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A B S T R A C T

Emulsification carried out in continuous devices offers a series of advantages over batch emulsion, such as better control of the droplet size distribution, reduced 
volume equipment, and lower operative costs. This paper investigates through Computational Fluid Dynamics simulations the emulsification process inside Sulzer 
Static Mixers. An analysis aimed to identify the most appropriate turbulence model, from a practical point of view, was performed, finding that the realizable 𝑘 − 𝜖

model is more suitable than the well-known 𝑘 − 𝜔 model. Moreover, an operative correlation linking the Sauter diameter to the main operating parameters, in a 
wide range of fluid properties and operating conditions, was developed.
1. Introduction

Emulsification processes allow the dispersing of one fluid into an-

other almost immiscible fluid in the form of fine droplets (Wang et 
al., 2023): they are widely used in different industrial fields such as 
chemical, paint, pharma, food, and contaminant removal (Lei et al., 
2022; Naeeni and Pakzad, 2019; Ouda et al., 2020). Emulsions can be 
produced in batch modes (Al Taweel et al., 2013; Lebaz et al., 2022): 
however, there is a growing interest in the batch-to-continuous transfor-

mation of processes that are normally led discontinuously (Albertazzi et 
al., 2022; Kimura et al., 2016; Maestri et al., 2020; Puglisi et al., 2015), 
since a continuous process can offer several advantages with respect 
to a batch one, such as reduced volumes, increased productivity, and 
constant quality of the final product (Asua, 2015; Florit et al., 2018, 
2019). When it comes to the emulsification process, a continuous oper-

ation mode can be adopted when large scales of production are needed 
(Madhavan et al., 2021).

When using a continuous process, devices such as stirred tanks, 
rotor-stators, and high-pressure homogenizers can be used (Lebaz et 
al., 2022; Madhavan et al., 2021). These devices are efficient but a 
spatially heterogeneous field of breakage may be obtained even with 
a high power consumption (Klutz et al., 2015; Lebaz et al., 2022). An 
alternative is represented by static mixers: these are simple mixing el-

ements that can induce turbulence reducing axial dispersion (Aprile et 
al., 2023; Das et al., 2005), at the cost of higher pressure drops inside 
the pipe. On the other hand, having no moving parts, they are less sus-

ceptible to failures and require lower maintenance, as well as lower 
operative costs (Klutz et al., 2015; Ouda et al., 2020; Soman and Mad-
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huranthakam, 2017). It was reported in previous works (Albertazzi et 
al., 2021a,b) that the Sulzer Static Mixers (SMXs) are capable of reach-

ing a very high mixing degree in the radial direction, while at the same 
time ensuring a negligible value of axial dispersion and dead volumes. 
Moreover, static mixers are deemed to be effective in water treatment 
applications (Fleite et al., 2020; Nikooei et al., 2023; Sreedhar et al., 
2018), in the recovery of heavy metals from aqueous solutions (Das et 
al., 2015), as turbulence promoters in ultrafiltration applications (Krstić 
et al., 2007; Sreedhar et al., 2018; Zhen et al., 2006) and as tools to 
avoid membrane fouling in dynamic membrane bioreactors (Sabaghian 
et al., 2018). Static mixers allow the two phases to be mixed through the 
induced turbulence; this process increases the volumetric mass transfer 
coefficient 𝐾𝐿𝑎, where 𝐾𝐿 is the mass transfer coefficient and 𝑎 is the 
interfacial area (Das et al., 2015), which in turn depends on the droplet 
diameters. The breakage process in turbulent flows caused by turbu-

lent fluctuations or by particle-eddy collisions (Liao and Lucas, 2009) 
is driven by energy dissipation: when the disruptive forces overcome 
the cohesive forces, the dispersed fluid is broken into droplets there-

fore creating an emulsion of a fluid into another fluid. These forces are 
summarized by the Weber number (Eq (1)), which is the ratio between 
inertial forces and cohesive forces, and the Reynolds number (Eq (2)), 
which is the ratio between inertial forces and viscous forces (Theron et 
al., 2010):

𝑊 𝑒𝑐 =
𝜌𝑐 ⋅ 𝑢

2 ⋅𝐷
𝜎

(1)

𝑅𝑒𝑐 =
𝜌𝑐 ⋅ 𝑢 ⋅𝐷

𝜇𝑐
(2)
Available online 5 April 2024
0009-2509/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access a
nc-nd/4.0/).

