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with Reynolds numbers ranging from 20 to 160. The performance of the new mixer is compared with those o
Kenics, SMX, and Komax static mixers. The pressure drop ratio (Z-factor), coefficient of variation (CoV), and ex
tensional efficiency (α) features have been used to evaluate power consumption, distributivemixing, and disper
sive mixing performances, respectively, in all mixers. The model is firstly validated based on experimental dat
measured for the pressure drop ratio and the coefficient of variation. CFD results are consistent with measure
data and those obtained by available correlations in the literature. The newmixer shows a superior mixing per
formance compared to the other mixers.
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1. Introduction

Mixing is one of the most important unit operations in many pro
cesses, which has a major role on the quality of the final product. Im
proper mixing can result in a lower quality of products, and therefor
the need for more sophisticated separation systems, which in turn in
creases waste management costs. Therefore, determining mixing char
acteristics is extremely important, especially in flows with low
Reynolds numbers, as they involve non-homogenous and imperfectl
mixedflow.Mixing is carried out as a batch operation in agitated vessel
and as a continuous operation in static mixers [1]. The static mixers ar
composed of numerous motionless elements installed in a fixed pipe o
channel. The aim of these elements is to split, rotate, and then recom
bine the input streams. Since there are nomoving parts in static mixer
the only power required is the one of the external pump in order t
overcome the pressure loss generated by the mixing elements an
fluid movement. Some benefits of static mixers in comparison with dy
namic ones can be listed as follows: small space required for installation
low maintenance costs, low power consumption, absence of movin
parts, short residence times of the fluids, near plug flow behavior o
the fluids, efficient heat and mass transfer, good mixing at low shea
rate, and capability for self-cleaning [2–4]. The static mixers are use
in many processing applications, such as mixing of miscible liquids [5
immiscible liquids [6,7], dispersion of viscous liquids [8], mass transfe
[9], heat transfer [10], and gas–liquid dispersion [11,12]. Thes
-
eni).

ring Society of China, and Chemical
applications are available in many industries, such as polymer process
ing [13], biotechnology [14], wastewater treatment [15–18], foo
processing [19], and petrochemistry [20,21]. The wide range of applica
tions of static mixers in various industries is evidence of the importanc
of this equipment.

The performance of a static mixer can be mainly specified by it
mixing efficiency and pressure drop. First, they are assessed by the pres
sure drop ratio (pressure drop of the mixer to pressure drop of th
empty pipe). Then mixing efficiency parameters are considered b
using the coefficient of variation, the extensional efficiency, and the res
idence time distribution. The coefficient of variation characterizes th
effectiveness of distributive mixing. When distributive mixing occur
droplets or bubbles are distributed in themixer. This mechanism differ
from dispersive mixing, which corresponds to size reduction [22]. I
order to performdistributivemixing, a component A ismixed in amain
stream with another component B. Then, the concentration of compo
nent A is monitored and mapped as a function of position in
specified cross-section. Afterwards, the standard deviation of the con
centration is calculated and then the coefficient of variation (CoV) i
specified. If component A is uniformly distributed in a cross-section
the CoV tends to zero. The residence time distribution is sometime
used as amixing criterion, especially when the systems include a chem
ical reaction. A narrower distribution leads to better mixing [23]. More
over, the extensional efficiency is introduced in order to investigat
dispersive mixing [24].

In the last few decades, computational fluid dynamics (CFD) ha
become an essential numerical tool in the prediction of fluid dynam
ics, heat transfer and also mass transfer in packed beds, which ar
Industry Press Co., Ltd. All rights reserved.
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used in various industries [25,26,36]. Therefore, CFD can be success
fully applied to the design and analysis of pieces of equipment lik
static mixers.

Different aspects of the static mixers have been studied both exper
imentally and numerically. For instance, Liu et al. [27] and Bauman
et al. [28] performed numerical and experimental studies, respectivel
to measure the pressure drop in SMX static mixers. Rauline et al. [22
studied the velocity field for creeping flow in six static mixers usin
three-dimensional finite volume CFD code. They used the numerical re
sults of the extensional efficiency, pressure drop, mean shear rat
stretching, and coefficient of variation to compare the performances o
those mixers. They proved that the SMX mixer was the most efficien
amongst all configurations. Moreover, by studying the Kenics mixe
they showed that this mixer is more efficient when certain space
left between themixing elements. Zalc et al. [29,30] investigated the hy
drodynamics andmixing behavior in an SMXmixer at Reynolds numbe
in the range of 10−4–100. Their results revealed that when the injectio
is made at the center of the tube, themixing efficiency is higher than fo
off-center injection. In addition, they showed that the pressure dro
ratio does not change for Reynolds numbers lower than 10. Severa
CFD simulations of flow behavior through Kenics mixers are found i
the open literature [31–36]. Furthermore, some experimental studie
have also been conducted by several researchers on the flow behavio
in Kenics static mixers [37,38]. However, there are few numerical stud
ies about the Komax mixer.

