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• New breakage and coalescence 
equation constants have been 
developed.

• Very well agreement with available 
experimental data has been found.

• Parametric study of the kernels in 
different conditions and designs 
has been done.

• A simplified PBM has been 
derived for CFD simulation.
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Since the Population Balance Model (PBM)  poses a significant problem (due to the effect 
of droplets size distribution on the mass transfer phenomenon) in mixers, researchers 
face difficulties during a Population Balance Equation (PBE) numerical investigation. 
Therefore, investigating PBM in mixers became more considerate in recent researches. 
In this study, the droplet size distribution of the organic phase, which is discrete in the 
aqueous phase, was obtained using experimental methods and experimental data analysis. 
A variance function, which produces different values between PBEs and experimental 
data, was used to obtain the constants of breakage and coalescence kernels. Results 
showed that the impeller speed and clearance had no effect on the PBEs constants. In 
addition to these operation parameters, impeller diameter and baffle width had very little 
effect on these constants. In contrast, the impeller type and the number of baffles had a 
large specific effect on the contents by deformation of the vortex configurations.
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1. Introduction

Optimization of industrial processes with sufficient 
accuracy, the least cost, and in the minimum possible 
time is inevitably an essential matter for industry. 
The solvent extraction process is an essential part 
of hydrometallurgical units, which are widely used 
to produce precious and strategic metals, including 
copper. Mixers are one of the core components in the 
solvent extraction process that are responsible for the 
proper mixing of aqueous and organic phases [1]. The 
dispersion of liquid-liquid is one of the most significant 
problems in mixers and can create significant effects on 
the performance by changing the chemical composition 
of the system [2]. Correctly developing the equilibrium 
of PBMs, much the same as turbulence equations, has a 
powerful ability to resolve issues in hydrometallurgical 
industries. Nowadays, most solvent extraction mixers 
currently in use have inferior performance. In other 
words, these units have some undesirable effects on 
industrial reactions.

A mixer-settler, where two immiscible fluids come 
into contact, is one of the most crucial industrial vessels 
in the metallurgical industry. Due to the extraordinarily 
hydrodynamic conditions in these tanks, an experimental 
design is practically unusable to study the mixer's 
performance. Also, there are very many limitations in 
empirical studies [2-4]. As a result, it is impossible to 
consider the safety margin, so it is necessary to carry 
out a considerable number of experiments. A precise 
understanding of the mixing process with the ability 
to predict the process can help to optimize the process, 
economics, and safety of these systems [5]. 

The majority of the current liquid-liquid reactors 
suffer from inefficient design, which results in 
undesirable effects on the mixer performance. Stirred 
vessels, rotor-stator mixers, static mixers, valve or Jet 
Homogenizers, and extraction columns are examples 
of industrial process equipment used in contact liquid-
liquid systems. Due to the very complex hydrodynamic 
conditions prevalent in most of these commercially 
available contractors/reactors, designing such units is 
very difficult without extensive empirical study [6,7]. 
Stirred tanks are the most commonly used reactors 
in metallurgical process industries. The operating 
conditions and vessel geometry design, as well as 
the positions of the inlet and outlet stream, have an 
incredible effect on the mixer's performance as they 

determine the hydrodynamics and turbulence intensities 
in the vessel. Nevertheless, these reactors are faced with 
many drawbacks due to the uniformity, where mixing, 
drop size distributions, and phase ratio (hold-up) cause 
wide local variations and effectiveness changes [1,7].

The operating conditions in liquid-liquid mixing tanks 
are directly influenced by the mixer geometry, the inlet-
outlet flows, and their positions, which have an effect 
on the hydrodynamics and turbulence of vortex in the 
vessels. Therefore,  since the distribution of the droplets 
is dramatically affected by geometry, these types of 
reactors have many drawbacks based on different their 
geometries [8]. 

The population balance in these systems is modeled 
using the population equations in equilibrium models, 
which represent an indefinite integral equation of the 
density function of the number of droplets [9,10]. 
Breakage is related to the interaction rate between 
droplets, and the breakage rate is determined by the 
energy dissipation rate. Accordingly, the distribution of 
droplet size varies considerably between the distinct parts 
of the mixer [11,12]. Despite all of the investigations on 
the hydrodynamics of mixing,  dispersion is still one of 
the most important issues in a mixing vessel. Chemical, 
physical, and geometrical properties affect PBEs [13].

