
N = impeller speed, sec-1 
NAe = ND2/v = Reynolds number 
Nwc = L3N2p/u = Weber number 
Q = number of drops in the i th  size interval 
P ( D )  = probability that a drop of size D. exists 
T = tank diameter, cm. 

Greek Letters 
(Y = constant in Equation (9) 
E = turbulent energy per unit mass, defined by Equa- 

tion ( 7 ) ,  sq.cm./sec.Z 
c = local energy dissipation per unit mass, sq.cm./ 

sec.3 
c = average power input per unit mass, sq.cmJsec.3 
9 = dissipation microscale, cm. 
v = kinematic viscosity of continuous phase, sq.cm./ 

p = density of continuous phase, g./cc. 
u = interfacial tension between jhases,  g./sec.2 
4 = volume fraction of disperse phase 
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Drop Size Distributions in Strongly 

Coalescing Agitated Liquid- Liquid Systems 
F. B. SPROW 

Esso Research and Engineering Company, Baytown, Texas 

Emulsion drop size distributions have been measured at various locations in a turbine mixer 
for the methyl isobutyl ketone-salt water system. The drop sizes are strongly dependent on the 
sampling position, being smallest near the impeller tip and largest at the bottom of the 
mixing tank. The variation of drop diameter with impeller speed has been studied and indicates 
that droplet breakup predominates near the impeller, whereas the coalescence of emulsion drop- 
lets can be controlling in other locations. 

Many engineering operations depend on effective mass 
transport across liquid-liquid interfaces. The transport is, 
of course, strongly affected by the amount of interfacial 
area present in the vessel. The interfacial area is directly 
related to the distribution of drop sizes produced in the 
emulsion. 

In a previous paper (7) the use of an electronic particle 
counter was described for the determination of complete 
drop size distributions in dilute (low fraction dispersed 

phase) agitated liquid-liquid systems. This method has 
been extended for use with more concentrated systems, 
and in the present work a mixture of 25% methyl isobutyl 
ketone (MIBK) and 75% salt water was emulsified in a 
turbine mixer. The emulsion was sampled at various loca- 
tions in the mixing tank, and drop size distributions deter- 
mined. 

The methods of isotropic turbulence provide tools for 
the prediction of drop sizes in systems in which either the 
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process of dispersion or prevention of coalescence acts on 
a iven fluid element. Measurements have been made to 

control the drop sizes produced in different locations in a 
mixer. 

in % icate whether these two processes can simultaneously 

EXPERIMENTAL WORK 

Agitator and Materials 
The mixing vessel was a fully baffled Pyrex tank, 8% in. 

in diameter, and filled with the liquid-liquid mixture to a 
height equal to the vessel diameter. A 2%-in. diameter tur- 
bine impeller with six flat blades was driven by a variable 
speed motor and was located 3 in. off the vessel bottom. A 
cover plate prevented air from being incorporated in the 
emulsion at high mixing speeds. The equipment was es- 
sentially that described in an earlier paper ( 7 ) ,  a more com- 
plete description of the mixing apparatus being offered in 
that work. 

Different liquid-liquid systems were screened before the 
system MIBK + 1% sodium chloride in water was adopted 
for intensive study. The effects of dispersion and coalescence 
were quite apparent in this system for the particular mixing 
geometry employed. The physical properties of the two 
liquid phases were measured at 20 f. 0.5"C. and are as 
follows: 

Viscosity, 
Liquid Density, g./cc. centipoise 

Methyl isobu tyl ketone 0.80 0.59 
1 % sodium chloride in water 1.005 0.99 

These properties, as well as the interfacial tension, were 
measured at the end of a high speed mixing run. The inter- 
facial tension was 9.3 dynes/cm. 

Particle Size Analysis 
Drop size distributions were obtained for samples of the 

emulsion using a Coulter Counter Model B (Coulter Elec- 
tronics, Chicago). Although the counter was originally de- 
veloped to count blood cells, it has been extensively used 
to size powders and to a lesser extent, emulsions. Figure 1 
presents the essential features of the counter. After uni- 
form mixing, a sample of emulsion is withdrawn from the 
mixing vessel through a sampling loop and immediately di- 
luted to a phase volume of 0.05 to 0.5% in a mixture of 
additional salt water and glycerine. This dilute emulsion is 
then transferred to a beaker associated with the particle 

vacuum 1" Draw 
Ernulrion Through 

4 Threrhold 

CRT 

Fig. 1. Detail of particle counter. 

I 

counter. The dilution and stabilization with glycerine retard 
coalescence of particles during the counting period, this 
being especially necessary in this very rapidly coalescing 
system. The exact dilution and amount of stabilizer are de- 
termined by trial and error for each sample. The stopcock 
is then opened and a controlled vacuum system pulls emul- 
sion from the beaker into the aperture tube through a small 
aperture. During the passage of the emulsion particles through 
the aperture, an electric current passing through the con- 
tinuous salt water phase between two electrodes is inter- 
rupted. This produces voltage pulses, the amplitudes of 
which are approximately proportional to the volumes of the 
emulsion particles. These pulses are amplified, scaled, counted, 
and displayed both on a cathode ray tube and a digital 
register. 