Most of the studies about designing novel static mixers ormodifyin
static mixers available at laboratory scale have been limited to creepin
flows and laminar flows at higher flow rates, i.e., to a low Reynold
number range, in which the influence of internals, such as blad
shape, number of elements, and other design factors, have bee
assessed by numerical tools [34,39–42].

Regner et al. [34] studied the characterization of two static mixer
namely, Kenics KM and Lightnin Series 45, by evaluating Z facto
helicity and the rate of striation thinning based on CFD. The Reynold
number they used was in the 0.1–160 range. Singh et al. [39] analyzed
and subsequently optimized, the various design parameters of SM
mixers, namely, Np, the number of parallel cross-bars per element and
Nx, the number of cross-bars over the width of the channel, by themap
ping method (MM) under a low Re number (0.44). They obtained tha
the optimum design obeys the rule of Np = (2/3)Nx − 1. To achiev
the enhanced mixing performance of the SMX geometry, Soman an
Madhuranthakam [40] simulated different SMX static mixer geometrie
by COMSOLMulti-physics software to investigate mixing performance
at Re numbers ranging from 30 to 100. They compared the results i
terms of velocity field, pressure field, shear rate and extensional effi
ciency for dispersive mixing, and the standard deviation of the concen
tration for distributive mixing. They found that circular serrations i
SMX mixers reduce the pressure drop by 33%–35% of that correspond
ing to the standard SMX mixer. Meng et al. [41] compared (using
CFD tool) the mixing performance of Kenics and Lightnin static mixer
for a high-viscosity fluid at low Reynolds numbers in the 0.1–10
range and different aspect ratios, as well as different elements. The
proposed a new mixing factor ƞ to evaluate the micro-mixing perfor
mance in the mixers. In another work, Meng et al. [42] studied th
mixing performance of a high-viscosity fluid in novel static mixer
with multitwisted leaves by CFD code FLUENT at Reynolds number i
the 0.1–150 range.

In addition to their use for the laminar flow, some numerical work
in the open literature deal with novel static mixers or modifications t
the existing ones for use in turbulent flow. For instance, Meng et a
[43] simulated perforations in the standard Kenics mixer by CFD too
and studied the impact of their size and spacing, as well as the numbe
of segments, on the heat transfer under the turbulent condition. The
achieved outstanding results using d/W = 0.3 and s/W = 0.6 in term
of friction loss and heat transfer rate in the modified Kenics mixe
Zhou et al. [44] proposed a new static mixer of hollow cross disk i
order to increase the turbulent reactive mixing in the tubular pip
under turbulent flow.

Few studies have been reported in the literature regarding stati
mixers with complex fluids, such as non-Newtonian and immiscibl
ones. In this respect, Jegatheeswaran et al. [45] studied the intensifica
tion of non-Newtonian fluid mixing in chaotic SMX static mixers a
low Reynolds numbers. They also reviewed process intensification b
mixing non-Newtonian fluids in staticmixers, and suggested to perform
CFD studies to shed light on the impact the geometry and design param
eters of staticmixers have on fluid deformation andmass transfer unde
low Reynolds numbers for both Newtonian and non-Newtonian fluid
[46]. Mihailova et al. [47] evaluated a Newtonian fluid (glycerol) and
non-Newtonian one (guar gum solution) in a SMX mixer, and foun
that their velocity distribution is hardly affected by rheology at th
same low flow rate. Concerning the performance of immiscible fluid
in static mixers, few studies have been reported in the literature, an
they use Eulerian–Lagrangian and Eulerian–Eulerian approaches com
binedwith the population balance in order to study particle trajectorie
and particle size distributions, respectively [48,49].

The general goal of this study is to investigate the effects of Reynold
number and length of the mixer on the hydrodynamics and mixing be
havior of brine 25% (wt) by using CFD in four static mixers at low Reyn
olds numbers. In view of the brief review done above, the mixin
behavior of the new static mixer is firstly analyzed at low Reynold
numbers due to the high probability of having fluid inhomogeneit
under those conditions. Accordingly, this study covers a wide range o
Reynolds numbers from 20 to 160 as a benchmarked to evaluate th
mixing performance of the new simple static mixer inspired by the be
havior of dynamic mixers in vessels. Amongst the different criteria, ex
tensional efficiency, pressure drop ratio and the coefficient of variatio
have been chosen to evaluate the performance of the well-know
Kenics, SMX and Komax mixers and of an innovative static mixer. Th
simulation results are validated by comparing the predicted result
with the existing correlations for the pressure drop ratio in a Kenic
mixer and the experimental data for the coefficient of variation in
mixer with baffle shape elements.