E-mail address: valentina.busini@polimi.it (V. Busini).

https://doi.org/10.1016/j.ces.2024.120082

Received 16 January 2024; Received in revised form 28 March 2024; Accepted 1 Ap
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

ril 2024

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/ces
mailto:valentina.busini@polimi.it
https://doi.org/10.1016/j.ces.2024.120082
https://doi.org/10.1016/j.ces.2024.120082
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2024.120082&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


J. Albertazzi, F. Florit, V. Busini et al.

Where 𝜌𝑐 is the continuous phase density, 𝑢 is the spatial velocity 
inside the pipe, 𝐷 is the diameter of the device, 𝜎 is the interfacial 
tension between the fluids and 𝜇𝑐 is the continuous phase viscosity.

In recent years, Computational Fluid Dynamics (CFD) simulations 
established as powerful tools to study the hydrodynamics inside static 
mixers, through the modeling of transport phenomena and local fluid 
dynamics (Albertazzi et al., 2021a,b, 2022; Coroneo et al., 2012; Mon-

tante et al., 2016). The properties of an emulsion in CFD simulations can 
be represented by the Population Balance Model (PBM) (Wang et al., 
2005), which is extensively used in the literature to predict Droplet Size 
Distributions (DSD) during continuous emulsification under different 
conditions. For example, Lebaz et al. (2022) investigated the continu-

ous emulsification process of silicone oil dispersion into ultrapure water 
in the SMX focusing on the advantages and limitations of modeling ap-

proaches between population balance equation (PBE) versus mean-size 
correlations. Haddadi et al. (2020) used the PBM to simulate the tur-

bulent dispersion inside Kenics Static Mixers (KSM). Meng et al. (2021)

performed numerical simulations of silicone oil-water two-phase turbu-

lent dispersion mixing in Q-type static mixers (QSM) coupling CFD with 
PBM.

Despite several papers previously presented in literature used CFD to 
investigate emulsions in static mixers, the influence of different turbu-

lence models on the modeling of emulsification processes inside SMX, 
has not been studied yet. Therefore, the main aim of this work is to 
determine which turbulence model is more effective (from a practi-

cal point of view) to predict the properties of emulsions inside SMX. 
Moreover, a general operative correlation able to foresee the SMX per-

formances in a wide range of fluid properties and operating conditions, 
was developed.

2. Methods

Since thorough mixing of the chemical species is desired, the Eu-

lerian approach was used (Haddadi et al., 2020; Lebaz and Sheibat-

Othman, 2019; Meng et al., 2021). The multiphase flows are described 
as interpenetrating continua, through the concept of volume fraction of 
the i-th phase (𝛼𝑖), which is defined as the space percentage occupied 
by the i-th phase (ANSYS Inc., 2018) and is expressed by (3):

𝑉𝑖 = ∫
𝑉

𝛼𝑖𝑑𝑉 (3)

where 𝑉𝑖 is the space occupied by phase 𝑖. Continuity and momentum 
conservation equations are:

𝜕

𝜕𝑡
(𝛼𝑖𝜌𝑖) + ∇ ⋅ (𝛼𝑖𝜌𝑖𝑢𝑖) = 0 (4)

𝜕

𝜕𝑡
(𝛼𝑖𝜌𝑖𝑢𝑖) + ∇ ⋅ (𝛼𝑖𝜌𝑖(𝑢𝑖𝑢𝑖)) = −𝛼𝑖∇𝑝+ 𝛼𝑖𝜌𝑖𝑔 +∇ ⋅ 𝜏𝑖 + 𝐹 (5)

where 𝜌𝑖 and 𝑢𝑖 are the density and the velocity for the i-th phase, 
respectively; 𝑝 is the pressure, 𝜏𝑖 is the 𝑖𝑡ℎ phase stress-strain tensor and 
𝐹 is the interfacial force term. F is given by the sum of three phase-

weighted contributions, which are the drag force (𝐹𝑑 ), the lift force 
(𝐹𝑙), and the virtual mass force (𝐹𝑣), respectively. The lift term plays 
a minor role compared to the drag force and can be neglected (ANSYS 
Inc., 2018), while the virtual mass effect becomes significant only when 
the secondary phase density is much smaller than the continuous phase 
density (ANSYS Inc., 2018); therefore, in this work, only the drag force 
was considered.

