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ARTICLE INFO ABSTRACT

Keywords: Emulsions, characterized by droplet dispersions of immiscible liquids in a continuous phase, are often found in
Static Mixers many diverse fields of the chemical industry. The energy needed to break these droplets can be sourced from
Emulsions mechanical agitators in stirred tanks, active mixers like pulse-flow mixers, and ultrasonic mixers. However,
CFD

static mixers serve as a convenient alternative due to their typically lower maintenance costs and increased
resistance to failures. Static mixers are available in diverse shapes and dimensions, with two widely used types
being the Kenics Static Mixers and the Sulzer Static Mixers. While these two static mixers have been extensively
studied in the literature in terms of pressure drop and mixing efficiency, to the best of the authors’ knowledge
there is no study comparing the two in emulsification processes. This work aims to compare the performance
of these static mixers in the production of emulsions by employing a Computational Fluid Dynamics approach.
Results showed that the Sulzer Static Mixers allow to obtain higher values of turbulent energy dissipation,
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which in turn leads to smaller droplet diameters.

1. Introduction

Emulsions are systems in which droplets of an immiscible liquid are
dispersed into another one; they are commonly employed in diverse
industrial fields, from pharmaceutical to food industry and contaminant
removal [1]. Normally emulsions are produced in a discontinuous fash-
ion using batch vessels; these units indeed can offer great flexibility and
be used as multipurpose systems. However, there is a growing interest
in transforming processes that are typically conducted discontinuously
into continuous operations [2-5]. This shift is gaining attention because
a continuous process offers several advantages over batch ones, in-
cluding reduced volumes, increased productivity, and consistent quality
of the final product [6-8]. In the context of emulsification processes,
adopting a continuous operation mode becomes particularly advan-
tageous when large-scale production is required [9]. In a continuous
process, devices such as high-pressure homogenizers and stirred tanks
are commonly employed for emulsification [9,10]. These tools are
efficient but their operation is expensive; moreover, they can induce a
heterogeneous field of breakage, which can lead to undesired features
such as broad Droplet Size Distributions (DSD) [10,11]. An alternative
option is using static mixers, that is, simple mixing elements that induce
turbulence and reduce axial dispersion in the fluid [12]. Although static
mixers induce a higher pressure drop inside the pipe, their advan-
tage lies in having no moving parts, making them less susceptible to
failures and requiring lower maintenance, along with lower operative
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costs [11,13,14]. The breakage process in turbulent flows, caused by
turbulent fluctuations or particle-eddy collisions [15], is governed by
energy dissipation. When disruptive forces surpass cohesive forces, the
dispersed fluid is fragmented into droplets, resulting in the creation of
an emulsion of one fluid into another. These forces are quantified by
the Weber number (Eq. (1)), representing the ratio of inertial forces to
cohesive forces, and the Reynolds number (Eq. (2)), indicating the ratio
of inertial forces to viscous forces [16]:

we= D )

[
p.-u-D
He

Re = 2

Here, p, denotes the density of the continuous phase, u is the spatial
velocity inside the pipe, D is the diameter of the reactor, ¢ represents
the interfacial tension between the fluids, and y, is the continuous
phase viscosity. Among static mixers, two of the most common ones
are the Sulzer Static Mixer (SMX) and the Kenics Static Mixer (KSM).
Although these two tools have already been investigated in litera-
ture [9,11,17-21], a direct comparison in emulsification processes has
yet to be done. In recent years, Computational Fluid Dynamics (CFD)
simulations have established themselves as simple yet powerful tools
for studying the hydrodynamics inside static mixers. These simulations
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involve modeling transport phenomena and local fluid dynamics [3,22—
25].

Process intensification refers to the systematic approach of en-
hancing and optimizing industrial processes to achieve improved per-
formance, efficiency, and economic benefits [26,27]. The goal is to
increase the productivity and sustainability of a given process by im-
plementing innovative techniques, technologies, or methodologies; key
aspects of process intensification include increased efficiency, reduced
environmental impact, and a more compact design.