2. Numerical Methodology

2.1. Physical model and fluid properties

This study analyses the performance of four static mixers, namely
Kenics, SMX, Komax, and a new static mixer proposed by the author
Furthermore, in order to validate the CFD model, another two othe
static mixers have been used, namely, a static mixer with staggere
semicircular baffle shape elements [50] and a Kenics static mixer [51
with the same geometrical dimensions and operating conditions a
those used in the mentioned four static mixers. Based on the previou
works [50,51], it is assumed that the tube and internal elements of th
static mixers are made of Plexiglass. Fig. 1 shows the computational do
mains of Kenics, SMX, Komax and the new static mixer. Moreover, Fig
2a illustrates the geometry of the blades in the new mixer. More infor
mation about the static mixer with baffle shape elements can b
found elsewhere [50]. In Fig. 1, the computational domain comprises
horizontal tube with a diameter of D and four mixing elements. Tw
empty tubes of 3D length are added prior and subsequent to themixin
elements in order to provide developmental flow length and to avoi
creating backflow in the simulations. As shown in Fig. 2b, the injectio
tube is a curved 3-mm diameter tube aligned with the main axis, wit
the injection point being located at a distance of 15 mm from the tub
inlet. The detailed dimensions of the static mixers and the propertie
of the fluid are set out in Tables 1 and 2, respectively. Each element o
the Kenics mixer is a twisted plate that is alternated and oriented s
that each leading edge is at 90° of the trailing edge of the next on
The mixing elements in the SMX mixer comprise inclined bars crosse
to one another. Each element is rotated 90° with respect to th



Fig. 1. Geometries of various static mixers, namely, Kenics mixer, SMX mixer, Komax mixer, and novel mixer in different views.

Fig. 2. (a) Geometry of the blades in the new static mixer, (b) sketch of the pipeline equipped with mixing elements.
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Table 1
Geometrical parameters of static mixers

Parameter Kenics SMX Komax New mixer

Tube diameter, D/mm 25 25 25 25
Aspect ratio, AR 1.5 1.5 1.5 1.5
Blade thickness, t/mm 3 3 3 3
Blade width, bw/mm – 5 – 12.5
Blade length, bl/mm – – – 12.5
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foregoing element. The Komax static mixer is manufactured from slot
ted plates with inclined ends. The flow channels with triangular shape
are created by pushing the elements together in a pipe.

The first mixing element of the new mixer consists of two rows o
blades at a distance of D/2 from each other with 90° differences i
angle. Each row has four blades, which form two crosses with a
angle of 45° with respect to the tube axis at a distance of D/2 from
each other. The second element of the new mixer is the same as th
first element with the difference that all blades are rotated 90° aroun
the pipe axis. Thus, the number of required elements to construct th
newmixer should be at least two. It is interesting to note that the desig
of the proposed mixer is inspired by the dynamic mixers in stirre
vessels, which include several blades at various angles along the centra
axis.

2.2. Model equations and numerical details

The general assumptions of the model used are as follows: the flow
is single-phase, three-dimensional, steady state, incompressible
isothermal and without any reaction (without mass production o
mass consumption). The continuity, momentum, and species transpo
equations are solved by a finite volumemethod (FVM). The mentione
equations are expressed as follows [52]:

∇ � ρVð Þ ¼ 0 ð1

∇ ρVVð Þ ¼ −∇P þ ∇ � μ∇V½ � þ ρg ð2

∇ � ρVYAð Þ ¼ ∇ � ρDAB∇YAð Þ ð3

where μ, ρ, g, V, P, YA, and DAB stand for the bulk dynamic viscosity, bul
density, gravity acceleration vector, mean velocity vector, pressur
mass fraction of component A, and molecular diffusivity respectively.

The governing equations are discretized on an unstructured tetrahe
dral mesh as algebraic equations. The origin of the z-axis is positioned a
the inlet of the tube, and its direction is opposite to the main flow. Th
convective terms in the governing equations are discretized by a secon
order upwind scheme, and the SIMPLE algorithm is used for pressure
velocity coupling. Gradients are essential to compute diffusion term
and velocity derivatives. Moreover, the values of the scalar at the ce
faces should be created. To solve the conservation equations and calcu
late the gradients, a commercial ANSYS FLUENT 16.0 software is used i
order to apply a Least-Square cell-based discretizationmethod. The con
vergence limit is set to a scaled residual lower than 10−5 for all themen
tioned equations. The various geometries of the mixers and th
corresponding computational grids have been created by ANSY
Þ

e
t
-
y

Table 2
Properties of the fluids

Parameter Main liquid water Tracer brine 25wt%

Density/kg·m−3 1000 1190
Viscosity/kg·m−1·s−1 0.001 0.00167
Diffusion coefficient/m2·s−1 1.44 × 10−9 1.44 × 10−9

Flow rate/L·s−1 0.00035–0.0026 0.000035–0.00026
Reynolds number 20–160 105–796
DESIGN MODELER and ANSYS MESHING, respectively. The simulation
are performed on an Intel Core™ i7-6700HQ CPU@ 2.60 GHz runnin
on Windows 10 Professional 64 bit with 12 GB of RAM.