The drag force was modeled using the Schiller and Neumann 
method, which is acceptable for all fluid-fluid pairs of phases (ANSYS 
Inc., 2018):

𝐹𝑑 = 𝛼𝑐𝛼𝑑 ⋅
(3
4
𝐶𝐷 ⋅

𝜌𝑑

𝑑
|𝑢𝑑 − 𝑢𝑐 |) ⋅ (𝑢𝑑 − 𝑢𝑐) (6)

𝐶 =

{ 24
𝑅𝑒𝑟

⋅ (1 + 0.15 ⋅𝑅𝑒0.687
𝑟

) 𝑅𝑒𝑟 ≤ 1000
(7)
2

𝐷 0.44 𝑅𝑒𝑟 > 1000
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𝑅𝑒𝑟 =
𝜌𝑐𝑑 ⋅ |𝑢𝑑 − 𝑢𝑐 |

𝜇𝑐
(8)

where 𝑑 is the droplet diameter, 𝐶𝐷 is the drag coefficient, 𝑅𝑒𝑟 is the 
relative Reynolds number, and the subscripts c and d refer to the con-

tinuous and dispersed phases, respectively.

2.0.1. Turbulence model

Static mixers are capable of inducing high local turbulence levels 
even for low values of 𝑅𝑒 (Albertazzi et al., 2021a,b). Therefore, model-

ing the near-wall area is of great importance and impacts the reliability 
of the numerical solution, since walls significantly influence the turbu-

lence production in bounded flows (ANSYS Inc., 2018). Two modeling 
approaches are commonly used; in the first approach the viscosity-

affected inner region is not directly solved, but wall functions are used 
to link the viscosity-affected region and the fully turbulent region using 
semi-empirical relations called wall functions. The main disadvantage 
of the wall functions approach is that the numerical solution tends to 
become less accurate under grid refinement in the normal direction; in 
particular, low values of dimensionless distance from the walls can lead 
to divergence of the numerical method as a consequence of extremely 
large values of shear stress and heat transfer (ANSYS Inc., 2018). The 

dimensionless distance can be defined as 𝑦∗ ≡ 𝜌𝐶
1∕4
𝜇 𝑘

1∕2
𝑃

𝑦𝑃

𝜇
where 𝐶𝜇 is 

a model constant equal to 0.09, 𝑘𝑃 is the turbulence kinetic energy 
at the wall-adjacent cell centroid, 𝑦𝑃 is the distance from the centroid 
of the wall-adjacent cell to the wall and 𝜌 and 𝜇 are the density and 
the dynamic viscosity of the fluid or as 𝑦+ = 𝜌

√
𝜏𝑤∕𝜌𝑦
𝜇

, where 𝜏 is the 
shear stress in an arbitrary layer of fluid (ANSYS Inc., 2018). However, 
the scalable wall functions approach allows to obtain consistent results 
also for refined grids through the introduction of a limiter, such that 
𝑦∗ =𝑀𝐴𝑋(𝑦∗, 𝑦∗

𝑙𝑖𝑚𝑖𝑡
) where 𝑦∗

𝑙𝑖𝑚𝑖𝑡
≈ 11.225 (ANSYS Inc., 2018). The sec-

ond approach solves the near-wall region without using wall functions; 
this allows to obtain results independent of the grid refinement close 
to the wall, which is the approach behind the 𝑘 − 𝜔 family of turbu-

lence models. However, this approach requires high grid resolution of 
the boundary layer.

2.0.2. Population balance model

In this work, the Population Balance Model was solved through the 
discrete method. This method is based on representing the continuous 
particle size distribution in terms of a set of discrete size classes and 
allows to easily obtain the Droplet Size Distribution (DSD) with ease and 
with good robustness (Meng et al., 2021). The droplets are categorized 
according to their volume ratio. Assuming the droplets as spherical, 
the volume ratio of each class is 𝑉𝑖∕𝑉𝑖+1 = 2𝑘. The higher 𝑘, the wider 
the range of diameters for a given number of bin sizes. In this work, 
𝑘 was kept equal to 1 to have a more precise distribution of the bin 
sizes. The transport equation for the number density function is given 
by Hagesaether et al. (2002a); Naeeni and Pakzad (2019):

𝜕

𝜕𝑡
[𝑛(𝑉 , 𝑡)] + ∇ ⋅ [𝑢 × 𝑛(𝑉 , 𝑡)] = 𝑆(𝑉 , 𝑡) (9)

where 𝑉 is the droplet volume, 𝑡 is the time, 𝑛(𝑉 , 𝑡) is the number 
density function, 𝑢 is the velocity vector of the droplet, and 𝑆(𝑉 , 𝑡) is 
the term accounting for the droplet breakage and coalescence defined 
as:

