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Abstract. Liquid-liquid systems are widely used in the several industries such as food, pharmaceutical,
cosmetic, chemical and petroleum. Drop size distribution (DSD) plays a key role as it strongly affects the
overall mass and heat transfer in the liquid-liquid systems. To understand the underlying mechanisms single
drop breakup experiments have been done by several researchers in the Taylor-Couette flow; however, most
of those studies concentrate on the laminar flow regime and therefore, there is no sufficient amount of data
in the case of in turbulent flows. The well-defined pattern of the Taylor-Couette flow enables the possibility
to investigate DSD as a function of the local fluid dynamic properties, such as shear rate, which is in
contrast to more complex devices such as stirred tank reactors. This paper deals with the experimental
investigation of liquid-liquid DSD in Taylor-Couette flow. From high speed camera images we found a
simple correlation for the Sauter mean diameter as a function of the local shear employing image
processing. It is shown that this correlation holds for different oil-in-water emulsions. Finally, this empirical
correlation for the DSD is used as an input data for a CFD simulation to compute the local breakup of
individual droplets in a stirred tank reactor.

1 Introduction
The mixture of two or more immiscible liquids, is called
emulsion. Emulsions are important in several processes
such as food, pharmaceutical, polymer and chemical
industries. Drop size distribution (DSD) plays an
essential role as it controls the overall heat and mass
transfer inside the reactor [1]. Several studies are done to
measure the DSD in the system. On one hand, some of
these works are just focused on the single drop
experiment [2–4] to define the break up kernel for the
Population balance equation [5] . On the other hand,
there are studies focused on the drop size distribution in
the stirred tank reactor regardless of the event happens to
each droplet [6,7]. The well-defined pattern of the
Taylor-Couette flow enables the possibility to investigate
DSD as a function of the local fluid dynamic properties,
such as shear rate, which is in contrast to more complex
devices such as stirred tank reactors.
Equation (1) is one of the first expressions to
evaluate the Sauter mean diameter in a stirred tank
reactor that was developed by the work of Shinnar and
Church [8] and Chen and Middleman [6].
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Where A and L denote a constant value, which can be
found experimentally and diameter of the impeller
(characteristics length), respectively.
There are several models which follow the same
idea as equation (1) to predict the global Sauter mean
diameter[9]; however, they are not able to predict the
local drop size distribution as they use global flow
values such as the average dissipation rate and the
average velocity in the stirred tank reactor. In this study
we present an overview of the experiment of emulsion
formation in a Taylor-Couette flow device to find a
correlation as function of local shear rate, then
implement it beside a new idea for the droplet break up
in order to simulate the liquid-liquid system in a stirred
tank reactor.

2 Theory and experiment setup
Fig.1 shows the schematic view of the experiment. The
and
ܴ௨௧ ൌ ͳʹͲ݉݉,݄ ൌ ܴ௨௧ െ
ܴ ൌ ͳͳʹǤͷ݉݉
ܴ ൌ Ǥͷ݉݉ is the gap between the cylinders
Characteristic length.
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3 Experimental investigation
Experiment was started by the lowest possible rotational
speed and it was increased gradually till maximum speed
can be reach by the electromotor. Movie was captured on
the specific rotational speeds for each oil.
3.1. Results and discussion
Fig.2 shows the log-normal cumulative drop volume
distribution of raps oil.
Fig. 1. Taylor-Couette flow device


shear rate in Couette flow is defined, ܽ ൌ where ܷ is

the linear velocity of the inner cylinder. Thus, the
dimensionless numbers can be defined as below:
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Where ߤ ,ߩ and ߛ denote continuous phase viscosity,
continuous phase density and interfacial tension,
respectively. The liquid-liquid system in this work
consists of 1000 ml of continuous phase and 10 ml of
dispersed phase. Volume fraction of the dispersed phase
was kept under 1% in order to neglect the coalescence
[1]. Therefore, pure break up process was considered in
the current work. Table 1 shows the oils at temperature
of 21 ºC which were used as the dispersed phase and
water was the continuous phase, respectively.

Fig. 2. Raps oil- lognormal cumulative drop volume
distribution

As it can be seen in Fig.2, drop size distribution moves
towards to the smaller sizes as the rotational speed (Re)
increases. It is the same trend for the other oils. We
observed that the fluid properties such as interfacial
tension and viscosity of the dispersed phase are
important to keep the interface stable against the
disruptive forces which mainly comes from dynamic
pressure of the continuous phase.
Fig.3 illustrates the dimensionless Sauter mean
diameter of the raps oil against shear rate for all cases.
Sauter mean diameter reduces as the shear rate increases,
however the trend is not linear. In particular, as the shear
rate increases to very high values, it appears that the
Sauter mean diameter approaches a constant value.

