in
a stepwise sequential addition of significant terms or “build-up”
regression procedure. For example, the term In® was often first

- placed in the model because it formed the best one-term model.

Then the second term, usually Ino, was selected for its greatest
further contribution of remaining terms to predicting area, and
so on. Terms could also be deleted; after other terms entered the

_equation a term would be removed if it no longer significantly

contributed to prediction.

RESULTS

Over fifty regressions were performed using the experimental
data. With an alpha risk of 0.01 (i.e., all terms in the equation are
significant at the 99% level) the best model is the following 18-
constant equation:

P €
a = 0.186%2g8u} p p7°" (V) un (8

where

a=154+0.12In(P) + 0.15In(uy)
B8 =5.77 — 1.04 In(a)
v =0.74 — 0.03 In{ug)
6 =786 — 225 In{g) — 6.93 In(ugq)
€=0.68 + 0.08 In(P) — 0.10 In(P/V)
7 =135+ 0.12 In(ug) — 0.73 In(u)

In this equation, the tip speed divided by 100, u, is used rather than
the actual tip speed U, for scaling convenience. The equation ac-
counts for 92.3% of the sum of squares of Ina around its average;
this is an overall measure of the fraction of the variation in the re-
sponse that is accounted for by the model. Equation 3 does have
significant lack of fit, but this is attributed to the restrictions of the
basic multiplicative model, and not to any theoretical oversights
in the terms considered. Since the form of the model is empirical
instead of theoretical, the lack of fit is not surprising. Actually, some
equations were found that did not have significant lack of fit, but
the number of terms needed for these (above 30) was excessive for
convenient use.

Candidate factors and higher terms considered but not selected
by using this stepwise regression procedure included impeller speed
N, impeller diameter D, tank diameter T, the squares of each of
these three, and interactions of among these factors and also with
® and o. Furthermore, the Reynolds and Weber numbers based
on both pure phase properties and averaged properties, ND* (bulk
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flow), P, and D/T were likewise rejected. Many of the factors
where also tried in nonlogarithmic form, which would lead to ex-
ponential terms in the direct interfacial area prediction equation,
but none of these appear in the equation. Note that when a square
or interaction term was added to the equation the corresponding
linear term was included to avoid unwarranted restrictions on the
empirical model.

The most noticeable aspect of this form of the equation is the
large amount of interaction between the fluid properties, volume
fraction, and mixing conditions. For example, the effect of volume
fraction on the interfacial area depends in part on the dispersed
phase viscosity. Likewise, the effect of the power per unit volume
depends on the volume fraction. From these results it is not sur-
prising that previous works have been contradictory, because all
seven of the parameters in the equation have not been varied in a
single study to determine interactions. It is interesting that only
these seven parameters enter the equation, considering that over
20 theoretical parameters, including dimensionless groups, were
tested. Apparently the influence of those factors not in the equation,
such as Ng, and Nyy,, is accounted for in other ways.

Unexpectedly, the influence of the mechanical mixing conditions
is described fully by only two parameters, the tip speed U and the

.power per unit volume exerted on the fluids, P/V. This implies that
the effects of the impeller speed, impeller size, and tank size are
due solely to their contributions to the tip speed and power per unit
volume in liquid-liquid mixing. The parameters N, D, and T, are

the parameters most commonly used to describe the mechanical.

mixing conditions, and are related to the tip speed and power per
unit volume by

U=nND (4)
and
4K,0.N3D3
P/V = 5
/ s (5)

where K; = 6.3 for a six-flat-blade turbine under turbulent mixing
conditions (Rushton et al., 1950).

As can be seen in Eq. 3, no dimensionless groups have been in-
cluded except for the volume fraction, which is dimensionless by
definition. This is contrary to most previous works, but the corre-
lations in these works were invariably forced into a dimensionless
form. Previous works have usually relied on the dimensionless
Weber number to account for the effect of the fluid properties.
Dimensionless correlations of the experimental data were at-
tempted in this work, but never was the fit as good as that of a
similar number of dimensional terms. Thus, it does not appear that
a description of this system can be simplified to an equation that
involves only dimensionless numbers.