𝑆𝑖 = (𝐵𝐶 −𝐷𝐶 +𝐵𝐵 −𝐷𝐵)𝑖 (10)

(𝐵𝐶 )𝑖 represents the birth rate of droplets by coalescence, (𝐷𝐶 )𝑖 the 
death rate of droplets by coalescence, (𝐵𝐵)𝑖 the birth rate of droplets by 
breakage and (𝐷𝐵)𝑖 the death rate of droplets by breakage. Assuming 
no breakup of the smallest droplet size (𝑖 = 1) and no coalescence in 
the largest class (𝑖 = 𝑁) the terms for birth and death of droplets for 

breakage are defined as Hagesaether et al. (2002a):
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Fig. 1. Side view of the pipe.
𝐵𝐵(𝑖) =
𝑁∑

𝑘=𝑖+1,𝑖≠𝑁
Ω𝐵(𝑉𝑘,𝑉𝑖) +

𝑖∑
𝑘=𝑖,𝑖≠𝑁

𝑥𝑖+1,𝑘Ω𝐵(𝑉𝑖+1, 𝑉𝑘)

+
𝑖−1∑

𝑘=𝑖,𝑖≠1
(1 − 𝑥𝑖,𝑘)Ω𝐵(𝑉𝑖, 𝑉𝑘), 𝑖 = 1, ...,𝑁 (11)

𝐷𝐵(𝑖) =
𝑖−1∑
𝑘=1

Ω𝐵(𝑉𝑖, 𝑉𝑘), 𝑖 = 2, ...,𝑁 (12)

where the term Ω𝐵(𝑉𝑖, 𝑉𝑘) is the breakage rate of a particle of vol-

ume 𝑉𝑖 into a particle of volume 𝑉𝑘. To predict the breakage (or kernel) 
rate, different models are available in the literature (Ghadiri and Zhang, 
2002; Luo and Svendsen, 1996; Nambiar et al., 1992). In this work, the 
Luo and Lehr model (ANSYS Inc., 2009) was used for both the break-

age frequency and the PDF of breaking particles. The breakage rate is 
defined as:

Ω𝐵(𝑉𝑖, 𝑉𝑘) =𝐾

1

∫
𝜉𝑚𝑖𝑛

(1 + 𝜉)2

𝜉𝑛
𝑒𝑥𝑝(−𝑏𝜉𝑚)𝑑𝜉 (13)

where 𝜉 is the dimensionless eddy size, 𝐾 , 𝑛, 𝑏, and 𝑚 are model param-

eters: 𝐾 = 0.9238𝜖1∕3𝑑−2∕3𝛼, 𝜖 is the turbulent dissipation rate energy, 
𝛼 is dispersed phase volume fraction, 𝑚 = −11∕3, 𝑏 = −12𝑐𝑓 𝜎

𝛽𝜌𝑐𝜖
2∕3𝑑5∕3

, 𝛽 = 2, 

𝑐𝑓 = 𝑓
2∕3
𝐵𝑉

+(1 −𝑓𝐵𝑉 )2∕3 −1, where 𝜎 and 𝑓𝐵𝑉 are the interfacial tension 
and the breakage volume fraction (that is, the proportion of droplets 
that have ruptured), respectively (ANSYS Inc., 2009).

The droplet birth and death rate due to coalescence are defined as 
Hagesaether et al. (2002b):

𝐵𝐶 (𝑖) =
𝑖−1∑

𝑗=𝑖,𝑖≠𝑁
𝑥𝑖,𝑗Ω𝐶 (𝑉𝑖, 𝑉𝑗 ) +

𝑖−1∑
𝑗=𝑖

(1 − 𝑥𝑖−1,𝑗 )Ω𝐶 (𝑉𝑖−1, 𝑉𝑗 ), 𝑖 = 2, ...,𝑁

(14)

𝐷𝐶 (𝑖) =
𝑁−1∑
𝑗=1

Ω𝐶 (𝑉𝑖, 𝑉𝑗 ) + Ω𝐶 (𝑉𝑖, 𝑉𝑖), 𝑖 = 1, ...,𝑁 − 1 (15)

The aggregation kernel is represented by the product of two different 
terms: the frequency of collisions between particles of volume 𝑉𝑖 and 
volume 𝑉𝑗 , and the efficiency of aggregation (that is, the probability 
of particles of volume 𝑉𝑖 coalescing with particles with volume 𝑉𝑗 ). To 
model the aggregation kernel, the turbulent model was chosen, since it 
can simulate both the viscous subrange mechanism (applied to all the 
molecules smaller than the Kolmogorov microscale 𝜈) and the inertial 
subrange mechanism (applied to all the molecules bigger than 𝜈 (ANSYS 
Inc., 2009)). This model proved to be effective in the modeling of the 
coalescence of droplets in oil-water mixtures (Luo and Svendsen, 1996) 
and has been used in similar works involving static mixers in turbulent 
flows (Meng et al., 2021).

