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Static mixers are employed to enhance fluid homogenization under laminar flow
conditions, where mixing depends primarily on repeated flow splitting, stretching, folding,
and radial redistribution rather than turbulent fluctuations. This study investigates the effect
of element cross-sectional branching on the balance between mixing uniformity and
hydraulic resistance of twisted static mixers at low Reynolds numbers (Re). Three element
configurations were examined: conventional I-shaped, Y-shaped, and cross-shaped twisted
elements. Simulations were performed for Re ranging from 50 to 1000 using water and
sodium chloride solution. Mixing uniformity was quantified using the coefficient of
variation (CoV), whereas hydraulic resistance was characterized through the friction factor.
The results demonstrate that the element cross-section influences the trade-off between
mixing effectiveness and pressure loss. The I-shaped mixer generated the lowest friction
factor but exhibited the highest CoV, indicating insufficient tracer redistribution. The Y-
shaped element enhanced flow division and radial transport, thereby improving mixing
with a moderate increase in hydraulic resistance. The cross-shaped mixer achieved the best
uniformity, with coefficient-of-variation values of approximately 0.04-0.11, but it
produced the highest friction factor due to greater blockage. Therefore, the optimal static
mixer geometry depends on the required outlet uniformity and the allowable pumping cost,

rather than on a single universal best configuration.

1. INTRODUCTION

Static mixers are widely used in chemical [1],
environmental [2], water treatment [3], food, and process
industries [4, 5] because they enhance fluid mixing without
moving  mechanical components. Compared  with
mechanically agitated systems, static mixers offer several
advantages, including compact construction, simple operation,
low maintenance requirements, and suitability for continuous
inline processes [6]. Mixing is generated between the static
mixer inside the tube and the flowing fluid. It modifies the
flow pattern by dividing, rotating, stretching, and
redistributing the fluid streams along the pipe's axial direction
[71.

Among various static mixer designs, the Kenics-type static
mixer is one of the most commonly studied configurations [8].
The conventional Kenics static mixer consists of a series of
twisted elements, where each element is typically rotated to
give helices with a 180° twist of a determined length. This
arrangement promotes repeated flow division and radial
redistribution, making it effective for laminar mixing
applications. In low Reynolds number (Re) flows, where
turbulence is absent or limited, mixing relies mainly on split,
redirect, and recombine flow due to stationary elements [9].
Therefore, the geometry of the mixing element is a critical
factor in determining mixing performance.

At low Re, both dispersive and distributive mixing are
enhanced by helical mixing, and an increase in Re can improve
dispersive and distributive mixing [10]. However, the
relationship between Re and mixing quality is not always
linear, because higher velocity also reduces the residence time
available for diffusion and can alter the internal flow structure
[11]. As aresult, an optimum operating range may exist where
the balance between flow deformation and residence time
produces the best mixing uniformity.

Previous studies have shown that the mixing behavior of
Kenics-type static mixers is strongly influenced by Re, number
of elements, element aspect ratio, twist direction, and pressure
drop characteristics [9, 12-14].

Other studies have attempted to reduce the pressure-drop
penalty by introducing gaps between Kenics elements, while
maintaining acceptable mixing performance [15]. Element
thickness has also been investigated because it affects
blockage, pressure drop, mixing performance, and friction
factor [16]. These studies indicate that the performance of a
static mixer is generally evaluated using both mixing
indicators, such as coefficient of variation (CoV), and
hydraulic indicators, such as pressure drop or friction factor.

In addition to conventional Kenics mixers, recent studies
have proposed new static mixer configurations, such as
curved-sheet blade-folded mixers and symmetrical folded-
blade mixers, to improve flow redistribution and enhance
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mixing performance [17]. These developments show that the
internal geometry of the mixing element strongly affects the
flow field, radial transport, and mixing uniformity [18].
However, most existing studies still focus on modifying the
aspect ratio, spacing, thickness, blade shape, or commercial
mixer configurations. The direct effect of element cross-
sectional branching in a twisted static mixer remains less
clearly discussed.