The purpose of this study includes prediction of interfacial
surface area per unit volume as a function of the seven factors of
Eq. 3. The graphs presented are two-dimensional “cuts” through
the eight-dimensional space showing the dependence of this re-
sponse on one or two of the factors. The 164 data points are spread
systematically in the seven factor dimensions according to the
previously described experimental designs. Specific data points
are not generally located on these “cuts” through the high-di-
mensional space. For example, impeller speeds could nof be fixed
at predetermined levels as they were governed by the limits be-
tween entrainment and dispersion of all the organic, as previously
described. Power per volume is a factor, but measured values that
were not initially designed had to be used. In graphs it is necessary
to fix most of the seven factors at specific values to show the effects
of one or two. Those data points located on or near the graphs are
insufficient to display the multidimensional relationship of the
equation. Therefore data points are not shown on the graphs. De-
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Figure 2. Effect of volume fraction on interfaclal area at
typlcal mixing conditions. Tick-marks below and above pre-
dicted response lines are 90 % confidence Intervals on a.

viations of the data from the predicted response are taken into
account by the statistically calculated confidence interval, which
can be visualized as the region between hyperplanes that we are
quite certain contains the true interfacial area per unit volume. The
locations of these planes are indicated by tick-marks below and
above some predicted response lines; these are the 90% confidence
limits on a. Only typical values are given to avoid confusion with
the other lines on the graphs. '

To discuss the effects of the most important variables, the in-
terfacial area can be thought of as a function of three collections
of effects: the volume fraction, the fluid properties, and the me-
chanical mixing conditions.

Effect of Volume Fraction

As was previously mentioned, the effect of the volume fraction
on the interfacial area depends on the viscosity of the dispersed
phase as well as its volume fraction. Figure 2 shows interfacial area
for varying volume fractions of three fluids, xylene, n-heptane, and
kerosene, under typical mixing conditions. The solid lines indicate
where experimental data were obtained, and the dashed line-sec-
tions are extrapolations based on the regression equation. Since the
lines are not parallel, the effect of volume fraction interacts with
the physical properties, as all other conditions are constant in this
plot. The 90% confidence limits for the kerosene curve are shown
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Figure 3. Effect of volume on Sauter mean diameter at
typical mixing conditions. Tick-marks below and above pre-
dicted response lines are 90% confidence intervals on a.
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Figure 4. Effect of o and py on interfacial area at typical
mixing conditions. Tick-marks below and above predicted
response lines are 90% confidence intervals on a.

by the tick marks at volume fractions of 0.005, 0.02, and 0.08.
(These marks indicate the 90% confidence limits in all figures.) The
confidence limits show that the precision of the regression equation
is best at the intermediate values of ®, and decreases as the ex-
tremes are approached.

The effect of the volume fraction can also be illustrated by
Figure 3, where the Sauter mean diameter is plotted against the
volume fraction for the same fluids and same mixing conditions
as those of Figure 2. The Sauter mean diameter is an area-average
diameter for the dispersion, and is directly related to the interfacial
area by

dyy =22 (6)
a

Figure 3 shows that increases in the volume fraction of dispersed
phase leads to increases in the Sauter mean diameter at the lower
volume fractions. This implies that at the lower volume fractions,
an increase in the amount of dispersed phase contributes more to
the rate of drop coalescence than it does to the rate of drop
break-up. Therefore, the drop size increases as the volume fraction
increases in this region. These curves level off at higher volume
fraction because the rates of coalescence and break-up both con-

o {em?/cu®)

0.70 0.75 0.80 0.85 0.90
e, (a/ cmd)
Figure 5. Effect of p. and p,4 on interfaclal area at typical

mixing condltions. Tick-marks below and above predicted
response lines are 90% confidence intervals on a.
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tribute in this region, which agrees with the findings in many
previous works. This effect of volume fraction is not to be confused
with the fact that, for any fixed volume fraction, an equilibrium
drop size distribution will develop because the rates of break-up
and coalescence eventually become equal.

