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A phenomenological model proposed describes droplet breakup in the turbulently
agitated lean oil-in-water dispersions and pro®ides a correlation between the median
droplet size in an agitated ®essel of standard geometry and the time of dispersion. It was
assumed that the droplet breakup takes place in the dispersion-only region and coalescence is negligible. The model described the data from this study and the literature quite
satisfactorily under these conditions. The effect of adding triblock PEOrPPOrPEO
copolymeric surfactants on the dispersion kinetics of oil was also in®estigated. Addition
of surfactant reduced the median oil droplet size significantly, and the extent of this
reduction was a strong function of surfactant concentration. Application of the model
on these data demonstrated that the change in the median droplet size could be di®ided
into two distinct regions. The breakage rate was high initially, most probably due to
continuous adsorption of surfactant molecules at the oilrwater interface. A lower breakage rate was attained at longer times, as the surfactant molecules were depleted from the
solution. The time of transition between the two was affected strongly by the concentration of the surfactant added. Furthermore, the time of addition of the surfactant did not
affect the final droplet-size distribution in the system.

Introduction
Dispersion of oil into fine droplets is important in many
applications, such as flotation, selective agglomeration, solvent extraction, wastewater treatment, and oil drilling. Size
distribution of oil droplets determines the rate of mass transfer between the continuous and the disperse phase and the
outcome of the process in these applications.
Breakup of the droplets is usually achieved by applying
mechanical energy in the form of agitation, which deforms
the interface between the dispersed and continuous phases.
Change in the size distribution of oil droplets in an agitated
vessel with time depends on two subprocesses: dispersion and
coalescence. Either of these subprocesses can dominate, deCorrespondence concerning this article should be addressed to H. Polat.
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pending on the agitator speed, oil concentration, and the additives present in the system. Surface-active additives, that is,
surfactants, affect these subprocesses by:
䢇 Decreasing the oilrwater interfacial tension.
Surface active agents that adsorb at the oilrwater interface are known
to decrease the interfacial tension significantly even at very
low concentrations. The nonionic copolymeric surfactants
employed in this study cause a decrease in the surface tension of about 20᎐30 dynercm at concentrations below 10y6
M. A reduction in the restoring surface-tension force against
deformative stresses such as those induced by eddies at turbulent mixing promotes the dispersion of oil.
䢇 Creating a double layer at the oilrwater interface.
Oil
droplets dispersed in water can develop a surface charge de-
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pending on solution chemistry ŽAdamson, 1990; Hiemenz,
1986., which leads to the development of an electrical double
layer. The presence of such a layer affects the interaction of
two oil droplets electrostatically. Adsorbed species are expected to alter the degree of interaction between the droplets
by influencing the profile of the double layer.
䢇
Influencing film drainage. Coalescence of two oil
droplets is only possible if the water film between the two
can drain away during the period of contact. The presence of
surfactant molecules or colloidal particles within the water
film can change the energy required for drainage, and hence
the rate of coalescence, depending on the degree of hydration of these species ŽNikolov and Wasan, 1989; Polat and
Chander, 1994..
䢇 Causing steric interaction.
Depending on the type of
surfactant and the adsorption mechanism, surfactant
molecules adsorbed at the oilrwater interface may have hydrated sections extending outward from each droplet surface.
When two such droplets approach each other, the extended
regions of the surfactant molecules physically interact, preventing further approach for successful coalescence Žsteric
stabilization ..
A knowledge of the size of the droplets in a unit process is
important for modeling and control. Several studies have been
conducted to obtain mathematical models for predicting the
droplet-size distribution, either under equilibrium conditions
or as a function of agitation time. Hinze Ž1955. suggested
that a drop would break if the ratio of the deforming external
stress and the counteracting internal stress due to the interfacial tension, ␥ , reached a critical value. Shinnar Ž1961. used
the Hinze approach to develop an empirical dispersion model
to obtain
X max s Da CWey0.6 ,