The other part of the PBM equations is the 
coalescence term, and due to turbulent flow, researchers 
have recognized this term as a random contingent. 
This term is included in the assumptions made by Ross 
and Coulaloglou [14,15]. All subsequent research on 
coalescent models has followed this approach. Hence, 
models that are available today are typically used to 
check the time of interaction or discharge. Researchers 
such as Kamp [16] have highlighted the disadvantages 
of these models while formulating their models [15,17]. 
Bąk and Podgórska investigated the effect of impeller 
speed on the transient drop size distribution and 
breakage and coalescence kernels of a multiphase fluid 
batch dispersion system [18]. They analyzed the drop 
size distribution evolution at the same concentration 
and found dramatic increases in the coalescence when 
the impeller speed increased, and stability in the drop 
size distribution diagram was obtained in the shortest 
mixing time with higher impeller speed. 

Similarly, the breakage and coalescence kernels were 
dependent on the position of the impeller [18]. And 
Raikar et al. studied the effect operating parameters had 
on the coalescence kernel and modeled the Population 
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Balance Model (PBM) by analyzing experimental 
investigation data [19]. They concluded that the drop 
breakage term in PBEs has enough ability to predict 
the drop size distributions. Also, PBEs showed some 
potential for guiding experimental efforts.

PBEs are widely used as a simplified tool to 
describe and predict dispersed phase behavior during 
drop breakage and coalescence processes in terms 
of identifiable physical parameters and operational 
conditions. Their ultimate success relies on the equation's 
ability to describe the overall drop breakage/coalescence 
processes. The objective of this study is to explore the 
possibility of using PBE as a successful model in drop 
breakage and coalescence processes simulation coupled 
with turbulently flowing liquid-liquid dispersions. 
Furthermore, since our desired mixer hydrodynamic 
conditions are closely comparable to isotropic turbulent 
flow, it is expected that the drop breakage/coalescence 
kernels obtained in this work will have enough quality 
and ability to predict other more complex hydrodynamic 
problems and reactor's simulations [7]. 

Analysis of both breakage and coalescence functions, 
and comparisons of these results is one of the most 
popular ways to calculate breakage/coalescence kernels 
and their constants [20,21]. Although there are many 
computing methods to obtain the kernel's constants 
[22], in this study, the in-place analysis was used for 
the experimental investigation. MATLAB was used for 
digital image analysis. The breakage and coalescence 
kernel constants were obtained by a comparison 
between the dispersion indexes of the experimental and 
CFD analysis results. In addition to digital analysis and 
calculations, a CFD simulation of PBM and multiphase 
flow was used to validate the coding and experimental 
results of this study.

2. Experimental Method

The experimental setup is shown in Fig. 1 includes the 
camera (with 1000 FPS capabilities) and two projectors 
(640 nm) as the image recorder set combined with the 
vessel, mixer, and the reflecting surface as indicated. 
The cross-section details of the Pyrex mixer tank are 
demonstrating in Fig. 2. Three types of impellers were 
considered in this research: RT, PTD, and PTU.

The operational parameters of the mixer in the copper 
solvent extraction unit were investigated in this study. 
Organic (Kerosene 10 g.l-1 DEHPA) and aqueous 

(H2SO4 35 g.l-1 Cu) phases were obtained from the 
Sarcheshmeh Copper Complex. Table 1 demonstrates 
the physical properties of the organic and aqueous 
phases. The droplet size distribution was recorded by a 
high frame per second camera. Adjusting the intensity 
of the light source increased the optical contrast in the 
resulting images. In addition to the control system of the 
light source, light filters with a wavelength of 640 nm 
were installed during the experimental investigation. 
This was necessary for imaging the moving droplets 
and image analysis. The resulting images were analyzed 
by image analysis software (MATLAB) for measuring 
the droplet size dispersion.

The key point is the presence of copper ions in the 
aqueous phase. In fact, the presence of copper ions in 

Fig. 1. Experimental setup: A: lighting projector, B: camera with 
digital system analysis, C: impeller speed controller, D: dynamic 
mixer, E: reflective plate, and F: mixing vessel.

Fig. 2. Laboratory-scale of the mixer.
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the aqueous phase was the impacting agent for mass 
transfer. Impeller specifications and speeds used in 
experiments are shown in Table 2. Table 3 demonstrates 
the other experimental conditions.