Table 1. Liquid-Liquid system properties at 21ºC
Density

Viscosity

(Kg/m3)

(cP)

Interfacial
tension
(mN/m)

Raps oil/w

907

70

23.71

Soybean oil/w

916

47

20.81

Silicon oil/w

760

0.49

15.9

A high speed camera (Photron FASTCAM SA2) was
employed along with a 1200 W photography lamp to
capture the movie from the droplets. ImageJ (Noncommercial scientific program) was used for post
processing. Diameter was calculated based on the area of
ସ

the droplets ( ܦൌ ට

గ

).
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4.2. CFD Simulation
To verify the presented approach we compare our
numerical simulations with Roudsari et al [10] and
Boxall et al [7], who provide detailed simulations and
measurements of droplet size distributions in liquidliquid stirred tank reactor. It has to be noted that their
system is water-in-oil; however, it is a good verification
system, which we can be used as a case study. Roudsari
et al [10] used PBE with multiple reference frame
method to model the impeller’s rotation which was run
in the steady state model.

Fig. 3. Raps oil dimensionless Sauter mean diameter vs. shear
rate

From data fitting by employing a least-squares method,
the equation below was obtained,
ୈయమ
୦

ஜ



ஜౙ

ౙ

ൌ ିǤସହ ିǤସହଽ ሺ ౚሻǤଷଶଵ ሺ ౚሻିǤଶସ଼ହ

(5)

Finally, we found that the standard deviation of the
droplet size distribution increases linear with the Sauter
mean diameter, which yieldsߪ ൌ ͲǤ͵ଷଶ .

4 CFD simulation

Fig. 4. Stirred tank reactor mesh

The main goal is to predict the drop size distribution
inside a stirred tank reactor. Thus, efficient and accurate
breakup and coalescence models are required in order to
simulate the drop size distribution of the liquid-liquid
system.

Hexahedral mesh of the stirred tank reactor was
generated by ANSYS ICEM (Fig.4) and simulations
were performed by ANSYS FLUENT 16. A specific oil
so-called ‘Conrone oil’ was used as the continuous phase
From Boxall et al [7] and water was selected as the
dispersed phase. The Conrone oil density, viscosity and
interfacial tensions are 842 kg/m3, 3.1 cP and 20 mN/m,
respectively. The volume fraction of water is 15% in the
Boxall et al [7] paper, however in order to avoid the
implementation of a model for the coalescence, a linear
correction factor (a function of dispersed phase volume
fraction) was applied to the Sauter mean diameter
(equation (5)), since the correlation was founded for the
dispersed phase which has the volume fraction of 1%.
Break up model was written as a user-defined function
(UDF) to be implemented in ANSYS FLUENT.
Eulerian-Lagrangian scheme along with the K-
turbulence model was used to simulate the emulsion in
the stirred tank reactor. Rotation of the impeller was
modelled by sliding mesh method.

4.1. Break up model
The breakup model follows the experimental
configuration, where the droplet size distribution can be
obtained for a specific shear rate. Thus, from the local
shear rate computed from the CFD, the corresponding
local equilibrium droplet size distribution due to breakup
can be obtained. In particular, fitted correlation for the
Sauter mean diameter (equation (5)) is used in each cell
(computational domain) inside the stirred tank to
produce the local drop size distribution. Finally, actual
size of a droplet (which is computed by employing a
discrete phase model) is compared to the local
equilibrium drop size distribution, which comes from the
correlation. If the actual drop is larger than D90, then it is
very likely that the drop breaks. It has to be noted that
this is actually realized by a random process, where on
the one hand the size of the daughter droplets is sampled
from the equilibrium distribution and on the other hand a
random number is sampled to initialize the breakup
itself.

4.3. Results and discussion
Initial droplets with diameter of 0.3 mm were injected at
t=0. Simulation were performed for 300 rpm and 600
rpm. Simulation stopped when the final drop size
distribution did not change any more. Fig.4, 5 show the
cumulative drop size distribution for 300 rpm and 600
rpm, respectively.
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Current strategy works only if the rotational speed is
going upward and the other way around requires
coalescence model.
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Fig. 5. Cumulative drop size distribution- 15 vol% water in oil300 rpm

Fig. 6. Cumulative drop size distribution-15 vol% water in oil600 rpm

Green line indicates the drop size distribution at t=0.
After performing the simulation for 6 seconds in both
cases, final results were obtained. Results are in a good
agreement with the experimental data from Boxall et al
[7]. This model works if the rotational speed goes from
the lower speeds to higher one, since there is no
coalescence model then simulation is not able to find the
correct drop size distribution if the rotational speed is
switched from higher speeds to a lower speed.

5 Conclusion
Experimental investigation of drop size distribution in a
Taylor-Couette device was performed in the current
work. Results show that by increasing the Reynolds
number, drop size distribution shifts towards the smaller
droplets. Also, Sauter mean diameter becomes smaller as
shear rate increases. Fitted correlation was used to
predict the local drop size distribution in the stirred tank
reactor in cooperation with the break up idea. CFD
simulation of the liquid-liquid system was done for a
specific case and the final results look promising.
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