2.3. Boundary conditions

The Reynolds number is expressed by:

Re ¼ ρVD
μ

ð4

where �V stands for themean velocity and D for the diameter of the tub
including the mixing elements. The boundary condition at the inlet o
the mixer is a fully developed velocity profile, which has been intro
duced into the software using a user-defined function (UDF). Accordin
to previous modeling of static mixers [5,53,54], the no-slip boundar
condition is utilized on the tube wall and element surfaces. The atmo
spheric pressure, i.e., zero gage pressure, is utilized at the outlet of th
static mixers. Brine 25% (wt) is injected into the tube co-currently t
themainflow. The tracer (brine) velocity chosen at each Reynolds num
ber (based on the inlet condition of themain liquid) is that correspond
ing to a ratio of 0.1 between the tracer flow rate and the main flow rat

2.4. Grid independence test

Grid independence test is performed to determine the proper gri
size, ensuring that the numerical results are independent of the grid sys
tem. Themaximum values of Equisize skew for all geometrymeshes ar
lower than 0.79, which is evidence of the good quality of the meshe
based on the FLUENT criterion. In addition, the geometries and grid
have been created by DesignModeler, from ANSYS productions. I
order to perform the grid independence test, four static mixers (Kenic
Komax, SMX and the novel one) with a length of 300 mm and a diame
ter of 25 mm are used with six different grid sizes ranging from 0.5 t
3 mm (0.5 mm is chosen for the step size) at Re = 160. Tables 3 to
show the results of the grid independence test. As shown in these table
both Z-factor (related to pressure drop) and CoV (related to the concen
tration at the plate located 1.5D downstream) decrease as the grid siz
is increased above 1.5 mm. In addition, by changing the grid size from
1 to 0.5mm, Z-factor and CoV change by less than 0.7% and 0.5%, respec
tively. Tables 3 to 6 summarize the key characteristics of the grids, an
they clearly show that CFD simulation time is highly dependent on th
grid size. Given the slight difference between 1 and 0.5 mm grid size
medium grid size (1 mm) strikes the balance between accuracy an
computational time, and has been used for further simulations.

2.5. Model validation

The accuracy of the numerical model is an essential aspect to b
quantified prior to use it for predicting new situations. To assess the va
lidity of the CFD results, the simulated pressure drop ratio and the coe
ficient of variation are compared with the experimental data an
available correlations. The Z-factor is defined as the ratio of the stat
mixer pressure drop, ΔP, to the pressure drop in the empty tube, ΔP0

Z ¼ ΔP
ΔP0

ð5

In this study, the pressure drop is calculated as the absolute differenc
between the area-weighted average pressure at the planes located a
1.5D upstream and downstream the mixing elements. This is an impor
tant parameter for static mixers and provides a measure of the energ
required for the static mixer in the pipeline.
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Table 3
Grid size, CFD simulation time, number of elements, estimated Z and CoV for the Kenics mixer at Re= 160

Grid size/mm 0.5 1 1.5 2 2.5 3
Number of elements 9,393,720 1,203,476 380,517 185,645 115,263 86,139
CFD simulation time/min 970 55 14.1 6 3.5 2.7
Simulated CoV 0.185 0.187 0.15 0.07 0.04 0.02
Simulated Z 10.23 10.22 10.27 10.14 9.95 9.85

Table 4
Grid size, CFD simulation time, number of elements, estimated Z and CoV for the Komax mixer at Re= 160

Grid size/mm 0.5 1 1.5 2 2.5 3
Number of elements 9,464,131 1,210,219 384,182 186,300 116,473 86,452
CFD simulation time/min 1000 56 14.2 6.1 3.6 2.7
Simulated CoV 0.04665 0.047 0.044 0.041 0.039 0.037
Simulated Z 36.18 36.34 35.48 34.35 31.7 31.56
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Moreover, the coefficient of variation is calculated at different point
in a specified cross-section, with the usual definition being as follows:

CoV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i¼1 Yi−Ymeanð Þ2
N−1

s
1

Ymean
ð6

where Yi is the local mass fraction of the tracer at the ith point, N is th
number of evaluation points and Ymean is the meanmass fraction of th
tracer on the cross-section of the tube. Therefore, values of the CoV ar
calculated in various points of the tube cross-section following previou
works [18,50]. Fig. 3(a, b) compares the values computed for Z-factor i
the range Re=20− 160 and for CoV in the range Re=70− 480 wit
the data measured in the Kenics mixer [52] and in a static mixer wit
baffle shape elements [50], respectively. Fig. 3a shows that an increas
in the Reynolds number leads an increase in pressure drop, which i
turn leads to an increase in Z-factor.