3. Mathematics Theory 

The two-phase Eulerian/Eulerian model was 
considered using the k-ε model for the continuous 
phase and PBM for the discrete phase [23,24]. Using 
PBM in modeling requires four constants, which 
were obtained and discussed in this study. In many 
hydro-metallurgical and solvent extraction processes, 
the turbulent flow affects the characteristics of the 
dispersed phase, such as droplets size and droplet size 
distribution. In this study, the geometry of the aqueous 
and organic phase inlets was designed according to 
Luo's research [24]. The linear scale of the vortex is 
expected to be as Eq. (1).

λk= (v"3/ε)(1/4)             (1)

where, ε is the energy dissipation rate and λk is a linear 
scale of the vortex. The droplets’ breakage was affected 
by the interaction of the vortexes on the droplets; 
breakage occurred if the energy of this interaction was 
more than the surface energy resulting from droplets 

breakage. Additionally, coalescence occurred when 
two or more droplets interacted due to a sharp decrease 
in kinetic energy. Broadly, the process of coalescence 
involved three steps. As time progresses, the rate of 
breaking and coalescence varies, but on establishing the 
equilibrium, both values were relatively equal [25].

PBM equations are dynamical and include integrals 
with boundary conditions which have yet to have 
analytic solutions. Therefore, numerical methods 
have been developed to solve PBM equations [26]. In 
a cell where PBM equations rule is established, four 
processes can occur on the droplets (Fig. 3). These 
processes determine droplet size distributions. In this 
cell, temperature, concentration, and other internal 
variables represent fixed, only coalescence, and 
breakage occurring in the dispersed phase [27].

The equilibrium equation in the previous conditions, 
which receive another statement of the continuity 

Table 1. Physical properties of the organic and aqueous phase at 200 oC.
Aqueous viscosity
(mPa.s)

Organic viscosity
(mPa.s)

Aqueous density
(kg.m-3)

Organic density
(kg.m-3)

Surface tension
(mN.m-1)

26.1 806 1100 3.3 2.3

Table 2. Mixer specifications used in the experiments.

Specification Value

Clearance 7 cm

Baffle width 21 mm

Number of baffles 4

Impeller type RT

Impeller diameter 7 cm

Impeller speed 150-200-250 rpm

Table 3. Other experimental conditions of the solvent extraction mixer unit.
Reynolds numbers Dispersed phase hold-up

 (%)
Aqueous and organic velocity
 (m.s-1)

Inter-camera spacing
(mm)

21000-50000 50 0.2 50

Fig. 2. Four possible processes resulted from the interaction be-
tween the droplets and vertex in the physical volume where PBM 
equations rule established [2].
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(b)
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equation, was expected to be as Eq. (2) [16, 28-35].

                   (2)

where N is the number of droplets, ∇x.ẊN is the term of 
the position of droplets, ∇r.ṘN is the term of the size of 
droplets, and h is the source term of droplets change. Eq. 
(2) can be expressed in the limited term of coalescence 
and breakage by Eq. (3).

             (3)

where  is the relative velocity between two points,  
N(V,t) is the number of droplets with V volume in time 
t, and S(V,t) is the term of coalescence and breakage. 
In this study, the high-pressure mixing model, as a 
well-mixed multiphase system, is used to measure the 
initial drop distribution. Each pass corresponds to one 
dimensionless time unit.

             (4)

Where Vtot conserved the total volume of the drops. In 
Eq. (3), S(V,t) is a term of coalescence and breakage,  
shown in Fig. 3, and is expected to be as Eq. (5).

S(V,t)= BC(V,t) - DC(V,t) + BC(V,t) - DC(V,t)        (5)

where BC(V,t) and BC(V,t) are the birth rates of droplet, 
DC(V,t) and DC(V,t) are the death rates of droplet, by 
breakage and coalescence with V volume in time t.

In Eq. (5), Bb and Db are the birth and death rates of 
droplet by breakage, and Bc and Dc are the birth-death 
rates of droplet by coalescence. Therefore, the equations 
are expected to be:

Bb = ∫ΩV pg(V') β(V⁄V') n(V') dV'          (6)

Db = g(V) n(V)            (7)
 
Bc = 0.5 ∫0

V a(V-V',V' ) n(V-V') n(V') dV'         (8)
 
Dc =  ∫0

V a(V,V' ) n(V) n(V') dV'           (9)

The PBE model contains two breakage and 
coalescence functions that must be specified to generate 
predictions. Based on other studies in this field [14,16, 
27-31,36-39], mathematical equations are not available 

for the number of drop daughters upon breakage, and the 
daughter drop distribution is the same as coalescence. 
Although some researchers believe there are multiple 
breakages [14,36,40]. In this work, binary breakage 
(n(V)=2) has been used to simplify and consider the 
limitations. Therefore, it was assumed that β(V,V') is 
created based on the normal distribution function as Eq. 
(10).