The goal of this work is to compare, with a CFD approach, the SMX
and the KSM performances in an emulsification process; this study can
provide useful information for the intensification of industrial processes
dealing with emulsions.

2. Methods

In this work, complete mixing between the species is desired; for this
reason, the Eulerian—-Eulerian model was chosen, since it models both
phases modeling them as interpenetrating continua [28]. The volume
conservation equation is presented as follows:

V,-='/a,-dV 3)
v

Here, V; represents the space occupied by phase i, and )} a; = 1.
The continuity and momentum conservation equations are:
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where p; and u; denote the density and velocity for each phase, re-
spectively; p represents pressure and z; is the ith phase stress tensor.
The interfacial force term, denoted as F, is comprised of three phase-
weighted contributions: drag force, lift force, and virtual mass force.
The lift term influence is minor compared to the drag force and can be
disregarded [28]. On the other hand, the virtual mass effect becomes
significant only when the density of one phase is much smaller than
the other one [28]. Consequently, only the drag force was taken into
consideration.

The drag force was modeled using the Schiller and Neumann
method, which is deemed suitable for all fluid-fluid phase pairs [28].
Thus, when only the drag force is considered, the formulation for F is
given by:

3. p
F=ac“d'<zcn‘7d|“d—”c|)'("d—“c) ©

where the subscript ¢ stands for continuous phase and d for dispersed
phase, while Cp, is the drag coefficient and is determined by the
following equation:

24 0.687
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The relative Reynolds number (Re,) is defined as:

d . —_
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Here, d represents the droplet diameter.

2.0.1. Population balance model

In this study, the Population Balance Model was addressed using the
discrete method, which involves representing the continuous particle
size distribution by discrete size classes. This approach facilitates the
straightforward determination of the DSD with both ease and robust-
ness, as noted by Meng et al. [17]. The transport equation for the
number density function is provided as follows [29,30]:

%[n(l/,t)] + V- [uxnlV,n]l=SWV,1 9
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where V is the droplet volume, ¢ is the time, n(V,t) is the number
density function, u is the velocity vector of the droplet, and S(V,1) is
the term accounting for the droplet breakage and coalescence defined
as:

S(V,t) = (Bc — D¢ + By — Dp); (10$)

where (B¢, D¢, By, D) are the birth rate and death rate of droplets
caused by coalescence processes and breakage processes, respectively,
which can be computed from the coalescence and breakage rates [29].

As previously mentioned, the continuous particle size distribution
is effectively represented in the Coalescence Model (CM) by employing
discrete size classes (also called bins). The categorization of droplets is
done based on identical volume ratios. Assuming a spherical shape for
the droplets, the volume ratio of each class is defined as:

Vi/Vigy =2 an

where k is an integer equal to or greater than 1; the diameters for a
given class grow proportionally to k. To have a more precise control
on the dimension of the diameter, k was kept equal to 1.

During mixing processes, mechanical energy is supplied to the
fluid. This energy creates turbulence within the fluid. The turbulence
creates eddies, which in turn help dissipate the energy; in a turbulent
flow, aggregation takes place through two mechanisms [31]. When the
particles have dimensions smaller than the Kolmogorov microscale (#)
the aggregation takes place with the viscous subrange mechanism. On
the other hand, the inertial subrange mechanism comes into play when
particles surpass the Kolmogorov microscale. The Turbulent Aggrega-
tion Model encompasses both of these mechanisms, incorporating their
influence on the aggregation process [31].

The collision rates for the viscous range and inertial range are
expressed respectively as:

d, +d,)>
2 vy = gy 32, 42D

d;+d,
QW V) = 2P r——=1 /U] + U}) (13)

where ¢ is a factor taking into account the collision efficiency, y is the
shear rate, and U; and U; are the mean square velocities for particles
of bins i and j respectively.
The breakage rate is defined as:
b+

n
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In this context, & represents the dimensionless eddy size, while
K, n, b, and m serve as model parameters. More in detail, K =
0.9238¢!/3d2/3% where ¢ denotes the turbulent dissipation rate of
energy and « stands for the dispersed phase volume fraction, m =