In practice, one counts the number of particles larger than 
a particular size, using a threshold circuit to prevent counting 
smaller particles. The setting of the threshold is then changed 
to allow counting above a new size. In this way a cumulative 
distribution of drop sizes is obtained, An interval timer (Coul- 
ter Model EE) is used to ensure that the same emulsion vol- 
ume is counted each time. 

In this work, an aperture of 560 p diameter was used, al- 
lowing an accurate analysis for particles in the range 25 to 2 7 5 ~ .  
Calibration of the counter and aperture was made with a corn 
pollen (obtained from Hollister-Stier Laboratories, Dallas) of 
86 p mean diameter. 

One basic assumption in the interpretation of the counts is, 
of course, that only one emulsion particle goes through the 
aperture at a time; that is, each pulse corresponds to only 
one particle. The emulsion must be diluted in the beaker to 
satisfy this condition. The instrument therefore has the dis- 
advantage of not being capable of counting in concentrated 
emulsions, but in many cases dilution does not affect the drop 
size distribution (7 ) .  

DROPLET BREAKUP AND COALESCENCE 

Dispersion 
Equations have been derived (6, 7) for the dispersion 

of emulsion droplets in regions that are locally isotropic. 
Two mechanisms are apparent: one in which inertial ef- 
fects predominate in the breakup of a drop, and another 
in which viscous forces cause breakup. The resulting equa- 
tions are 

(1)  d,,, = k 1 0 3 / 5  pc--3/5 N - 6 1 5  0 - 4 1 5  

for breakup by inertial effects, and 

for breakup due to viscous shear, Various investigators ( 7  
to 9) have found that Equation (1)  is in good accord 
with experimental data. 

It is usually believed (6) that Equations (1) and (2) 
should apply to droplets larger and smaller than the Kol- 
mogoroff length, respectively. The Kolmogoroff length is 
defined as 

However Vermeulen's (9) data on gas-liquid dispersions 
seem to obey Equation (2) despite the fact that the drops 
are larger than the Kolmogoroff length. No previous in- 
vestigator has correlated experimental results on a liquid- 
liquid system with an expression similar to Equation (2). 
Coalescence 

Work by Deryaguin ( 3 )  and others has indicated that 
the coalescence phenomenon is well described by a force 
parameter F representin the force of interaction between 
two particles. A criticaf energy input will result when 
the turbulent forces tending to separate two particles just 
equal this force of attraction or coalescence. 

In the region of inertial effects (large drop diameter) 
then 

-q = (vc3/,)1'4 (3) 
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H 
Fig. 2. Position of sampling points. 

pc 3 dmin2 = F (4) 

where 2 is the mean square velocity difference and dmin 
is the diameter of the smallest particle whose coalescence 
is retarded by turbulence. From dimensional analysis (6, 
7) 

( 5 )  

(6) 

- 
u2 = k3E213 d . 213 mm 

Therefore 

For a fully baffled turbine mixer E = constant . ( N 3 D 2 ) .  
Assume that the energy dissipation in the coalescing region 
of interest is proportional to this total energy dissipation; 
then 

(7) 
The equation has also been derived by Shinnar (6). 

In the region of viscous shear, at critical conditions 

dmi, = k4F318 pc-318 €--114 

dmin = @3/8 p c - 3 / 8  N - 3 1 4  0 - 1 1 2  

- 
pc VU = F ( 8 )  

where 
analysis (7) 

The final result for a baffled turbine is 

is the local velocity gradient. From dimensional 

VU = k#2 vc--1/2 (9) 

(10) dmh = kgF1lZ vc1/4 pc-l12 N-314 0 - 1 1 2  

As pointed out by Shinnar (6) the results of Rodger 
et al. ( 5 )  for geometrically similar systems are well cor- 
related by Equation (7). For the concentrated emulsions 
used by Rodger it was thus concluded that coalescence 

/Point  " A "  

0.4 

'0 20 40 60 80 100 120 140 160 180 200 220 
Drop Diameter, Microns 

Fig. 3. Drop size distributions a t  two sampling points (1,W rev./ 
min, 9 = 0.25). 

was more important than dispersion. I t  would be quite 
difficult to distinguish between Equation (7) for the in- 
ertial region and Equation (10) for the viscous region 
from available data. 

RESULTS 

Drop Sire vs. Location in Mixing Vessel 
Work by Vanderveen (8) and Calderbank (1) has 

shown that drop sizes may vary throughout the mixer for 
certain systems. Vanderveen measured average drop diam- 
eters in liquiid-liquid systems along a vertical axis near 
the impeller tip and found that drop sizes increased as the 
probe approached the liquid surface. Calderbank found 
strong variations in bubble size for gas-liquid dispersions 
at various tank locations. 