Due to the complex geometry of the Kenics static mixer,
analytical studies cannot be used. Computational fluid
dynamics (CFD) has been used to simulate the Kenics static
mixer and provides insight into the mixing mechanism [16, 19,
20].

The investigation of I-shaped, Y-shaped, and cross-shaped
twisted elements is therefore important because these
geometries represent different levels of flow-path branching.
The conventional I-shaped element mainly divides the flow
into two dominant passages, whereas the Y-shaped and cross-
shaped elements introduce three and four branches,
respectively. Under laminar flow conditions, where turbulence
is absent, mixing depends strongly on the ability of the mixer
to split, stretch, fold, and redistribute the fluid across the pipe
cross-section. Increasing the number of branches is expected
to enhance radial redistribution and scalar stretching, thereby
improving concentration uniformity. However, the same
geometric modification may also increase blockage, wetted
surface area, local velocity gradients, and pressure drop.

Therefore, the present study differs from previous research
on Kenics static mixers by isolating the effect of element
cross-sectional shape while keeping the pipe diameter, number
of elements, twist angle, and operating conditions identical.
The I-shaped geometry is used as the conventional reference,
while the Y-shaped and cross-shaped geometries are evaluated
as branched-element modifications. The main contribution of
this work is to clarify how cross-sectional branching affects
the trade-off between mixing uniformity, represented by the
CoV, and hydraulic resistance, represented by the friction
factor.

2. RESEARCH METHODOLOGY
2.1 Physical model and fluid properties

This study investigates the mixing performance of three
twisted static mixer configurations, namely an I-shaped, a Y-
shaped, and cross-shaped. The I-shaped is used as the
reference geometry because it represents the conventional
Kenics-type twisted element. The Y-shaped and cross-shaped
geometries are proposed as modified geometries in which the
cross-sectional shape of the twisted element is changed to
increase the number of flow-splitting branches, as shown in
Figure 1.

The static mixer was designed with six twisted elements to
provide repeated flow splitting, rotation, and recombination
along the pipe. This number of elements was selected as a
compromise between mixing development and computational
cost. A smaller number of elements may not provide sufficient
repeated redistribution to evaluate the mixing mechanism. In
contrast, a much larger number of elements would increase
computational demand without changing the main objective of
this study, which is to compare the influence of element cross-
sectional shape.

Each element was designed with a 180° twist angle. This
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angle was selected because it represents the conventional
Kenics-type twisted element and provides a common baseline
for evaluating the modified cross-sectional geometries. By
maintaining the same twist angle for all configurations, the
effect of twisting was kept constant, allowing the influence of
cross-sectional shape to be evaluated more directly.

The same pipe diameter, element length, number of
elements, twist angle, inlet condition, outlet condition, and
fluid properties were used for the I-shaped, Y-shaped, and
cross-shaped mixers. This approach was adopted to isolate the
effect of element cross-sectional shape on mixing performance
and hydraulic resistance. Therefore, any difference between
CoV and the friction factor can be mainly attributed to changes
in element geometry rather than to differences in mixer
dimensions or operating conditions.

Figure 1. Static mixer geometries: (a) I-shaped, (b) Y-
shaped, and (c) cross-shaped

All mixer configurations are placed inside a circular pipe
with a diameter of 21 mm and an aspect ratio of 2, containing
6 elements. Each mixer element is twisted 180°.