Ž1.

where X max is the maximum droplet size, Da is the impeller
diameter, C is a constant, and We is the Weber number, which
is defined as
Wes  N 2 Da3␥y1 ,

Ž2.

where N is the impeller speed, and  is the density of the
continuous phase. Sprow Ž1967. also suggested the preceding
expression and adduced that the value of the constant was
between 0.126 and 0.15. Coulaloglou and Tavlarides Ž1976.
discussed various correlations based on Eq. 1 that are available in the literature. Arai et al. Ž1977. and Konno et al.
Ž1982. argued that the viscous properties of the dispersed
phase that were neglected in the model proposed by Shinnar
Ž1961. were important with regard to the droplet size. A
model that took the viscous properties of the dispersed phase
into account was proposed by Lagisetty et al. Ž1986.. Koshy et
al. Ž1988., who maintained that all these models overpredict
the maximum stable drop size in the presence of surfactants,
developed a model incorporating the dynamic and static interfacial tensions to account for the presence of the surfactant molecules in solution.
Other approaches have also been used to estimate the
droplet-size distribution in an agitated vessel. Narsimhan et
AIChE Journal

al. Ž1980. utilized the experimental measurements of drop
distributions along with a population balance approach to determine the probability of breakage rate based on the similarity concept in lean dispersions. Nishikawa et al. Ž1990. assumed that the drop-size distribution in a vessel was determined by the mutual relation between the energy dissipation
rate, the residence time of drops at a certain location, the
breakup rate of drops, and the coalescence rate of drops, and
suggested correlative equations that represented the drop-size
distribution under various mixing conditions. In addition,
computer simulations of the emulsification process under
turbulent flow conditions were carried out by several investigators ŽBecher and McCann, 1991; Tjaberinga et al., 1993;
Lachaise et al., 1995..
In this study, a setup was designed to carry out in situ
size-distribution measurements as a function of time using
light scattering. A phenomenological model for lean dispersion systems was developed to predict the median droplet size
as a function of time. The model allows the kinetics of dispersion to be described by two parameters: the median
droplet size after 1 min of dispersion and a dimensionless
breakage rate constant. The effect of the addition of block
copolymeric surfactants on the kinetics of dispersion of oil
was also investigated.

Method
Several experimental techniques have been utilized in the
literature to determine the droplet-size distributions. These
include:
䢇 Photography ŽCoulaloglou and Tavlarides, 1976.
䢇 Microscopy ŽLagisetty et al., 1986; Koshy et al., 1988;
Nishikawa et al., 1990.
䢇 Light scattering ŽPolat and Chander, 1992; Chander et
al., 1994.
䢇 High-speed camera recordings ŽPolat and Chander, 1992.
䢇 Electronic
counting ŽSachs and Rushton, 1954; Vermeulen et al., 1955; Calderbank, 1958; Sleicher, 1962; Sprow,
1967..
A size-distribution measurement could be carried out either by batch or in situ. Usually a small sample is obtained
from the vessel and subjected to size measurement in the
batch measurements. This method may not yield the actual
size distribution in the vessel because the droplets coalesce,
since a finite time elapses between the sampling and the
measurement. Encapsulation of oil droplets by chemical
means has been practiced to prevent coalescence ŽMadden
and McCoy, 1964; Mlynek and Resnick, 1972; Narsimhan et
al., 1980; Lagisetty et al., 1986.. Encapsulation ‘‘freezes’’ the
system by creating a polymeric film around the droplets such
that the size distribution is affected minimally by the changes
in the agitation conditions. The fact that it is difficult to carry
out kinetics experiments is a drawback of the encapsulation
procedure. A given kinetics test must be repeated for each
time interval, since the chemistry of the system changes upon
encapsulation. It was also found by Narsimhan et al. Ž1980.
that the polymeric film around the droplet was stronger for
small drops, which means that large encapsulated drops are
more susceptible to breakage during sampling. More importantly, the encapsulation procedure presents complications