Effect of Fluid Properties

The fluid properties are very important in determining the in-
terfacial area of a liquid-liquid system, as exhibited by the inclusion
of 6, ug, pa, and p, in the regression equation. The most significant
of these four are ¢ and pg; Figure 4 shows the effect of these two
factors at typical values of the others. Interfacial area is increased
by a decrease in the interfacial tension. The interfacial tension is
a measure of the resistance to break-up, and a decrease in this re-
sistance will cause the drop size to decrease. The interfacial area
increases with increasing viscosity of the dispersed phase. A higher
viscosity allows the fluid shear to be transmitted more easily,
leading to smaller drops and a higher interfacial area.

The influence of the dispersed and continuous phase densities
are illustrated in Figure 5 for typical values of all the other pa-
rameters. Interfacial area is increased by a decrease in the dispersed
phase density. This trend seems reasonable because a decrease in
pd, while holding pg constant will cause the kinematic viscosity
of the dispersed phase to increase. An increase in the kinematic
viscosity allows the shear to be transferred more readily, leading
to smaller drops and larger interfacial area. The same analysis holds
for the effect of p., because lower densities lead to higher inter-
facial areas in this case also. In addition, it can be reasoned that
denser fluids require more power for the same fluid motion,
making less energy available for drop break-up.

Effect of Mixing Conditions

It has already been stated that the effect of the mixing conditions
can be summarized by only two variables, the tip speed U and the
power per unit volume exerted on the fluids, P/V. Of these two,
the tip speed is far more important, as illustrated in Figure 6, which
shows how the interfacial area is affected by U and P/V for a
kerosene-water system in a 30 cm tank with ® = 0.02. If the con-
ditions of U = 107 em/s and P/V = 2.0 g/cm?s (or 1.0 hp/1,000
gal) are taken as a basis, the interfacial area is 14% higher for either
of the following;

1. A 100% increase in the power input with the same tip
speed.
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2. A 9% increase in the tip speed at the same power input.
Thus, the tip speed has a much larger effect on the interfacial area
than does the specific power input. Although this example is at
specific conditions of volume fraction, tank size, and fluid prop-
erties, the controlling influence of U (rather than P/V) was found
at all other conditions as well. Therefore, the effect of N and D is
more closely approximated by the product ND, which is propor-
tional to U, rather than the product N3D5, which is proportional
to P/V.

The dependence of the interfacial area on the mixing conditions
can be summarized by the parameters D/T, P/V, and T. The ef-
fects of D/T and P/V are shown in Figure 7 for the kerosene-water
system (P = 0.02) in the 15 cm tank. Extrapolations to larger D/T
ratios beyond the range indicated for each level of P/V are not
valid because air is entrained at these conditions. Similarly, the
lower limits of D/T on each P/V curve indicate the approximate
point at which a stagnant layer of organic develops. The minimum
speeds required for complete dispersion have been studied by
Pavlushenko and Yanishevskii (1958). The experimental data in-
dicated that levels of P/V far outside the range from 3.0 to 10.0
g/cm?s (or 1.5 to 5.0 hp/1,000 gal) would not produce acceptable
dispersions in this tank size, no matter what the D/ T ratio.

The most interesting deduction to be made from Figure 7 is that
within the operable range, smaller ratios of impeller diameter to
tank diameter always produce higher interfacial areas at a given
power input. Since smaller values of D/T give higher ratios of
turbulence to bulk flow at the same power input, the formation of
interfacial areas must be favored by conditions of high turbulence.
Thus, the creation of liquid-liquid interfacial areas is a “turbu-
lence-controlled” process, as proposed by Rushton and Oldshue
(1959). It can also be deduced that a decrease in D/T will produce
the same interfacial area at a fraction of the original power input.
As an example, a 15 cm tank with D/T = 0.35 and P/V = 3.0
g/cm?s (1.5 hp/1,000 gal) will produce the same interfacial area
as a system with D/T = 0.55 at twice the power input.