For the viscous subrange, particle collisions are influenced by the 
local shear within the eddy, and the collision rate is expressed as:

Ω𝐶 (𝑉𝑖, 𝑉𝑗 ) = 𝜁𝑇

√
8𝜋
15

�̇�
(𝑑𝑖 + 𝑑𝑗 )3

8
(16)

where �̇� is the shear rate (�̇� = 𝜖0.5∕𝜈) and 𝜁𝑇 is a factor that takes into 
account the capture efficiency of turbulence collision and is defined 
3

through the following:
Table 1

Geometrical properties of 
reactor [cm].

𝐷𝑎𝑥 𝐿 𝐷𝑑 𝐷𝑐

1 17 0.4 0.6

Table 2

Operating conditions and fluid properties used for the mesh indepen-

dence analysis.

𝜌𝐶

[
kg
m3

]
𝜌𝐷

[
kg
m3

]
𝜇𝐶 [cP] 𝜇𝐷 [cP] �̇�𝐶

[
kg
s

]
̇𝑚𝐷

[
kg
s

]
995 770 0.001 0.0009 0.042 0.0108

𝜁𝑇 = 0.732
(

5
𝑁𝑇

)
,𝑁𝑇 ≥ 5 (17)

In the previous relation, 𝑁𝑇 is the ratio between the viscous forces and 

the Van der Waals forces, defined as 𝑁𝑇 = 6𝜋𝜇(𝑑𝑖+𝑑𝑗 )3�̇�
8𝐻 , with 𝐻 and 

�̇� being the Hamaker constant and the deformation rate, respectively. 
Considering the inertial subrange, the aggregation rate is expressed as:

Ω𝐶 (𝑉𝑖, 𝑉𝑗 ) = 𝜁𝑇 23∕2
√
𝜋
(𝑑𝑖 + 𝑑𝑗 )2

4

√
(𝑈2

𝑖
+𝑈2

𝑗
) (18)

where 𝑑𝑖 and 𝑑𝑗 are the sizes of the particles 𝑖 and 𝑗 respectively and 
𝑈𝑖 is the mean squared velocity for the particle 𝑖.

2.1. Mesh

2.1.1. Integration domain

The integration domain consists of a pipe equipped with Sulzer 
Static Mixers, as shown in Fig. 1. The pipe is packed with 10 static 
mixers each with a length-to-diameter ratio equal to 1. Each element 
is composed by eight crossed bars, rotated by 90° one to each other; 
moreover, to enhance the mixing, each static mixer is rotated by 90°

with respect to the previous one. The diameter of the axial tube (𝐷𝑎𝑥) 
is equal to 1 cm. The continuous phase (c) is fed into the pipe through a 
lateral tube, with a diameter 𝐷𝑐 = 0.6 cm, while the dispersed phase (d) 
enters through an axial tube, with a diameter 𝐷𝑑 = 0.4 cm. The mod-

eled geometry is summarized in Table 1.

2.1.2. Grid independence

The continuity, momentum, volume fraction and population bal-

ance equations (PBE) were solved through Ansys Fluent 19.1, using a 
RANS approach (ANSYS Inc., 2018) with a second-order upwind and 
a QUICK scheme. The three-dimensional geometry shown in Fig. 1

was discretized into a series of polyhedral cells; this type of cell has 
been proven to be effective in improving the computational efficiency 
(Achermann et al., 2022; Meng et al., 2021). The orthogonal quality 
was kept higher than 0.1 for all the cells, to ensure high quality in the 
resulting mesh. A mesh independence analysis was performed, through 
a series of simulations with increasing number of computational cells; 
the operating conditions for this set of simulations are summarized in 
Table 2.

The Sauter diameter at the exit of the last static mixer, defined as ∑
𝑁𝑖𝑑

3

𝑑32 = 𝑖∑

𝑁𝑖𝑑
2
𝑖

was chosen as the characteristic drop size and was used to 
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Fig. 2. Mesh independence analysis. Sauter diameter (𝑑32) as a function of the number of cells (a); turbulent dissipation rate (𝜖) as a function of the number of cells 

(b).