September 1999 Vol. 45, No. 9

1867

Calibration

Figure 1. Experimental setup used in the study.
V: agitated vessel; S: stirrer; C: flowthrough cell of the size
measurement device; P : peristaltic pump; l 1, l 2 : the lights
coming from the laser source and going to the detector, respectively.

when the effect of other reagents, such as surfactants, on the
dispersion behavior of oil is to be determined due to the interactions of the encapsulating chemicals with these reagents.
On the other hand, in situ measurements of the size distribution in a vessel is hampered by many factors, depending on
the method utilized. For example, high-speed filming, photography, and microscopy of the oil droplets suffer from the
small number of observable droplets because of the limited
depth of field. Similarly, the light-scattering methods cannot
be utilized in measuring the droplet-size distribution directly
in the dispersion vessel due to the limitations in the length of
the laser beam’s path. In addition, the location of the measurement point influences the apparent size distribution. The
setup designed in this study to carry out in situ size-distribution measurements as a function of time using light scattering
is believed to minimize the drawbacks of this method.

In order to confirm that the in situ size distributions obtained using the setup given in Figure 1 corresponded to the
actual size distribution of the oil droplets in the agitated vessel at that time, the following experiment was conducted. An
oil-soluble monomer Žterephaloyl chloride. was dissolved in
the oil phase prior to the experiment. Monomer concentration was 0.05% by volume of the amount of oil in the system.
The oil-plus monomer mixture Ž0.1% by volume of the total
solution volume in the vessel. was introduced and dispersion
was initiated at an impeller speed of 1000 rpm while the solution was circulated through the system. After 16 minutes of
agitation, the size distribution of the droplets was measured
while the solution containing the droplets was passing through
the flowthrough cell using the light-scattering device. As soon
as the size measurement was over, a water-soluble monomer
Žpiperazine, 0.05% by volume based on the amount of water
in the system. was added to the agitated vessel. Following the
addition of piperazine the agitation speed was reduced to 200
rpm, which was enough to keep the droplets suspended but
not so intense as to cause further dispersion. Addition of
piperazine resulted in an encapsulating polymeric film around
each droplet due to the reaction of piperazine with
terephaloyl chloride at the oilrwater interface. This encapsulation effectively froze the dispersion process. Further details
of the encapsulation process are given elsewhere ŽMlynek and
Resnick, 1972.. An aliquot of sample taken from the agitated
vessel was diluted and transferred into a batch-measurement
cell with a gentle, built-in agitation mechanism. The light-

Setup
The setup ŽFigure 1. contained a 2-liter vessel of standard
geometry ŽHolland and Chapman, 1966., with four baffles and
a turbine-type stirrer ŽFigure 2.. The agitation speed was
maintained constant at 1000 rpm to within 1% of the nominal value using a feedback-looped constant-torque drive. The
vessel was connected to a flowthrough cell with a 10-in.-long
1r8-in.-diam. Masterflex tubing. The flowthrough cell was
placed in the light beam path of a light-scattering size measurement device, Malvern Model 2600c, for in situ size measurements. An adjustable-speed peristaltic pump was placed
after the measurement cell to circulate the solution. A known
amount of dodecane was added to the agitated vessel in the
form of a pulse input, and the time of addition was recorded
as the zero time of dispersion. Size-distribution measurements were obtained at preset time-intervals.
1868

Figure 2. Agitation vessel and the turbine-type stirrer
used in this study.
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serving. Thus, the median droplet size Ž X50 . was utilized to
represent the changes in the drop size as a function of time.
The time dependence of the median droplet size, X50 , for
the data in Figure 4 is given in Figure 5, along with some
additional measurements to show the reproducibility of the
experiment.
The dispersion model was based on the study of Hinze
Ž1955., who suggested that breakage of an isolated droplet is
determined mainly by the ratio of external and internal
stresses acting on such a droplet. The external stress,  , is the
force per unit surface area and acts in such a way as to cause
deformation on the droplet. However, the interfacial tension,
␥ , will give rise to a surface force that will counteract the
deformation. If X is the diameter of the droplet, the internal
stress due to the surface tension force will be of the order of
magnitude w ␥rX x. Hinze suggested that the probability of
breakage would be related to a generalized Weber number,
which is defined as the ratio of external and internal stresses
such that
Wes
Figure 3. Size distribution of oil droplets measured
in-situ in the flow through vessel and after encapsulation using piperazine and terephaloyl
chloride.