—12cr0o 2/3

—11/3,and b = m, where f=2and ¢, = fB{, +(1 = fpp)?P—1.
Here, o represents the interfacial tension, and fj, corresponds to the
breakage volume fraction, indicating the proportion of droplets that

have undergone rupture [31].
2.1. Mesh

2.1.1. Integration domain

The integration domain consists of two pipes equipped with 10
Sulzer Static Mixers, as shown in Fig. 1a, and with 10 Kenics Static
Mixers, shown in Fig. 1b. The SMX is composed of 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 axial tube diameter (D,,) is equal to 1cm. The continuous phase
(c) is fed into the pipe through a lateral tube, with a diameter D, equal
to 0.6 cm, while the dispersed phase (d) enters through an axial tube,
with a diameter D, equal to 0.4cm. The pipe equipped with SMX has
a length of 17 cm, while the pipe equipped with KSM has a length of
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Fig. 1. Side view of the pipe.

Table 1
Operating conditions and fluid properties for the inlet droplet size analysis on the pipe
equipped with KSM.

X K k k
R e < ] B
995 77

0 0.001 0.0009 0.11 0.011 0.003

23 cm. This difference is due to the distinct aspect ratios, defined as the
ratio of the length of a single mixing unit to the diameter of the pipe.
The SMX has an aspect ratio of 1, whereas the KSM has an aspect ratio
of 1.5. This means that the mixing units in the KSM are longer than the
SMXGs.

2.1.2. Grid independence analysis

The continuity, momentum, volume fraction, and population bal-
ance equations were solved numerically using Ansys Fluent 19.1, em-
ploying a Reynolds-Averaged Navier—-Stokes (RANS) approach [28].
Discretization involved a second-order upwind scheme for momentum,
volume fraction, turbulent kinetic energy, and turbulent dissipation
rate. The inlets are defined as mass-flow inlets, while the outlet bound-
ary condition is defined as outflow. The no-slip condition is enforced
on the walls of both the tube and the static mixer. The pseudo-transient
coupled algorithm was adopted; the second-order upwind scheme was
adopted for the momentum equation, while the QUICK scheme was
used for the other terms. The three-dimensional geometry, depicted
in Fig. 1, underwent discretization into a series of polyhedral cells
since the use of polyhedral cells enhances computational efficiency [17,
32]. To maintain computational quality, the orthogonal quality for all
cells was kept above 0.1. A mesh independence analysis on the pipe
equipped with the SMX revealed that a mesh composed of 1.7 million
polyhedral cells was adequate to guarantee results independent from
the grid [33]. The mesh independence analysis was conducted on the
pipe with the KSM using the operating conditions for these simulations
are summarized in Table 1. The results from this set of simulations

are shown in Fig. 2a, where the Sauter diameter d;, (defined as d;, =
Y N;d?
¥ N;d?
the number of cells.

) is reported at the end of the last static mixer as a function of

It is possible to see that the values of d;, decrease when meshes
up to 1 million cells are considered; above this value, no change takes
place. This result is also confirmed by looking at the trend of the
turbulent energy dissipation rate (¢) (Fig. 2b); it is possible to see that €
increases when meshes composed up to 1 million cells are considered.
This means that the dissipative forces in the domain increase as well,
leading to lower values of d3,.

Table 2

Operating conditions.
e [ o [

C S D s

0.05 0.005 7120
0.065 0.0065 9256
0.085 0.0085 12104
0.1 0.01 14241
0.11 0.011 15665

2.1.3. Inlet droplet class size analysis

The Population Balance Model requires the discretization of the
particle diameters at the inlet of the dispersed phase into a series
of bins. This discretization process involves categorizing the particle
diameters into distinct intervals or bins. To assess the influence of the
inlet size distribution on the Sauter diameter at the exit of the pipe, an
analysis on both the setup with SMX and KSM must be carried out. An
investigation on the effect of the number of bins on the system with
SMX was already carried out [33], finding that 13 bins are sufficient
to ensure reliable results [33]. The results of the analysis carried out
for the KSM with the operating conditions summarized in Table 1 are
shown in Fig. 3, where the droplet size distribution obtained in the
KSM is compared for different bin numbers. The distribution undergoes
a significant change when transitioning from 13 bins to 16 bins, but it
remains constant when using 18 bins. Therefore, for this study, 16 bins
were chosen for analysis.