Fig. 3. Sauter diameter as a function of the number of static mixers for different 
inlet bin diameters.

compare the results obtained with the different meshes. It is possible to 
see from the results, shown in Fig. 2a that the predicted 𝑑32 values de-

crease when the number of cells increases from up to about 106 cells; 
above this value, there is no significant change in the 𝑑32 values. This 
trend is also confirmed by the values of volume averaged turbulent dis-

sipation rate (𝜖) shown in Fig. 2b. In this work, a mesh composed of 1.7 
Million cells was used.

2.1.3. Inlet droplet diameter and droplet class size

The population balance model needs the particle diameters at the in-

let of the dispersed phase to be discretized in a series of bins. To assess 
the influence of the inlet size distribution on the Sauter diameter at the 
exit of SMX, several simulations were carried out with different aver-

age inlet diameters. The volume fraction, defined as 𝛼 =𝑄𝑑∕(𝑄𝑐 +𝑄𝑑 ), 
where 𝑄𝑐 and 𝑄𝑑 are the continuous phase volumetric flow rate and 
the dispersed phase volumetric flow rate, was kept constant and equal 
to 𝛼 = 0.25. The droplet diameters ranged between 20 × 10−6 m and 
1.12 × 10−4 m, whereas the number of bins was kept equal to 13. Re-

sults are reported in Fig. 3, where the Sauter diameter computed at the 
exit of different numbers of SMX is summarized. It can be seen that af-

ter the first mixing element, 𝑑32 ≈ 60 𝜇𝑚 regardless of the inlet Sauter 
diameter. This means that the breakage and the coalescence of the dis-

persed phase droplet inside the SMX is not influenced significantly by 
the inlet size distribution, as already reported in the literature (Meng et 
al., 2021).

To investigate the influence of the number of bin classes a few sim-

ulations were carried out with an inlet 𝑑32 equal to 20 𝜇𝑚. The main 
results are shown in Fig. 4: we can see that the results obtained using 13 
and 15 bins overlap. Therefore, in all the simulations the inlet particle 
4

diameters were discretized in 13 bins.
Fig. 4. Sauter diameter as a function of the number of static mixers for different 
inlet bin numbers.

3. Results and discussion

3.1. Influence of the turbulence model choice

Turbulence modeling is of paramount importance when dealing with 
emulsions, since the dissipated turbulent energy 𝜖 is the main force driv-

ing the breakage of the dispersed phase droplets. A set of simulations 
were performed using both the SST 𝑘 −𝜔 and the realizable 𝑘 −𝜖 models 
and the predicted Sauter diameters were compared to the experimen-

tal results obtained by Theron et al. (2010) using a 1 cm pipe diameter 
equipped with 10 SMX as reported in Fig. 1. The realizable 𝑘 − 𝜖 model 
was chosen since it can accurately model strongly swirling flows, typi-

cal of static mixers (Lebaz et al., 2022). The continuous phase (c) was 
water-Tween 80 (1.5% weight) and the dispersed phase (d) was cyclo-

hexane. The densities of the two phases are equal to 𝜌𝑐 = 995 kg∕m3

and 𝜌𝑑 = 770 kg∕m3 , while their viscosities 𝜇𝑐 = 1 ⋅ 10−3 Pa ⋅ s and 
𝜇𝑑 = 9 ⋅ 10−4 Pa ⋅ s. In all the simulations the volume fraction was con-

sidered equal to 𝛼 = 0.25 and the interfacial tension was kept equal to 
𝜎 = 0.003 N∕m. The other operating conditions are summarized in Ta-

ble 3.

Fig. 5a compares the Sauter diameters measured after 10 static mix-

ers (Theron et al., 2010) with the simulations performed using the 
realizable 𝑘 − 𝜖 model and the SST 𝑘 −𝜔 model as a function of the 𝑅𝑒
number. We can see that when using the same number of cells, the re-

alizable 𝑘 − 𝜖 model can effectively foresee the emulsification processes 
inside static mixers with a higher accuracy with respect to the SST 𝑘 −𝜔

model. The reason is that the realizable 𝑘 − 𝜖 model is specifically de-

signed to reproduce complex flows with strong streamline curvatures 
(Lebaz et al., 2022), as usually found in static mixers.

It should be stressed that this does not mean that the SST 𝑘 − 𝜔
model cannot reproduce emulsification processes, but that it would re-
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Fig. 5. Sauter diameters as a function of 𝑅𝑒 number (a); DSD comparison (Q = 204 L∕h) (b).