           (10)

The consideration focuses on the breakage rate as 
a two-term equation that explicitly depends on the 
physical properties [19]. Although unlike the general 
breakage functions, we did not consider this term of 
PBEs as a unique function, which accounts for the small 
effect of the dispersed phase viscosity; nonetheless, it 
is clear that the breakage time (tB) is assumed to be 
dependent on drop volume.

           (11)

The breakage function was specialized to high-
pressure mixers by using the following relation between 
the energy dissipation rate and the pressure P.

            (12)

However, breakage and coalescence models are 
a mixture of a probability of interaction (between 
the droplet and turbulent flow) with enough energy. 
Coulaloglou et al. [15] suggested assumptions for the 
energy distribution and the diameter of the droplets that 
will simplify the equations. As mentioned above, the 
breakage and coalescence frequency is expected to be  
as Eqs. (13) and (14) [14,15,40].

              (13)

           (14)

where KI and KII are parameters determined from 
obtained drop size distributions. Note that the breakage 
rate of the dispersed phase density ρd, impeller speed 
N*, impeller diameter D, continues phase viscosity 
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Fig. 4. Image of droplets at different impeller speeds: a) 150, b) 250, 
and c) 300 rpm.

μc, and the interfacial tension σ of CI - CIV in the 
frequency functions of the coalescence and breakage 
are adjustable. Thereafter, the optimal values of the 
function constants are obtained by minimizing the 
variation between the predict function and experimental 
results (the experimental results include the droplet size 
distribution). In this study, the variance (ψ) was used to 
calculate the variation as shown in Eq. (15)[19]. 

           (15)

Here, N(v)'i is the droplet size distribution of droplets 
with volume Vi, N(v)i is the predicted value, and n is the 
number of the total intervals for the size of the droplets. 
There are constant values dependent on the physical 
properties of the system in the breakage and coalescence 
frequency equations, which were computed according 
to Table 4.

4. Results and discussion

4.1. Experimental determination of liquid-iquid contact

Fig. 4 compares the experimental investigation results 
of the droplet size distribution at different impeller 
speeds. It is clear that impeller speed has a major effect 
on the droplet parameter in the mixer unit due to the 
increase in the number of the droplets and the decrease in 
the droplet size. Moreover, increasing the impeller speed 
from 150 to 250 rpm has little effect on droplet properties 
and the mixing volume. The size of the vortexes was 
the reason for this behavior. When the impeller speed 
was less than 250 rpm, the entire effective volume of the 
mixer was not involved in the mixing process; also, the 
vortex size was not large enough to affect all the fluid in 
the unit [1,41]. Most of the energy added to increase the 
impeller speed from 250 to 300 rpm was spent to change 
the breakage and coalescence kernels.

� � ∑ ������ � �������
�����

𝑛𝑛  

Table 4. Constant values in the equations of breakage and 
coalescence rates.

Parameter Unit Value

σ N.m-1 0.0261

N* (impeller speed) rpm 200

ρd kg.m-3 806

ρc kg.m-3 1100

μc mPa.s 2.3

4.2. Computation of coalescence and breakage kernel 
constants

The droplet size distribution in the mixer, which was 
obtained from analyzing experimental data by image 
processing and mathematical solution, is shown in Figs. 
5-7. The results obtained for these constants are shown 
in Table 5.

It is evident that the maximum droplet size decreased, 
and the droplet distribution became more restrictive 
with increased impeller velocity (Fig. 5). On the other 
hand, the impeller speed influenced the intensity of 
the turbulent flow. Also, more separation occurred 
in the mixer tank as the impeller speed increased 
due to centrifugal forces. However, the breakage and 
coalescence kernel also increased because of higher 
impeller speed; hence both functions changed on the 
different positions. So, the breakage kernel increased 
more than the coalescence kernel in all vessel volumes 
at increased impeller speed.