scattering device was later used to measure the size distribution of the encapsulated droplets in this batch cell. Figure 3
gives the two size distributions, one in situ while the solution
containing the actual oil droplets was passing through the
flowthrough vessel, and the other from the batch measurement with the encapsulated oil droplets. The figure shows
that the two size distributions are quite similar. This demonstrates that the size distributions, which were measured in
situ by the flowthrough vessel, indeed represent the actual
size distribution in the agitated vessel.

X
␥

.

Ž3.

Hinze stated that a larger We number meant a larger external force,  , compared with the counteracting interfacial tension-force ␥rX. This, in turn, would cause greater deformation and, at a critical value ŽWe .crit , breakup would occur.
This approach was used by other investigators to develop an
empirical dispersion model to predict the maximum stable

Material
Pluronic surfactants used in this study, namely Pluronics
L-64 and P-104, were obtained from BASF Corporation,
Washington, NJ. These surfactants, which were in the form
PEOrPPOrPEO block copolymers, were water soluble and
were used as aqueous solutions in the concentration range of
10y9 to 10y4 molrL. Detailed information about these
reagents is presented elsewhere ŽPolat, 1995; Polat and
Chander, 1999..
Reagent-grade n-dodecane from Aldrich was used in the
experiments. Double-distilled water with a resistivity of at
least 1.5 M⍀ was utilized to prepare the surfactant solutions.
The glassware used was cleaned with a chromic acid solution.

Phenomenological Dispersion Model
The droplet-size distributions for the dispersion of 0.1% of
dodecane in water obtained by the setup described earlier
are given in Figure 4a as a function of agitation time. The
normalized size distributions for the same data presented in
Figure 4b demonstrate that the size distributions are self-preAIChE Journal

Figure 4. (a) Size distribution of dodecane droplets in
water at various times; (b) normalized size
distribution of dodecane droplets in water.
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the dissipation rate, ⑀ , and kinematic viscosity,  , can be arranged to give a length-scale for the turbulence,  0 , in the
system:

0 s

3

1r4

ž /
⑀

and

⑀s

P
m

,

Ž4.

where  is the kinematic viscosity, P is the power input into
the system, and m is the mass of the medium in the tank.
Power input is given by
P s Np Da5 N 3  ,

Figure 5. Median droplet size, X 50 , as a function of agitation time for 0.1% dodecane.
Filled symbols represent the results of an identical experiment to show the reproducibility. The brackets on the symbols at 1, 2, and 16 min give the 95% confidence interval for
7-repeat experiments.

droplet diameter, X max , under steady-state conditions ŽShinnar, 1961; Sprow, 1967; Coulaloglou and Tavlarides, 1976;
Lagisetty et al., 1986; Koshy et al., 1988..
In a standard vessel with four baffles and an agitation speed
at 1000 rpm, the flow regime is turbulent. In such a system
there will be a distribution of eddies of various sizes ŽWalstra,
1983. that induce the external stresses that lead to deformation of droplets. Glasgow and Hsu Ž1985. suggested that the
efficiency of breakage was a function of both the size of the
eddies and the droplets; thus, a practical limit for particle-size
reduction in a given system was a length scale on the order of
the Kolmogorov’s microscale of turbulence.
If the energy input into the dispersion vessel is constant, it
is reasonable to assume that the distribution of the eddy sizes
will be relatively stable, resulting in a time-invariant microscale of turbulence. Nevertheless, the average droplet size
will gradually decrease with time. If the microscale of turbulence is comparable to the droplet size, a significant and increasing fraction of droplets with sizes less than the microscale of turbulence will be generated during the dispersion process, decreasing the breakage rate as a function of
time. Hence, it could be suggested that the rate of change in
the droplet size would be inversely proportional to the dispersion time. The functional form, which is not known, could
be estimated from actual dispersion experiments. After calculating the Kolmogorov’s microscale of turbulence, 0 , for the
system, one could experimentally determine the fraction of
droplets that are finer than  0 , F Ž 0 , t ., as a function of time.
The functional relationship between the breakage rate and
the dispersion time can be estimated from a plot of F Ž 0 , t .
vs. t. This exercise has been carried out for our system as
follows.
By dimensional analysis, Kolmogorov Ž1949. suggested that
1870