Fig. 6. Contours of turbulence dissipation rate energy measured on the xy plane for the realizable 𝑘− 𝜖 model (a) and the SST 𝑘−𝜔 model (b).
Table 3

Operating conditions for turbu-

lence model analysis.

�̇�𝐶

[
kg
s

]
̇𝑚𝐷

[
kg
s

]
𝑅𝑒

0.0422 0.0109 7167

0.0694 0.0180 11787

0.793 0.0206 13469

0.090 0.0234 15286

0.100 0.0260 16985

0.124 0.0320 21061

quire a much larger number of cells, as discussed in the following. More-

over, the droplet size distribution obtained at Q = 204 L∕h with the 
realizable k-𝜖 model was measured and compared with the one obtained 
with the SST k-𝜔 model and with the experimental data. It is possible 
to see in Fig. 5b that, while the realizable k-𝜖 model approaches rea-

sonably well the experimental data, there is a huge difference when the 
SST k-𝜔 model is considered, confirming the results previously shown.

The contours of the volume-averaged turbulence dissipation rate 
were computed by the two turbulence methods as shown in Fig. 6 for a 
typical run. We can see that the turbulence dissipation rate energy com-

puted by the realizable 𝑘 − 𝜖 is higher than that computed through the 
SST 𝑘 −𝜔.

These visual results are confirmed by Fig. 7 which shows the turbu-

lence dissipation rate for various simulations carried out with both the 
realizable 𝑘 − 𝜖 and SST 𝑘 −𝜔 model.

The reason for such a difference can be understood by looking at 
the 𝑦+ values predicted by the SST 𝑘 − 𝜔 on the static mixers walls, 
as shown in Fig. 8; close to the mixing elements wall the 𝑦+ value is 
higher than 5, therefore leading to numerical errors in the modeling 
of the turbulent rate close to the static mixers walls, which strongly 
affect the droplet size diameters. This problem could be solved by using 
a mesh with a higher number of cells close to the walls (ANSYS Inc., 
5

2018) but at the cost of a much higher computational time. To validate 
Fig. 7. Values of volume averaged turbulence dissipation rate 𝜖 obtained with 
realizable 𝑘 − 𝜖 model and SST 𝑘 −𝜔 model for different 𝑅𝑒 values.

this claim, simulations at 𝑅𝑒 = 21146 were repeated with the SST k-𝜔

model with 7,9 and 12 million cells. The results summarized in Table 4

show that it is possible to obtain results closer to the experimental data. 
However, the residual values obtained with the SST 𝑘 − 𝜔 model were 
higher than 1 ⋅ 10−2, suggesting that a much thicker mesh should be 
used to obtain reliable results, and the computational time was roughly 
5 times higher, therefore candidating the realizable 𝑘 − 𝜖 model as the 
preferred tool from a practical point of view.

3.2. Correlation

As a practical engineering tool for predicting the 𝑑32 value induced 
by SMX, a general correlation based on literature experimental data 
(Kiss et al., 2011; Rao et al., 2007; Theron et al., 2010) as well as on 
several CFD simulations carried out in this work was developed. The 
Sauter droplet diameters depend on the physical properties of the fluids 
and the geometrical properties of the static mixers. Among the others, 
the following properties are expected to play a relevant role in defining 

the 𝑑32 value (Kiss et al., 2011):



Chemical Engineering Science 294 (2024) 120082J. Albertazzi, F. Florit, V. Busini et al.

Fig. 8. Contour of wall 𝑌 + obtained with the SST 𝑘−𝜔 model for: (a) 𝑅𝑒 = 7167; (b) 𝑅𝑒 = 11787; (c) 𝑅𝑒 = 13469; (d) 𝑅𝑒 = 15286; (e) 𝑅𝑒 = 16985; (f) 𝑅𝑒 = 21061.
Table 4

Sauter diameters and percentage er-

ror obtained with realizable 𝑘 − 𝜖

and SST 𝑘 − 𝜔 models for different 
meshes.

∕∕ 𝑑32 [𝜇m] 𝜂 [%]

Experimental 21 0

𝑘− 𝜖,1.7𝑀𝑙𝑛 23 9.5

𝑘−𝜔,1.7𝑀𝑙𝑛 43 104

𝑘−𝜔,7𝑀𝑙𝑛 36 71

𝑘−𝜔,9𝑀𝑙𝑛 33 60

𝑘−𝜔,12𝑀𝑙𝑛 30 42

Table 5

Operating ranges of the data summarized in Fig. 9.