In the present study, steady laminar flow was assumed to
enable a controlled comparison of the three static mixer
geometries. The main objective is to evaluate the effect of the
element's cross-sectional shape. Under laminar conditions,
mixing in a static mixer is mainly governed by flow splitting,
stretching, folding, and radial redistribution rather than by

turbulent fluctuations. Therefore, the steady laminar
formulation is considered suitable for evaluating the relative
geometry-driven mixing behavior of the proposed
configurations.
Table 1. Properties of the fluids

Parameter Water Brine

Density (kg/m’) 998.2 998.2

Viscosity (kg/m.s) 0.001 0.001

Diffusion coefficient (m?/s) 1.44 x 10 1.44 x 107°
Reynolds number (Re) 50-1000 50-1000

The working fluids in the simulation are water and brine
(NaCl solution); detailed properties of these fluids are set out
in Table 1. The brine is assumed to have the same density and
viscosity as water to isolate the effect of mixer geometry. This
assumption was intentionally applied to isolate the effect of
mixer geometry on concentration redistribution. By neglecting
density and viscosity differences between the two miscible
streams, additional effects such as buoyancy-driven motion,
viscosity-induced stratification, and property-dependent flow
distortion were avoided. As a result, the predicted
concentration field represents the influence of the internal



mixer structure on convective transport and distributive
mixing. This assumption is appropriate for a comparative
numerical study in which the main focus is the influence of the
element's cross-sectional shape rather than the effect of the
fluid-property contrast. The physical properties of the working
fluid are kept constant for all simulation cases.

2.2 Governing equations and numerical details

The flow is assumed to be three-dimensional, steady,
incompressible, and laminar. The governing equations consist
of the continuity, momentum, and species transport equations.
These equations are solved using the finite volume method.

The continuity equation is expressed as Eq. (1):

V.(pV) =0 (1
The momentum equation is expressed as Eq. (2):
V.(pVV) = =VP + V.[uVV] + pg 2)
The species transport equation is expressed as Eq. (3):
V.(pVY,) = V.(pDapVY,) 3)

where, p is the fluid density, V' is the velocity vector, P is the
pressure, u is the dynamic viscosity, Y, is the mass fraction of
the tracer, and D4z is the molecular diffusion coefficient.

The pressure-velocity coupling is solved using the SIMPLE
algorithm. The convective terms in the momentum and species
transport equations are discretised using a second-order
upwind scheme to reduce numerical diffusion. The
convergence criterion is set to residuals below 10°. ANSYS
Fluent software was used to solve the numerical simulation

2.3 Boundary conditions

The Re is used to define the flow condition inside the static

mixer and is calculated as Eq. (4):

Re =pVD/u 4
where, Re is the Reynolds number, p is the fluid density, V is
the average inlet velocity, D is the pipe diameter, and u is the
dynamic viscosity. The inlet velocity is adjusted to obtain the
selected Re in the low Re range.

A velocity inlet boundary condition is applied at the inlet of
the pipe. A pressure outlet boundary condition with zero gauge
pressure is applied at the outlet. No-slip boundary conditions
are applied to the pipe wall and all mixer element surfaces.

Brine

Figure 2. Static mixer inlet configuration

To evaluate mixing performance, brine is injected into the
tube from the small pipe shown in Figure 2. This condition
represents two initially unmixed miscible fluids entering the
mixer. The same inlet concentration condition is used for all
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mixer configurations.
2.4 Grid independence test

A grid independence test was performed to ensure that the
numerical results were not significantly affected by mesh
density. Several mesh sizes were evaluated by comparing the
CoV and friction factor. These two parameters were selected
because they represent the main performance indicators of the
static mixer, namely mixing quality and hydraulic resistance.

The results of the grid independence test are shown in
Figure 3. The CoV changes significantly when the mesh is
increased from approximately 0.3 million to 1.2 million
elements. However, further refinement from approximately
1.2 million to 2.3 million elements produces only a small
change in CoV. A similar trend is observed for the friction
factor, with the value remaining nearly constant over the tested
mesh range. This indicates that the numerical solution
becomes less sensitive to mesh refinement after approximately
1.2 million elements.
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Figure 3. Grid independence test for Kenics static mixer,
Reynolds numbers (Re) = 100

Therefore, the mesh with approximately 1.2 million
elements, corresponding to a 1 mm mesh size, was selected for
the final simulations. This mesh provides a reasonable balance
between numerical accuracy and computational cost.