Vanderveen's results indicate that the droplets are 
broken up near the impeller and coalesce along a circula- 
tion path until they are returned to the impeller. Recent 
data by Cutter ( 2 )  show that the intensity of turbulence 
is much higher near the impeller than at other tank loca- 
tions. Hillestad ( 4 )  has recent1 presented a correlation 
for coalescence rates in agitatsi  systems, and has found 
that a model based on breakup near the impeller and con- 
tinuous coalescence along a circulation path correlates his 
data quite well. 

0 Paint 'H" 
A P o i n t  " E "  

I I I I I I l l 1  I I I 1  
200 500 1000 2000 5000 

N ,  RPM 

Fig. 4. Effect of impeller speed on average drop diameter (+ = 
0.25). 
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TABLE 1. MEAN DROP DIAMETERS AT VARIOUS LOCATIONS 

N = 1,000 rev./min., Q = 0.25 

Position d 3 2 ,  P 

189 
144 
136 
153 
119 
131 
162 
204 

Std. dev. in. d 3 2 ,  p 

8 
5 
6 
14 
3 
5 
9 
13 

In the present work samples of the emulsion were ex- 
tracted from the vessel at a number of points which are 
shown in Figure 2. These samples were sized and counted 
and a cumulative distribution function was determined for 
each sample. These distribution functions were fitted to 
high-order polynomials and differentiated to yield nu- 
merical distribution functions. These functions are shown 
in Figure 3 for two sampling oints, one at the impeller 

for a volume fraction MIBK of 0.25 and a mixer speed of 
1,000 rev./min., all measurements being made at 20°C. 
It is evident that very lar e differences in drop size dis- 

of particles have coalesced to form larger particles between 
the point of initial dispersion (point E )  and the upper 
surface (point A ) .  The distribution functions themselves 
are more complicated than those found earlier (7) for 
breakup in dilute emulsions, especially for sampling posi- 
tions distant from the impeller. 

One parameter of interest which can readily be obtained 
from the particle counts is the Sauter mean drop diameter 
d 3 2 ,  where 

tip and another near the liqui c r  surface. These curves are 

tributions are apparent in a t ese locations. A large number 

This mean diameter is related to the surface area per unit 
volume and the volume fraction dispersed phase through 
the equation 

w 
d 3 2  = - 

A 
The values of ds2 at various sampling points are given in 
Table 1. The standard deviations of several determinations 
are also indicated. 

Dispersion Near Impeller Tip 
The emulsion was sampled at  point E near the im eller 

tip at various impeller s eeds and the results are s g own 
in Figure 4.' The samp Y es were extracted after the im- 

dicted by Equation (2) if the values of B 32 are propor- 

peller speed had been constant for over 1 hr. On this log- 
log plot the data are quite well correlated by a line of 
slope -3/2. This corresponds to the de endence pre- 

tional to d,,,, (see reference 7) .  This result is unexpected 
since the drops produced are significantly larger than the 
Kolmogoroff length, which is estimated (7 )  to be from 
5 to 10 p, depending on the impeller speed. Evidently 
viscous effects are controlling the breakup despite the 
large drop size. 

* Tabular material has been deposited as document 9626 with the 
American Documentation Institute Photoduplication Service Library 
of Congress, Washin on 25, D. 6.. and may be obtained 'for $1.25 
for photopnnts or 3 fmm.  microfilm. 

Regions of Cwlescenco 
If the drop circulation model is correct, regions in which 

the drop diameters are much larger than those produced 
at the impeller tip are undergoing coalescence to the es- 
sential exclusion of additional dispersion. In these regions 
the coalescence process may be controlling in the sense 
that the turbulent forces would be retarding coalescence 
of the dispersed phase droplets. In Figure 4 the results of 
sampling at the bottom of the mixin tank (point H) are 

data, as would be expected from either Equation (7)  or 
(9) if the values of d 3 2  are considered to be approximately 
proportional to dmin. No distinction between these equa- 
tions is possible since the same speed dependence is pre- 
dicted. 

shown. On this log-log plot a slope o P -3/4 correlates the 

CONCLUSIONS 

Significant changes in drop diameter distributions 
throughout a mixing vessel are apparent in liquid-liquid 
systems that exhibit strong coalescence. The methyl iso- 
butyl ketone-salt water system studied exhibits an un- 
expected dependence of drop diameter on impeller speed 
in the dispersion region near the impeller. Regions in the 
mixin tank are apparent in which the breakup of emul- 
sion c f  roplets determines the mean drop size produced; in 
other locations the coalescence process controls drop size. 

NOTATION 

A 
d = drop diameter 
D = impeller diameter 
f = function 
F = force parameter 
k = constant 
n 
N 
u = velocity 

Greek Letten 
c = local rate of energ dissipation 

p = viscosity 
v = kinematic viscosity 
p = density 
(T = interfacial tension 
+ 
Subscripts 
c = continuous hase 
d 
rnax = maximum stable size 
min = minimum stable size 

= surface area per unit volume 

= number of drops of a particular size 
= total number of drops, impeller speed 

9 = Kolmogorofflengt K 

= volume fraction dispersed phase 

= dispersed p R ase 
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