According to Fig. 6, the droplet size distribution does 
not change significantly by amending the clearance, and 
changes were not significant in the other sections of this 
diagram. This means the impeller position had no effect 

 

Fig. 5. Effect of impeller speed on droplet size distribution.
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on the breakage and coalescence kernels. Also, the PTD 
and PTU impellers produced approximately similar 
conditions in terms of the droplet size distribution, in 
contrast to Rewatkar and Joshi [32], who showed that the 
PTD impeller had more energy efficiency than the PTU 
impeller (Fig. 7). Furthermore, the size of the droplets 
decreased at the higher impeller diameter. Conversely, 
the produced vortex configure by RT was different 
than PTD and PTU due to the rate of the breakage and 
coalescence kernels.

The (lowest) effect of impeller speed and clearance on 
CI - CIV (Tables 5 and 6) is clear based on comparable 
results. The geometry design creates the least changes. 
Therefore, these operation parameters had no effect on 
breakage and coalescence kernel constants. Therefore, 
the changes in Tables 5 and 6 can be ignored during the 
next analysis steps. 

Even small changes in the mixer geometry can 
modify breakage and coalescence kernels. Tables 7 and 
8 demonstrate the modification effect in terms of the 
PBEs constants. Also, these tables represent the effect 
of vortex properties (configuration in general) on PBEs. 
Based on other studies, the geometry design is the only 

19

Fig. 6. Effect of clearance on droplet size distribution.

Fig. 7. Effects of impeller type and diameter on droplet size 
distribution.
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Table 5. Effect of impeller speed on CI - CIV, obtained from the 
analysis of experimental data.

Impeller speed (rpm) 200 250 300

CI 0.411 0.415 0.417

CII 5.2×10-6 5.2×10-6 5.2×10-6

CIII 3.831 3.835 3.826

CIV (cm−2) 2.82×104 2.82×104 2.82×104

Table 6. Effect of clearance on CI - CIV, obtained from the analysis 
of experimental data.

C
T

2
5

1
3

2
7

CI 0.408 0.411 0.418

CII 5.1×10-6 5.2×10-6 5.22×10-6

CIII 3.824 3.831 3.831

CIV (cm−2) 2.82×104 2.82×104 2.82×104

source for breakage and coalescence constants change. 
These constants are a function of the vortex configuration 
and the geometrical changes of the vessel. Tables 7 and 
8 prove that any changes in mixing geometry quickly 
show themselves on the kernels and constants.

The effect of the impeller type and the number of 
baffles on CI - CIV constants was predictable. These 
constants were only affected by the mixer design (Tables 
9 and 10). In particular, the vortex configuration and 
size affect the constants of breakage and coalescence. 

Table 7. Effect of impeller diameter on CI - CIV, obtained from the 
analysis of experimental data.

D'
T

2
5

1
3

2
7

CI 0.495 0.411 0.341

CII 5.1×10-6 5.2×10-6 5.3×10-6

CIII 3.712 3.831 3.95

CIV (cm−2) 2.80×104 2.82×104 2.87×104

Table 8. Effect of baffle width on CI - CIV, obtained from the analysis 
of experimental data.

 b
T 0.1 0.125 0.15

CI 0.411 0.455 0.484

CII 5.2×10-6 4.31×10-6 3.12×10-6

CIII 3.712 3.831 3.95

CIV (cm−2) 2.82×104 2.80×104 2.74×104
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As mentioned above, the impeller speed and clearance 
did not affect the breakage and breakage constants, and 
the impeller diameter and baffle width contribute to the 
low efficiency.

 
4.3. Computer simulation

The calculated constants in Table 5 were obtained 
from the physical performance properties of the 
system. However, according to the operating and 
mixer design parameters, changes were seen in the 
PBE constants due to turbulence flows variations, and 
these changes affected the turbulent flow size. The 
investigation results are presented in a separate article 
by the authors.

These values were considered universal. Therefore, 
they were kept unchanged at an impeller speed of 
200 rpm throughout the investigation. However, the 
quantity of the constants found was different than those 
obtained by other researchers using similar methods 
to predict liquid-liquid dispersions [2]. Table 11 
compares various researchers’ results. The differences 
in Table 11 are due to the mathematical simplification 
used in this study.

Using a computer simulation of PBM using 
Coulaloglou’s constants [36], and this study’s constants 
data were compared to clarify the differences between 
the constants of this study and Coulaloglou’s ones. 
It is important to couple PBM with the governing 
equations of fluid flow due to the effect of multiphase 

20

Table 9. Effect of impeller type on CI - CIV, obtained from the 
analysis of experimental data.