2.5 Model validation

Model validation is conducted to ensure the reliability of the
CFD method before applying it to the modified mixer
geometries. In this study, the numerical model is validated
using the friction factor. The friction factor obtained from the
CFD simulation is compared with an available theoretical
correlation for static mixer flow under the same Re range.

The Darcy friction factor is calculated as Eq. (5):

f =2APD/(pLV?) )
where, f'is the Darcy friction factor, 4P is the pressure drop, D
is the pipe diameter, p is the fluid density, L is the evaluated
pipe length, and V' is the average inlet velocity.

The correlations for calculating f in a Kenics static mixer
[21] are shown in Eq. (6):

342

15
Re +

f (6)

As shown in Figure 4, the CFD results follow the same trend
as the theoretical correlation for the friction factor. The friction



factor decreases significantly with increasing Re, indicating
that the numerical model is able to capture the expected flow-
resistance behavior in the low Re range. The difference
between the CFD and theoretical values becomes relatively
small over the investigated Re range. Therefore, the CFD
model is considered acceptable for further evaluation of the I-
shaped, Y-shaped, and cross-shaped twisted static mixers.
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=
=]
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Figure 4. Theoretical and computed computational fluid
dynamics (CFD) friction factor for various Reynolds
numbers (Re)

In addition to friction-factor validation, the predicted CoV
was compared with the experimental data reported by Al-
Atabi [22] because the study provides direct experimental
measurements of mixing quality using the CoV for water-brine
mixing in a baffled static mixer. As shown in Figure 5, the
numerical results follow the same trend as the experimental
data, with the CoV decreasing as the Re increases. This trend
indicates that the CFD model can reasonably capture the
improvement of mixing uniformity at higher Re. Therefore,
the CoV comparison provides additional support for the
predicted mixing performance behaviour.
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Figure 5. Experimental and computed computational fluid
dynamics (CFD) coefficient of variation (CoV) for various
Reynolds numbers (Re)

2.6 Mixing performance evaluation

The CoV was used to quantify the degree of concentration
non-uniformity at the mixer outlet. This parameter is
calculated from the standard deviation of the scalar
concentration divided by the mean concentration over the
outlet plane. A lower CoV indicates a more uniform
concentration distribution and, therefore, better mixing
performance. CoV was selected because it provides a simple,
dimensionless, and quantitative indicator for comparing the
mixing quality of different mixer geometries under the same
inlet concentration, outlet location, and operating conditions.
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The CoV is calculated as Eq. (7):

?:1(Yi - Ymean)2 1

N-1

CoV = (7

Ymean

where, Y;is the local tracer mass fraction at the i-#h sampling
point, Y,.car is the mean tracer mass fraction at the outlet cross-
section, and N is the number of evaluation points.

The main advantage of using CoV is that it directly
represents the statistical uniformity of the scalar field at a
selected cross-section. Therefore, it is suitable for evaluating
the relative performance of the I-shaped, Y-shaped, and cross-
shaped static mixers. However, CoV also has limitations. It is
a global outlet-based parameter and does not fully describe
local concentration structures, scalar stretching history, or
microscopic mixing. For this reason, the CoV results were
interpreted alongside concentration contours, streamline
patterns, and friction factors to provide a more complete
explanation of the mixing mechanism and hydraulic penalty.

2.7 Pressure drop evaluation

Pressure drop is also evaluated because static mixers
improve mixing by disturbing the flow, which may increase
hydraulic resistance. The pressure drop is calculated as the
area-weighted average of the pressure difference between the
inlet and outlet sections.

The comparison of pressure drops among the three mixer
configurations is used to determine the hydraulic resistance
resulting from modifying the element cross-sectional shape. A
good static mixer should provide a low CoV while maintaining
an acceptable pressure drop.

3. RESULTS AND DISCUSSION

The flow and mixing behavior of the I-shaped, Y-shaped,
and cross-shaped twisted static mixers were evaluated using
CFD simulation. The results are discussed in terms of the
concentration and velocity distributions, the friction factor,
and the CoV. The CoV was used as the main indicator of
mixing quality, while the friction factor was used to evaluate
the hydraulic resistance of each mixer configuration.