MRE ¼ 1
N
∑N

i¼1
Simulationi−Experimentalij j

Experimentalij j ð7

The mean relative error (MRE) between the data measured by Sir an
Lecjaks [51] and the CFD results is approximately 2.3%. Accordingly,
quite good quantitative agreement between the simulated data an
the experimental ones by Sir and Lecjaks [51] is found for Z-facto
Fig. 3b compares the computed values of CoV with the correspondin
experimental data provided by Al-Atabi [50] in a staticmixerwith baffl
shape elements for Re=70− 480. TheMRE between the experimenta
s
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Table 5
Grid size, CFD simulation time, number of elements, estimated Z and CoV for the SMX
mixer at Re= 160

Grid size/mm 0.5 1 1.5 2 2.5 3
Number of
elements

8,807,816 1,139,632 360,097 180,105 112,442 84,964

CFD simulation
time/min

750 53.5 13 5.3 3.1 2.3

Simulated CoV 0.00695 0.007 0.0065 0.006 0.0055 0.005
Simulated Z 98.3 98.67 96.15 94.2 93.5 89.3

Table 6
Grid size, CFD simulation time, Number of elements, estimated Z and CoV for the new
mixer at Re= 160

Grid size/mm 0.5 1 1.5 2 2.5 3
Number of
elements

9,323,515 1,195,094 378,079 184,912 115,256 85,647

CFD simulation
time/min

950 54 14 6 3.5 2.5

Simulated CoV 0.001997 0.002 0.0017 0.0015 0.0012 0.001
Simulated Z 63.2 63.5 66 64.2 62 60.5
data (Al-Atabi, 2011) and the simulated results is of around 6%. There
fore, a good agreement between the results is also attained for CoV
Overall, Fig. 3(a, b) shows that the current model is able to predict th
hydrodynamics and mass transfer of brine into water flowing throug
the various static mixers at different Reynolds numbers with a reason
able accuracy. As a result, the current CFDmodel is suitable for studyin
the other static mixers.

2.6. Comparison with some existing empirical equations

Fig. 4 compares the CFD results with those for well-known availabl
correlations developed by Wilkinson and Cliff [55], Cybulski an
Werner [19], Sir and Lecjaks [51], Shah and Kale [56], and Grace [57
for a Kenicsmixer including four elements. These empirical expression
that are commonly used for estimating Z-factor in Kenics static mixer
are listed in Table 7. There is a considerable discrepancy in the result
predicted by the different correlations for Z-factor. This discrepancy i
explained by the differences in the dimensions of the static mixers
such as diameter and length, and because the impact of some geometri
cal features has been ignored in the correlations. Unlike the variabilit
predicted by the existing correlations for the Kenics static mixer, th
numerical results are consistent. In the mentioned range of Reynold
numbers, the computed Z-factors have 3.6% and 8% MRE compared t
the correlations by Cybulski and Werner [19], and Sir and Lecjaks [51
respectively.

2.7. Numerical diffusion

One of the most important sources responsible for numerical error
in CFD is numerical diffusion. This type of error stems from th
discretization of convective terms in the governing equations. To inves
tigate the numerical diffusion and select the appropriate discretizatio
scheme for the convective terms, five discretization schemes (firs
order upwind, second order upwind, QUICK, MUSCL and Power law
have been compared with each other. The results of this compariso
are shown in Fig. 5. This figure clearly shows that except the firs
order upwind and power law schemes, the other discretization scheme
lead to similar results. Therefore, the use of QUICK, MUSCL and secon
order upwind schemes do not lead to significant error in the computa
tion. The percentages have been calculated for thenumerical difference
between the accurate scheme of second order upwind and the othe
schemes. The minimum and maximum differences for mass transfe
are obtained by the QUICK scheme with a MRE of 0.37% and by th
first order upwind with a MRE of 78%, respectively. The minimum an
maximum differences for pressure are obtained by the QUICK schem
with a MRE of 0.64% and by the first order upwind with a MRE of 45%
respectively. In addition, the second order upwind scheme was specifi
cally used in many studies to simulate flow in static mixers and othe
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Fig. 3. (a) Experimental and computed pressure drop ratios for various Reynolds numbers (b) Experimental and computed CoV values for various Reynolds numbers.
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systems [32,58,59]. Accordingly, the secondorder upwinddiscretizatio
scheme has been used in this study for all simulations.

3. Results and Discussion

By utilizing the numerical technique described in the previous sec
tions, the flow behavior in the four static mixers has been evaluate
and the results are discussed for various conditions.