Ž5.

where Np is the power number, which is a function of the
Reynolds number. For the standard four-baffled vessel with a
turbine-type stirrer operated at 1,000 rpm, the Reynolds
number is on the order of 10 5, which results in a turbulent
flow regime. In this region Np is constant and equal to 4 for
the vessel geometry employed ŽTatterson, 1991.. This yields a
power input of about 1.025 W, which in turn gives a 0 value
of about 30  m.
The change in the fraction of droplets that are finer than
0 s 30  m as a function of time is given in Figure 6. The
figure shows that the fraction of droplets that fall below the
microscale of turbulence increases linearly with time, with the
exception of very short times. This demonstrates that the
breakage rate will be inversely proportional to the first power
of time.
The phenomenological model proposed is based on Hinze’s
criterion and the inverse relationship between the breakage
rate and the time of dispersion. If breakage is dominant, the
change in the median droplet size with time will be proportional to the generalized We number defined by Hinze, while

Figure 6. Fraction of droplets that are smaller than the
Kolmogorov’s microscale of turbulence,  0 ,
as a function of agitation time.
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it will be inversely proportional to dispersion time. That is,
d
dt

w X50 Ž t . x sy kX

 Ž t . X50 Ž t .

1

␥

t

,

Ž6.

where X50Ž t . and  Ž t . are the median droplet size and the
external stress per unit area at time t, respectively; ␥ is the
interfacial tension; and kX is a proportionality constant. Assuming that  Ž t . can be replaced with a time-averaged stress
per unit area,  ŽTatterson, 1991., kX ,  Ž t ., and ␥ could be
collected as a new, dimensionless constant k and the preceding equation could be integrated to give
ln w X50 Ž t . x s ln w X50 Ž 1 . x y k ln Ž t . ,

Ž7.

where X50Ž1. is the median droplet size at one minute of
dispersion.
A plot of lnw X50Ž t .x vs. lnŽ t . should result in a straight line
with an intercept of lnw X50Ž t s1.x and a slope of k. A plot of
the dispersion data previously given in Figure 5 is presented
in Figure 7 on a log-log scale. Both these data and the data
from Narsinhan et al. Ž1980., given as an inset in Figure 7,
support the validity of the model.

Effect of Dodecane Concentration
While the model represented the kinetics data quite well
for a dodecane concentration of 0.1%, the behavior of the
system was somewhat different when the dispersion was carried out at a dodecane concentration of 1.0% by volume. The
median droplet sizes as a function of agitation time are given

Figure 8. Change in the median droplet size as a function of time at dodecane concentrations of
0.1% and 1.0% by volume.

for 1.0%, along with the 0.1% data in Figure 8. The data for
the 1.0% case do not seem to follow a straight line for the
full time scale as required by the model, but consist of two
separate straight lines. These data are able to show, however,
that there is an initial period of about 2 minutes where dispersion is the dominant mechanism as expected, but coalescence starts becoming effective afterwards. The slope of the
curve is different for these two regions; it is high in the dispersion-dominated region, resulting in a rapid decrease in the
median droplet size, and becomes lower as coalescence increases, resulting in a slower decrease in the median droplet
size.