Figures 8 and 9 show the same general relationship for two other
tank sizes: 30 and 45 cm in diameter. Note that lower levels of P/V
are adequate to achieve the same interfacial area at the same D/T
ratio in larger tanks. At a D/T value of 0.40, a P/V level of 3.0
g/cm?s (1.5 hp/1,000 gal) is required in the 15 cm tank for an
1nterfac1al area of 6.0 cin2/cm3, but the levels of P/V to achieve
the same area in the 30 and 45 cm tanks are 1.8 and 1.45 g/cm?2s,
respectively.
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Simplified Regression Equation

While Eq. 3 was found to fit the data quite accurately, it is
somewhat complex for many applications. Therefore, a regression
was performed in which only eight terms were allowed, seven of
which are the first-order terms of Eq. 3. The equation was limited
to eight terms because the contributions to better prediction of
interfacial area of additional terms dropped markedly. This be-
havior is basically due to the stepwise regression procedure, where
the most significant terms are put into the model first. The result
is the following model:

a = 0.0364P086g= 7030905 57194 (p /y)0.06,098  (7)

where a =5.78 — 1.02 In(¢). Eq. 7 accounts for 87.8% of the sum
of squares of the response, Ina, about the average, as compared to
92.3% for the 17-term model, Eq. 3. The estimated standard de-
viation for interfacial area in a single experiment is 8.4% (0.0809
in Ina) for Eq. 7, 27% higher than the value of 6.6% for Eq. 3. Based
upon the 42 replicate runs at various conditions the standard de-
viation is 3.5%.

Presentation of the results in this form allows direct comparison
to some previous works which used the model form of exponents
on factors and dimensionless groups. The exponent on volume
fraction, 0.66, is smaller than the average of the six works reporting
such an exponent, 0.78. If Eqgs. 4 and 5 are substituted into Eq. 7,
the exponents on the impeller diameter and impeller speed are 1.23
and 1.11, respectively, for geometrically similar systems. The first
value is the mean of the range (0.5 to 2.0) of literature exponents
on D. The exponent on N is essentially identical with the average
of reported values for an equation of this form. Finally, when Eq.
1 is expressed for area it always gives powers of 0.8 on D and 1.2
on N, but it is not a direct power function of &.

The phenomena studied here are so complex that a rigorous
theoretical treatment is impossible. Nevertheless we believe
mechanistic modeling can yield insight and is an important di-
rection for future work. In the next section we will describe ap-
plications of Eq. 7.
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APPLICATION OF THE RESULTS

The results of this work are directly applicable to three engi-
neering problems that can arise when dealing with liquid-liquid
interfacial areas in a mixing tank:

1. The prediction of interfacial areas in new systems.

2. The optimization of interfacial areas in existing equip-
ment.

3. The scale-up of interfacial areas when larger systems are
desired.

The bearing of this study on each of these is discussed here.

Prediction of Intertacial Areas in New Systems

Equations 3 and 7 are most useful for this purpose; Eq. 3 is more
accurate, while Eq. 7 is more easily solved. The required accuracy
and the difficulty of the necessary calculations should be the criteria
for the cheice. In any case, if the conditions to be investigated lie
outside of the range of variables studied, both equations should be
used with caution. Table 5 lists the range of variables studied in all
the experiments, but it must be remembered that these ranges were
not explored experimentally in all possible combinations.

Optimization of Interfacial Areas in Existing Equipment

For a specific liquid pair in an existing mixing operation, this
work suggests several possible alternatives for maximizing the in-
terfacial area:

1. An increase in the volume fraction of dispersed phase will
increase the interfacial area, unless conditions are such that a phase
inversion occurs (the dispersed phase suddenly becomes the con-
tinuous phase, and vice versa).

2. A decrease in the interfacial tension will increase the inter-
facial area.

3. For the flat-blade turbine, the smallest diameter for a given
power input will produce the maximum interfacial area, if all of
the dispersed phase is drawn from the surface or bottom.

Since the volume fraction, fluid properties and mixing conditions
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interact to such a high degree, it is not possible to associate per-
centage changes with any of the above except for a particular set
of conditions. Nevertheless, application of Eq. 3 will predict the
change in area for any given system.