3.1. Velocity profiles

The contour plots of cross-sectional velocity profiles for differen
static mixers are shown in Fig. 6(a–d) at different locations from th
inlet of the first mixing element to the end of each mixing element a
Re = 60. This figure clearly shows that the maximum values of th
fluid velocity are quite different in the mixers due to their differen
structure. Fig. 6a shows the contour of fluid velocity in the Kenic
mixer. As observed, four velocity zones are formed at the end of th
first element. As the flow passes through the mixer, these zones com
bine together and create new zones with different velocities. As ex
pected from the mass conservation, the velocity is proportional to th
Reynolds number and is the same at the endof thefirst and thirdmixin
c
-
is
t
e
e
s
e
n
e
is

Fig. 4. Comparison of CFD results with those calculated using the correlations available for
the Kenics mixer at various Reynolds numbers.
elements. In the fourth element, the four velocity zones combine to
gether again and two velocity zones with lower pressure are created.

Fig. 6b shows the velocity distribution in the Komax mixer. Whe
the fluid flow enters the first mixing element, it splits into two stream
As the cross-sectional area of each streamdecreases, the streamvelocit
increases. It is obvious from Fig. 6b that a high velocity zone near th
wall mixer is created in each stream. This is due to the rotation of th
fluid, which causes a centrifugal force and creates high speed zones a
a distance far from the center of rotation. This phenomenon is also ob
served in the Kenics mixer. The velocity profiles of the new mixer ar
shown in Fig. 6c. Similarly to the Komax mixer, there are two zone
with high velocity in this mixer. It is remarkable that these zones ar
created when the fluid passes through the first mixing element, whic
is not the case in the Komaxmixer where they are created after the sec
ond mixing element. This means that the new mixer can create mor
disturbances compared to the Komax one. In addition, the velocity con
tours of the SMX mixer are shown in Fig. 6d. As can be seen, the cross
bars divide the input fluid into several streamswith different velocitie
Furthermore, the high velocity zone in the SMXmixer is only in a regio
after the first and the third mixing elements.

3.2. Pressure drop ratio

Fig. 7a shows the values of Z-factor computed for different stati
mixers with the same dimensions and four mixing elements. As ex
pected, Z-factor increases by increasing the Reynolds number. It
clearly seen that there is a great difference in Z-factor for the differen
static mixers. The Z-factor in the SMX mixer is higher than in th
other mixers. This is due to the complex geometry and the small spac
between the cross-bars in the SMX mixer. Moreover, Fig. 7a show
that the Z-factor for the new mixer is about 45% lower than for th
SMX mixer at all Reynolds numbers, whereas this factor is higher tha
those in the Kenics and Komax mixers. In addition, the Z-factor of th
new mixer has a lower slope than for the SMX mixer. Thus, it
Table 7
Correlations for calculating Z-factor in Kenics static mixers

Authors Correlation Reynolds range

Grace [57] Z ¼ 4:86þ 0:68
ffiffiffiffiffiffi
Re

p
Re b 1000

Wilkinson and Cliff [55] Z = 7.2 + 0.031Re Re b 50
Sir and Lecjaks [51] Z = 5.34 + 0.021Re Re b 2300
Cybulski and Werner [19] Z = 5.4 + 0.028Re Re b 50
Shah and Kale [56] Z = 4 + 0.115Re0.66 0.01 b Re b 300
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Fig. 5. Radial distribution of (a) total pressure, (b) mass fraction of the brine at the outlet of Kenics static mixer with four mixing elements.
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concluded that even for Reynolds numbers above the range studied, th
Z-factor of the newmixer is lower than that of the SMXmixer, with th
trends of Z-factors being approximately parallel in these mixers. Never
theless, the lowest computed Z-factor corresponds to the Kenics mixe
In order to investigate more accurately pressure drop in the stati
mixers, their Z-factor for attaining a value of CoV=0.05 have been plot
ted in Fig. 7b. As shown in Fig. 7b, when the Reynolds number is greate
than 40, the newmixer leads to a lower pressure drop compared to th
Fig. 6. Cross sectional profiles of velocity at Re= 60 for: (a) Ke
other mixers to achieve CoV= 0.05. Moreover, high mixing qualities i
the Kenics mixer require high pressure drops. This difference in th
pressure drop produced by the mixers is due to the difference in th
number of mixing elements required to reach a given degree of mixing
Another point to be noted in Fig. 7b is the decrease in Z-factor when th
Reynolds number (flow rate) is increased. In fact, an increase in flow
rate increases the rate of mixing, and therefore less mixing element
are required and so pressure drop decreases.
nics mixer (b) Komax mixer (c) Proposed mixer (d) SMX mixer.
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3.3. Coefficient of variation