3. Results and discussion

A series of simulations were carried out in the pipe equipped with
SMX and in the pipe equipped with KSM, using the operating conditions
reported in Table 2.

The results are shown in Fig. 4, where the Sauter diameters obtained
with 10 SMX are compared to the Sauter diameters obtained with 10
KSM. It is possible to see that the Sauter diameters decrease as the
Reynolds number increases; this is expected since increasing the Re
leads to an increase in the turbulence in the system, and thus to stronger
disruptive forces.

To support this claim, the turbulent eddy dissipation rate (¢) across
the xy plane of the pipe was monitored, as illustrated in Fig. 5. The SMX
can provide higher values of ¢ in comparison to the KSM. This result
agrees with the dj, values obtained, since the higher the turbulence in
the system, the more enhanced the dissipative forces and consequently
the smaller the diameters.

The turbulent energy dissipation rate can be related to the pressure
drop through the following equation [16]:

o Q4P _ 04P 15

L”Tquﬁpc VappPe
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Fig. 2. Sauter diameter (d3,) as a function of the number of cells (a); turbulent dissipation rate (¢) as a function of the number of cells (b).
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Fig. 4. Sauter diameters as a function of Re number.

where Q is the total flow rate, ¢ is the static mixer porosity and V,,,, is
the apparent volume [16]. The relationship expressed in this equation
shows that an augmentation in turbulent dissipation rate corresponds
to a higher pressure drop. Consequently, the system with the SMX
is expected to produce higher pressure drops compared to the setup
equipped with the KSM. Accordingly, the pressure drops obtained in
the simulations are shown in Fig. 6a.

The results clearly show that the enhanced turbulent dissipation rate
associated with the SMX configuration comes at the cost of a higher
pressure drop across the system, as shown in Figure 6b, where the
pressure drop as a function of the number of static mixers is shown for
both SMX and KSM. When looking at the conditions for Re = 7120 for
SMX and Re = 15665 for KSM, the SMX achieves comparable values of
both d5, and pressure drop as the KSM. This similarity is also showcased
in the Droplet Size Distribution obtained with the KSM and the SMX for
Re = 15665 and Re = 7120, respectively; this can be attributed to the
higher turbulence induced in the K.SM for higher values of Re, which
consequently leads to smaller droplet diameters and to a DSD similar
to the one obtained with the SMX, as shown in Fig. 7, where the red
dashed line represents the Sauter diameter obtained with the SMX and
the green dotted line is the Sauter diameter obtained with the KSM. It
is important to stress that these results are valid in the operative range
considered, which means: 7120 < Re < 15665, 0.05 < nic < 0.11 and
0.005 < mp < 0.011. These values of flow rates led to pressure drop
values comprised between 30 and 144 kPa and 6.2 and 29 kPa for the
SMX and the KSM, respectively (see Fig. 6a).

4. Conclusions

In this work, the impact of employing two distinct static mixers
within the emulsification process was investigated. Specifically, the
efficacy of the Sulzer Static Mixer against the Kenics Static Mixer using
a Computational Fluid Dynamics approach has been carried out. It
was found that the deployment of the SMX facilitates the attainment
of reduced Sauter diameter values (d3,) within a shorter length and
with lower Re values. When comparing equal Sauter diameters, the
SMX can achieve a decrease in pipe length of around 80%, because the
number of necessary static mixers is lower (e.g., when Re = 7120 and
dy, = 1-107* m, the number of necessary SMX is 2, while 8 KSM are
necessary; in this case, the pressure drop is roughly the same for the
two configurations). This outcome can be attributed to the SMX ability
to generate higher values of turbulent dissipation rate, coupled with
its more compact geometric configuration. However, when the same
number of static mixers and Re number are considered, SMX induce an
about 4 times higher pressure drops while obtaining about half drop
diameter with respect to KSM.
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