Impeller type PTD RT PTU

CI 0.58 0.411 0.576

CII 2.18×10-6 5.2×10-6 2.18×10-6

CIII 3.168 3.831 3.18

CIV (cm−2) 2.46×104 2.82×104 2.46×104

Table 10. Effect of the number of the baffle on CI - CIV, obtained 
from the analysis of experimental data.

nb 3 4 6

CI 0.394 0.411 0.488

CII 5.2×10-6 5.2×10-6 3.80×10-6

CIII 3.746 3.831 3.974

CIV (cm−2) 2.82×104 2.82×104 2.78×104

flow equations on the simulation methods. That is one 
of the most popular references used for the computer 
simulation of mixer vessels.

Fig. 8 compares the droplet size distribution against 
the experimentally determined values. There is a clear 
discrepancy between the two simulation results. The 
constants obtained in this study predict the experimental 
results very well.

The ψ, in Eq. (15), criterion was used to calculate the 
matching of the simulation and experimental results. 
To remove the dimension, the dispersion index used as 
follows.

           (16)

In the case of full accommodation, the index of 
dispersion from the target function tends to zero. From 
the simulation of the population balance at 200 rpm with 
PBM of the breakage and coalescence kernel obtained 
in this study, the dispersion index was calculated from 
the target function of 0.00235.

Table 11. Numerical values of the empirical constants calculated in 
other studies [2].

Proposed by CI CII CIII CIV (m−2)

Coulaloglou [36] 0.00487 0.0552 2.17×10-4 2.28×1013

Ross et al. [14] 0.00487 0.08 2.17×10-4 3×1012

Hsia [37] 0.01031 0.06354 4.5×10-4 1.891×1013

Tavlarides [38] 0.00487 0.08 1.9×10-3 2×1012

Ribeiro et al. [39] 0.00481 0.0558 1.65×10-3 4.74×1012

This study 0.411 5.2×10-6 3.831 2.82×108

Fig. 8. Comparison between Coulaloglou [36] and this study 
breakage and coalescence constants.
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5. Conclusion

From the findings of this study, we concluded that the 
droplets dispersion inside a copper solvent extraction 
mixer could be more accurately predicted, compared 
to other researcher's data, such as Coulaloglou. In this 
study, the stability of population balance equations 
was used to improve the simulation of the aqueous 
and organic phase in high precision hydrometallurgy 
in a solvent extraction mixer. The droplet size 
distribution inside the copper solvent extraction mixer 
compared with the experimental results measured with 
photography and image analysis techniques showed 
good agreement.

The obtained PBE constants provide a necessary 
step in the process of mixer design and improving 
computer simulation. Drop breakage and coalescence 
kernels are completely connected with tank design and 
process operation. Therefore, the PBE model has the 
potential to produce high-quality results in the drop size 
distribution, even when the parameters were changing.
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Abbreviations

a(V,V'): Function of probability
b: Width of baffles 
Bb and BB(V,t): Birth rate by breakage with V volume 
in time t
Bc and BC(V,t): Birth rate by coalescence with V volume 
in time t
C: Clearance
CI,CII,CIII and CIV : Breakage and coalescence contents 
D: Droplet diameter
D': Impeller diameter
Db and DB(V,t): Death rate by breakage with V volume 
in time t
Dc and DC(V,t): Death rate by coalescence V volume in 
time t
FPS: Frame per second
g(V): Breakage frequency by V volume
g(V'): Coalescence frequency of droplet by V' volume
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h=S(V,t): Source term of equilibrium equation 
coalescence kernel constants
N: Number of droplets
N(V,t): Number of droplets with V volume in time t
N(v)i: Number of droplets (Numerical)
N(v)'i: Number of droplets (Experimental)
N*: Impeller speed
n: Number of bin
nb: Number of baffles
nm: Nanometer
n(V'): Number of droplets by V' volume
n(V): Number of droplets by V volume
   : Relative velocity between two points
PBE: Population balance equation
PBM: Population balance model
PTD: Down flow turbine impeller
PTU: Up flow turbine impeller
RT: Rushton turbine impeller
T: Tank diameter
V": Volume of the vessel

Greek letters

β(v',v): Function of probability
ε: Energy dissipation rate
λk: Linear scale of vortex
ρ: Phase density
ρc: Continuous phase density
ρd: Disperse phase density
σ: Surface stress
μc: Continuous phase viscosity
v: Droplet initial volume
v': Droplet final volume
ω: Coalescence frequency
ψ: Variance
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