3.1 Concentration distribution at different mixing
elements

Figure 6 shows the tracer mass fraction distribution at
different cross-sections along the mixer for the I-shaped, Y-
shaped, and cross-shaped twisted static mixers at Re = 50. The
concentration contours clearly show that the element cross-
sectional shape affects the redistribution of the tracer inside
the pipe.

For the I-shaped mixer, the tracer is divided mainly into two
regions due to the presence of the twisted flat plate. After the
first mixing element, a high-concentration region remains near
the central part of the cross-section. As the flow passes through
the following elements, the tracer is gradually stretched and
redistributed. However, the distribution is still relatively non-
uniform even after the fourth mixing element. This indicates
that the conventional I-shaped element provides limited flow
division compared with the modified geometries.

For the Y-shaped mixer, the tracer distribution becomes



more dispersed because the element divides the flow into three
branches. The concentration field is stretched into several
regions and distributed more effectively across the cross-
section. Compared with the I-shaped mixer, the Y-shaped
mixer shows better radial redistribution of tracer after each
mixing element.

The cross-shaped mixer shows the most uniform
concentration distribution among the three configurations. The
four branches of the cross-shaped element divide the flow into
more regions and promote stronger radial redistribution. After
several mixing elements, the tracer concentration becomes
more evenly distributed across the pipe section. This result
indicates that increasing the number of twisted branches
improves the distributive mixing mechanism.

Overall, the concentration distribution confirms that the
cross-sectional shape of the twisted element significantly
influences the mixing process. The cross-shaped mixer
achieves the most effective tracer redistribution, followed by
the Y-shaped and I-shaped mixers.

3.2 Flow redistribution and mixing mechanism

The streamline patterns in Figure 7 illustrate the flow

redistribution mechanism generated by the twisted static mixer
elements. As shown in Figure 7(a), the first mixing element
initiates the deviation of the incoming axial flow. The
streamlines are forced to move around the element surface,
producing flow splitting and transverse displacement. This
indicates that the incoming streams no longer move only in the
axial direction, but begin to follow curved and helical
trajectories. This mechanism is important for laminar mixing
because, in the absence of turbulence, scalar homogenization
mainly depends on repeated flow splitting, stretching, and
radial redistribution.

The effect becomes more pronounced around the second
mixing element, as shown in Figure 7(b). After passing
through the first element, the flow entering the second element
has already been displaced from its original position. The
second element further redirects the streamlines and promotes
recombination of previously separated flow paths. This
repeated  splitting—reorientation—recombination ~ process
increases the contact area between the two miscible streams
and enhances radial transport between the pipe core and near-
wall regions. As a result, the scalar interface is stretched more
effectively along the mixer length, leading to improved
concentration uniformity and lower CoV values.
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Figure 6. Tracer mass fraction distribution at different cross-sections of the static mixers (Reynolds number (Re) = 50): (a) I-
shaped, (b) Y-shaped, and (c) cross-shaped twisted static mixer
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The streamline behavior also helps explain the increase in
friction factor. Near the mixing elements, the streamlines
become locally contracted and strongly deflected, indicating
local acceleration and higher velocity gradients. These effects
increase wall shear and viscous dissipation, particularly for
branched geometries with greater blockage. Therefore, the
same flow mechanism that improves mixing performance also
increases the hydraulic resistance.

3.3 Velocity distribution at different mixing elements

Figure 8 presents the velocity magnitude distribution at
different cross-sections along the I-shaped, Y-shaped, and
cross-shaped twisted static mixers at Re = 50. The velocity
contours show that each mixer geometry generates different
internal flow structures.

In the I-shaped mixer, the velocity distribution is mainly
divided by the twisted flat plate. The high-velocity regions
around 0.0062 m/s are relatively limited and are mostly
formed near the open areas beside the plate. The flow is split
into two dominant regions, which results in a simpler velocity
pattern. This explains why the concentration redistribution in
the I-shaped mixer is less effective than in the modified
geometries.