Effect of Stirrer Speed
In order to see the effect of concentrations at various stirrer speeds, the model was applied to the data from Polat and
Chander Ž1992.. The results given in Figure 9 demonstrate
that a straight line is obtained at a stirrer speed of 1,400 rpm
up to a dodecane concentration of 1.0%. Also, dispersion
studies with a dodecane concentration of 1.0% at impeller
speeds of 1,600, 1,800, and 2,000 rpm also resulted in straight
lines. This suggests that the deviations from the model observed in the case of 1.0% dodecane at 1,000 rpm ŽFigure 8.
is minimized as a result of dispersion becoming dominant over
coalescence at higher impeller speeds.

Effect of Block Copolymer Concentration and Type
Figure 7. Median droplet sizes as a function of agitation
time; symbols: experimentally determined;
solid line: predicted by Eq. 8.
The figure inset on the top right shows the test of the model
with the data from Narsimhan et al. Ž1980 . wCCl 4 q
Octane Ž50᎐50% . in water; 3-paddles; 30⬚C; 420 rpm x.
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Droplet-size distribution studies in the presence of block
copolymers, carried out to investigate the effect of surfactants on the dispersion kinetics of dodecane, are discussed in
the following paragraphs.
Addition of L-64 increased the dispersion of the oil
droplets, resulting in various regions with different dispersion
characteristics. The location of these regions along the time
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Figure 9. Change in the median droplet size as a function of time at dodecane concentrations of
0.1% and 1.0% by volume (from Polat and
Chander, 1992).

axis was a function of surfactant concentration. The results
are presented in Figure 10. Another type of block copolymer
with a higher molecular weight, P-104, was also tested in this
group, and the same type of general behavior was observed.
However, the final droplet size obtained for the same concentration was smaller in the case of P-104 due to the larger
reductions in the oilrwater interfacial tension observed with
this reagent compared to L-64.
A conceptual model based on these results is presented in
Figure 11 to explain the change observed in the rate of dispersion with the block copolymers. According to this model,

Figure 11. Effect of the surfactants on the kinetics of
dispersion of dodecane.

dispersion of dodecane in the presence of surfactants can be
divided into two consequent regions along the time scale.
䢇 Region I.
Characterized by large numbers of free surfactant molecules in solution. The interfacial tension is reduced by the adsorption of these free molecules at the
oilrwater interface, resulting in an increase in the breakage
rate, and hence a higher slope in this region.
䢇 Region II.
Characterized by the depletion of surfactant
molecules from the solution. Also, due to the decrease in the
number of molecules, a reduction in the diffusion rate of the
surfactant molecules from bulk to the oil surface can be expected in this region. Under these conditions, the breakage
rate approaches that of the ‘‘no surfactant’’ case.

Effect of Time of Reagent Addition
The effect of the time of surfactant addition was investigated by introducing the block copolymer ŽL-64. into the
emulsion at different times during dispersion: Ž1. simultaneously with dodecane; Ž2. after 4 min of dispersion; and Ž3.
after 84 min of dispersion ŽFigure 12.. Even though the time
of addition resulted in a significant difference in the kinetics
of dispersion, the final state of the system was the same
whether the surfactant was added simultaneously with oil or
after the oil was emulsified. The observation that the
droplet-size distributions became identical at long times implies that the droplets have similar final surface coverage, and
supports the hypothesis that the surfactant is depleted from
solution after a sufficient dispersion time.

Figure 10. Effect of concentration of Pluronic L-64 on
the kinetics of dispersion of dodecane.
Amount of dodecane: 0.1% by volume.
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Conclusion
This study was carried out to investigate the kinetics of
dispersion in lean oil-in-water systems. A phenomenological
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6. The kinetics of dispersion changed considerably when
the block copolymer was added at different times during dispersion. However, the final droplet-size distribution in the
system was independent of the time the reagent was added.
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