𝜇𝑑

(𝜌𝑑𝐷𝜎)0.5
𝑢

𝜇𝑑 𝜎

𝜌𝑐

𝜌𝑑

𝜇𝑐

𝜇𝑑

𝛼 𝑁𝑆𝑀𝑋

0.0059 − 1.26 0.21 − 7.41 1.00 − 1.37 0.018 − 1.11 0.01 − 0.25 6 − 10

𝑑32 = 𝑓 (𝑢,𝐷,𝐿,𝜇𝑐 , 𝜇𝑑 , 𝜌𝑐 , 𝜌𝑑 , 𝛼, 𝜎) (19)

where 𝑢 is the superficial velocity, computed considering the total flow 
rate entering the pipe, 𝐷 the pipe diameter, 𝐿 the pipe length, 𝜇𝑐 the 
continuous phase viscosity, 𝜇𝑑 the dispersed phase viscosity, 𝜌𝑐 the con-

tinuous phase density, 𝜌𝑑 the dispersed phase density, 𝛼 the volume 
fraction of the dispersed phase and 𝜎 the interfacial tension. Combining 
these parameters, we can obtain seven dimensionless groups, follow-

ing a procedure similar to the one discussed in the work by Kiss et al. 
(2011): two Ohnesorge numbers ( 𝜇𝑑

(𝜌𝑑𝑑32𝜎)0.5
and 𝜇𝑑

(𝜌𝑑𝐷𝜎)0.5 ), the Capillary 
number, 𝑢

𝜇𝑑𝜎
, the number of mixing elements (𝑁𝑆𝑀𝑋 ), the viscosity ra-

tio (𝜇𝑐∕𝜇𝑑 ), the density ratio (𝜌𝑐∕𝜌𝑑 ) and the volume fraction (𝛼). A 
simple polynomial correlation was used, whose constant and exponents 
were determined by multiple regression fitting with the operating win-

dow summarized in Table 5.:

𝜇𝑑

(𝜌𝑑𝑑32𝜎)0.5
= 2.205 ⋅

(
𝜇𝑑

(𝜌𝑑𝐷𝜎)0.5

)0.72
⋅
(

𝑢

𝜇𝑑𝜎

)0.24
⋅
(
𝜌𝑐

𝜌𝑑

)−1.4

⋅
(
𝜇𝑐

𝜇𝑑

)0.12
⋅ 𝛼−0.22 ⋅𝑁0.4

𝑆𝑀𝑋
(20)

The exponents obtained for the dimensionless groups 𝜇𝑑

(𝜌𝑑𝐷𝜎)0.5 ), 𝑢

𝜇𝑑𝜎
6

and 𝜇𝑐
𝜇𝑑

are similar to the ones already obtained by Kiss et al. (2011). 
Fig. 9. Dimensionless Sauter diameter values computed through eq (19) vs 
literature (Kiss et al., 2011; Rao et al., 2007; Theron et al., 2010) and CFD 
simulations results.

However, the proposed correlation expands the range of operating con-

ditions and considers also the influence of 𝑁𝑆𝑀𝑋 and 𝜌𝑐
𝜌𝑑

.

Fig. 9 shows in a parity plot the performances of the proposed cor-

relation when compared with the dimensionless Sauter diameter both 
from literature (Kiss et al., 2011; Rao et al., 2007; Theron et al., 2010) 
and this work. The values predicted by the correlation (eq (19)) have a 
coefficient of determination 𝑅2 = 0.93. From this figure we can see that 
the proposed correlation can reasonably predict the experimental/CFD 
results in the investigated operating window.

4. Conclusions

In this work, the CFD modeling of emulsions inside SMX was dis-

cussed. It was found that: the values of 𝑑32 predicted using the 𝑘 − 𝜔

SST are highly susceptible to the values of 𝑦+ in the near-wall region, 
therefore requiring a huge number of cells to predict the Sauter diame-

ters leaving the mixing elements. On the other hand, the realizable 𝑘 −𝜖

model can predict the emulsification process inside the SMX static mix-

ers with a much lower number of cells. From CFD simulations, carried 
out together with several experimental results previously reported in 
the literature, a practical correlation valid for a wide range of operating 
conditions was developed to predict the SMX performance in terms of 
𝑑32 value. This work focused on the modeling of emulsions inside static 

mixers without considering mass transfer between the phases, which 
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can affect the droplet size distribution (Lan et al., 2016; Wang et al., 
2020). Therefore, the developed correlation can be used as a prelimi-

nary tool to assess the effectiveness of SMX in mixing multiphase flows.
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