Fig. 8a shows the relationship between the Reynolds number an
the coefficient of variation for the different static mixers. From this fig
ure, it is clear that an increase in Reynolds number leads to a reductio
in CoV. At all ranges of Reynolds number, the Kenics mixer has th
highest CoV value. Moreover, for Re b 40 the new static mixer provide
a higher CoV in the tube cross-section than the SMX mixer, and there
fore has a lower mixing efficiency. Nevertheless, for Re N 40, the new
mixer shows a better performance in the distributive mixing compare
to the other static mixers. Fig. 8b shows the relationship between th
coefficient of variation and the length of themixer at a constantRe num
ber of 60. By increasing themixer length, the CoV value decreases grad
ually. For L/D N 9 in the SMX and new mixer, CoV reaches almost
constant value. In addition, the newmixer shows the best performanc
in the distributivemixing compared to the othermixers for all ranges o
L/D. Overall, the new static mixer shows an attractive mixing perfor
mance because pressure drop is considerably lower (about 45%) tha
for the SMX mixer. Therefore, to achieve a desired mixing efficiency
the new static mixer leads to a reduction in pressure drop and require
a shorter length.
Fig. 8. Comparison of CoV values in the different static mixers: (a) Influence of the Reyno
at Re = 60.
3.4. Extensional efficiency

One of the most important parameters in the evaluation of disper
sive mixing is extensional efficiency, α, which is calculated as follow
[24]:

α ¼ γj j
γj j þ ωj j ð8

where |ω | and |γ | are the norms of the rate of vorticity and deformatio
tensors, respectively, which are given by:

γj j ¼ 1
2

∇V þ ∇VT
h i

ð9

ωj j ¼ 1
2

∇V−∇VT
h i

ð10

where∇V is the velocity gradient. Generally, a higher value ofαmeans
higher dispersive mixing in a static mixer.

The general trend in a static mixer is that a fluid with a high exten
sional efficiency has both high velocity gradient and high deformatio
lds. number on the coefficient of variation (b) Effect of L/D on the coefficient of variation
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Fig. 10. Cumulative volumetric percentage in the different static mixers.
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tensor. According to the correlation shown below (Eq. (11)) propose
by Das et al. [60], as the velocity gradient, and therefore the extensiona
efficiency, is higher the static mixer may produce finer droplets i
multi-phase systems.

dmax ¼ Cacrit
2σ
_γμc

ð11

where dmax is the maximum equilibrium droplet diameter, Cacrit is th
critical capillary number, σ is the surface tension between the disperse
and continuous phases, μc is the continuous phase molecular viscosit
and _γ is the strain rate, which depends on the velocity gradient.

Fig. 9 shows the extensional efficiency over a line with coordinate
(x = D/6), (y = D/6), (−0.225 b z b − 0.075 m) for various stati
mixers. The horizontal axis represents the number of elements. As ob
served in Fig. 9a, the parts between the elements in the Kenics stati
mixer cover greater areas for higher values of α, which means that th
parts between two mixing element groups have a significant effect o
the dispersive mixing. For the Komax mixer (Fig. 9b), the maximum
value of α is observed at element 0 and element 2, which correspond
to the inlet of the first and third mixing elements, respectively. Thre
smaller peaks are observed at the mixing elements 1, 3 and 4, whic
correspond to the inlet of the second and the outlet of the third an
fourthmixing elements, respectively. Thewide ranges of extensional ef
ficiency observed in Fig. 9c and d reveal that more complex flow
Fig. 9. Extensional efficiency of the (a) Kenics mixer
patterns are predicted for the SMX and the new mixer than those fo
the Kenics and Komax mixers. From the average extensional efficienc
values shown in Fig. 9, it can be deduced that the new static mixer i
(b) Komax mixer (c) Proposed mixer (d) SMX mixer.
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the most efficient one concerning dispersive mixing, with the Koma
one being second, followed by the SMX and the Kenics mixer
Moreover, the two different types of static mixers (the new one an
the Komax mixer) have almost the same values of average extensiona
efficiency, but different CoV values. This means that the two mixer
that have the same dispersive mixing, but not necessarily lead to th
same distributive mixing. The average value is not the only way t
analyze this criterion. Thus, a high extensional efficiency is required t
deform a single-phase fluid or break a drop in a two-phase fluid.

The cumulative volumetric distributions of α in Kenics, Komax, SM
and in the new mixer are shown in Fig. 10. These percentages are th
volume percentages of the mixers in which the extensional efficienc
is greater than the value in the abscissa. Thus, the extensional efficienc
is higher than 0.5 for 36% of the Kenics volume, 68% of the Koma
volume, 79% of the SMX volume, and 92% of the new mixer volum
For any value, the Kenics mixer is less efficient than the Komax an
Fig. 11.Mass fraction distribution of brine at different cross sections for different static m
the newmixer, since for any value of α the cumulative volumetric per
centage is lower. On the other hand, the SMX mixer is more efficien
than the Kenics mixer only if α is below 0.56. Moreover, it can be see
that the newmixer is more efficient than the other static mixers, excep
in the range from 0.63 to 0.75, in which its efficiency is slightly lowe
than that of the Komax mixer.