Scale-Up of Interfacial Areas

It is believed that this work will be most useful in the scale-up
of mixing systems where the interfacial area is an important con-
sideration. The recommended scale-up procedure is illustrated in
Figure 10 where the interfacial area of a kerosene-water mixture
is plotted against the tank size for various levels of P/V. For this
plot, volume fraction is kept constant at 0.02, and geometric sim-
ilarity is maintained with D/T = 0.33 for all tank sizes. The dashed
sections of each curve represent extrapolations based on Eq. 3. The
plot shows that a constant level of P/V will not give constant in-
terfacial areas as the tank size is increased. If the often-used crite-
rion of constant power per unit volume were applied to this system,
large errors could result. For example, experiments in a 30 cm tank
with this system at a P/V level of 2.0 g/cm?s (1.0 hp/1,000 gal)
would give an interfacial area of 7.1 cm2/cm3. If constant P/V
were used in scaling up to a 120 cm tank, the interfacial area would
be 10.1 cm2/em3, or a 42% increase. Proper scale-up to achieve the
same interfacial area would reveal that a P/V level of only 1.0
g/cm?s is adequate to achieve the same area. Thus, in this case,
a linear scale-up of 4.0 (a volumetric scale-up of 64) would require
half the specific power input. This type of behavior has been rec-
ognized by Fernandes and Sharma (1967), Rushton and Oldshue
(1959), and Treybal (1961).

Equation 7 is easily simplified to show the approximate scale-up
relationships, so this equation will be discussed here. For a typical
scale-up the fluid properties and volume fraction are held constant
and Eq. 7 simplifies to

a« (P/V)O‘%(u)o.gs (8)
or, since u = U /100,
a « (P/V)0-06([7)0.93 9)

Equations 4 and 5 for U and P/V can be substituted into this
equation to give

a « N1.11p1.237-0.18 (10)

If the subscript 2 refers to the desired conditions in the larger
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mixing tank, and the subscript I refers to the known conditions in
the laboratory or pilot plant, then

a _ (&)1.11(&)123(&)—043 an
a \N D; T,
or
g, = NMiplar-018 12)

where ¢, = ay/a1, N, = No/Ny, D, = Dy/Dy,and T, = Te/T;.

An example of the use of this equation will make its significance
more apparent. In a liquid-liquid mass transfer process, the in-
terfacial area is of importance because the rate of transfer is pro-
portional to this area. If it is desired to scale-up such a process to
a geometrically similar tank whose diameter is four times that of
a smaller unit, then D, = 4.0, T, = 4.0, and

a, = (4.0)LON11 = 4 99N 111 (13)

This gives the relationship between the speed ratio and interfacial
area ratio for the two geometrically similar systems. To achieve
the same specific interfacial area in both sizes, a, = 1.0, so N, =
0.27; the impeller speed in the larger unit should be 27% of that in
the smaller unit to achieve the same interfacial area per unit vol-
ume of dispersion.

Equation 12 can also be applied to systems where geometrical
similarity is not maintained. For instance, doubling the tank di-
ameter while keeping the impeller speed and size constant will
give

a, = (1)L11(1)1:23(2)-018 = 0,882 (14)
Likewise, doubling the impeller speed in a given tank would
give

a = (2)1.11(1)1‘23(1)—0.18 =216 (15)

Of course, the basic mixing tank geometry of Figure 1 must be
maintained for these results to be valid.
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NOTATION

a = interfacial area per unit volume dispersion,
cm?/cm®

b, = empirically determined constants

dag = Sauter mean diameter of drops, cm

D = diameter of impeller, cm

f = fraction of light transmitted through a dispersion

8¢ = gravitational constant

K, = proportionality constant for power

l = optical path length, cm

N = impeller speed, rev/s

Nge = impeller Reynolds number, D2Np,/ u,

Nwe = Weber number, D3N2%py/ 0o

P = power exerted on fluids by impeller, g-cm/s (1.31
X% 107"hp)

P/V = power per unit volume, g/cm?.s (0.499 hp/
1000 gal)
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mixing tank diameter, em

impeller tip speed, cm/s

impeller tip speed divided by 100, cm/s
volume of the mixing tank, cm®

T
U
u

\%
w, numerically evaluated constants

i an

x,Y,3

Greek Letters

I

a,f3,v,0,e,n = constants of Eq. 3

I = viscosity, mPa-s

p = density, g/cm?

o = interfacial tension, dyne/cm (1075 N/cm)
i = volume fraction of dispersed phase
Subscripts

¢ = continuous phase

d = dispersed phase

e = effective

r = ratio
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