3.5. Concentration distribution

TheCFD results of brine concentration distribution at different cross
sections of the static mixers have been evaluated before and after th
mixing elements. Fig. 11 shows a sample of the computed brine concen
tration distribution at Re=60 and z= − 0.075m. Both liquids (wate
and brine) enter the first element and split into two (Kenics an
Komax) or more (SMX and new mixer) streams along the surfaces o
the elements, which promote mixing compared to the flow at differen
ixers at Re= 60: (a) Kenics mixer (b) Komax mixer (c) Proposed mixer (d) SMX mixer.
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sections of an empty tube. By analyzing the brine distribution at variou
cross sections, it is found that after the third element the homogeniza
tion reaches a satisfactory level (CoV b 0.05) for the SMX and the new
mixer, whereas for the Kenics and Komaxmixers the brinewas not uni
formly distributed across the mixers subsequent to the fourth elemen
Overall, the differences in the mixing intensity of the brine shown i
Fig. 11 are evidence that the shape of the mixer geometry significantl
affects distributive mixing.

Fig. 12 shows the contour plots of the mass fraction of the brine a
Re = 60 along the static mixers. As observed in Fig. 12, two stream
from two different boundaries (the inlet of the main pipe and the in
jection tube) enter the first element, and the mixing element
change the direction of the flow. This issue leads to full mixing o
the fluids at the end of the SMX and the new mixer.

4. Conclusions

A three-dimensional CFD simulation was performed for differen
static mixers, namely, Kenics, SMX, Komax and a novel static mixe
Fig. 12.Mass fraction distribution of brine on a diametrically vertical plane in the static m
for Reynolds numbers ranging from 20 to 160. There are a number o
correlations in the open literature to predict the pressure drop rati
for well-known static mixers, such as the Kenics one. These correlation
have been mainly developed for laminar and turbulent flow regimes
However, most of these correlations do not consider the geometric pa
rameters, such as the blade thickness and the number of elements
and they are therefore under great uncertainty. To validate the numer
ical model, experimental data available for a static mixer with a baffl
shape element (Al-Atabi [50]) and a correlation proposed for the Kenic
mixer (Sir and Lecjaks [51]) have been taken as benchmarks. The pres
sure drop ratio and the coefficient of variation predicted by the CFD
model have been compared with experimental data reported in th
open literature, and a good agreement (2.3% and 6% for Z-factor an
CoV, respectively) has been found. Moreover, some available correla
tions for Z-factor have been evaluated for a Kenics mixer and the bes
fit was obtained for the one proposed by Cybulski and Werner [19] fo
Re = 20 − 160. After the validation of the CFD model, the computa
tional method was extended to the other static mixers in order t
examine the effect operating and geometric parameters have on th
ixers at Re= 60: (a) Kenics mixer (b) Komax mixer (c) Proposed mixer (d) SMX mixer.
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hydrodynamics and mixing performances. The velocity field, pressur
drop ratio, coefficient of variation, concentration distribution and exten
sional efficiency have been determined at various conditions in differen
mixers. The proposed static mixer has a much better performance tha
the other static mixers. Finally, the following remarks may be draw
from this study:

1) The Z-factor generated in the new static mixer is about 45% lowe
than that corresponding to the SMX mixer under the sam
conditions.

2) The mixing efficiency of the new mixer is higher than those of th
other static mixers. Actually, thismixer generates a lower coefficien
of variation and higher extensional efficiency than the other mixer

3) Twomixers with the same dispersive mixing do not necessarily lea
to the same distributive mixing.

4) The new static mixer is more efficient than the other mixers i
deforming fluid (single-phase) and breaking drops (two-phase) be
cause it creates high extensional efficiency.

5) The methodology described here can be applied to simulate and de
sign other mixers in order to evaluate their mixing performances.

Finally, given that the information about use of static mixers wit
complex fluids is scarce, the mixing performance of this new mixe
will be assessed in a future study involving complex fluids, such a
non-Newtonian and immiscible ones.

Nomenclature
AR aspect ratio
bl blade length, mm
bw blade width, mm
Cacrit critical capillary number
CoV coefficient of variation
D tube diameter, mm
DAB molecular diffusivity, m2·s−1

dmax maximum equilibrium droplet diameter, m
F flow rate ratio
f friction factor
g gravity acceleration, m2·s−1

L length of the mixer, mm
N number of evaluation points
P total pressure, Pa
PΔP pressure drop in a static mixer, Pa
PΔP0 pressure drop in an empty tube, Pa
Re Reynolds number
t blade thickness, mm
V velocity, m2·s−1

�V mean velocity, m2·s−1

∇V velocity gradient, s−1

x transversal coordinate, mm
Yi local mass fraction of the injected fluid at the ith point
Ymean mean mass fraction of the injected fluid
y height coordinate, mm
Z pressure drop ratio
z length coordinate, mm
α extensional efficiency
γ deformation tensor, s−1

μ viscosity, kg·m−1·s−1

ρ density, kg·m−3

σ surface tension, N·m−1

ω vorticity tensor, s−1
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