In the Y-shaped mixer, the velocity field becomes more
complex due to the three-branch structure. The flow is divided
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into three main passages, generating more velocity gradients
and secondary flow regions. These velocity gradients help
stretch and redistribute the tracer, improving the mixing
performance compared with the I-shaped mixer.

The cross-shaped mixer produces the most complex
velocity distribution. The four-branch geometry creates
multiple flow passages and more distributed high-velocity
zones around 0.012 m/s across the cross-section. This
condition increases flow splitting and radial movement, which
are important mechanisms for laminar mixing. The more
complex velocity field generated by the cross-shaped element
contributes to the better concentration uniformity observed in
the concentration contours.

Therefore, the velocity distribution supports the
concentration distribution results. The modified Y-shaped and
cross-shaped elements generate stronger flow division than the
conventional I-shaped element, with the cross-shaped mixer
producing the most effective internal flow redistribution.

3.4 Axial concentration distribution

Figure 9 shows the tracer mass fraction distribution along
the axial plane of the static mixers at Re = 50. The contours
illustrate how the tracer develops from the inlet region and
interacts with the twisted elements inside the pipe.

3" mixing element 4t mixing element

—
AR
qy

0.019

‘0
9@

0.012

0.015 0.017 0.021

Figure 8. Velocity magnitude distribution at different cross-sections of the static mixers (Reynolds number (Re) = 50): (a) I-
shaped, (b) Y-shaped, and (c) cross-shaped twisted static mixer
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Figure 9. Axial tracer mass fraction distribution of the static mixers (Reynolds number (Re) = 50): (a) I-shaped, (b) Y-shaped,
and (c) cross-shaped twisted static mixer
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In the I-shaped mixer, the tracer remains relatively
concentrated along the central region of the flow for a longer
distance. Although the twisted elements split and rotate the
flow, the tracer plume remains visible even after several
elements. This indicates that the I-shaped geometry provides
gradual mixing but requires a longer length to achieve a more
homogeneous distribution.

In the Y-shaped mixer, the tracer is more rapidly dispersed
after entering the mixer section. The three-branch twisted
structure promotes better flow division and increases the
contact area between the tracer and the main fluid. As a result,
the tracer plume becomes weaker along the downstream
direction compared with the I-shaped mixer.

The cross-shaped mixer shows the strongest axial
redistribution. The tracer concentration decreases more
rapidly along the mixer length because the four-branch
structure repeatedly divides and redistributes the flow. This
result indicates that the cross-shaped mixer can improve
mixing intensity within a shorter axial distance.

The axial concentration contours show that increasing the
number of branches in the twisted element improves the
mixer's ability to break down the tracer plume and distribute it
throughout the pipe.

3.5 Effect of Reynolds number on friction factor

Figure 10 shows the relationship between Re and friction
factor for the I-shaped, Y-shaped, and cross-shaped twisted
static mixers. For all mixer configurations, the friction factor
decreases as the Re increases. This trend is expected in low Re
flow because viscous effects dominate. As the Re increases,
the relative contribution of viscous resistance decreases,
resulting in a lower friction factor.

35
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30 -Y-Shaped
w25 ~Cross-Shaped
8
520
515
£10

400
Reynolds Number, Re

600 800 1000

Figure 10. Effect of Reynolds number (Re) on the friction
factor of the I-shaped, Y-shaped, and cross-shaped twisted
static mixers

Among the three geometries, the I-shaped mixer produces
the lowest friction factor, with a range of 1 to 8. This is because
the I-shaped element has the simplest geometry and creates the
least obstruction to the flow. The Y-shaped mixer has a higher
friction factor, ranging from 2 to 15, than the I-shaped mixer
because the three-branch structure increases the wetted surface
area and flow blockage. The cross-shaped mixer yields the
highest friction factor, ranging from 5 to 30, because its four
branches create the greatest flow obstruction.

3.6 Effect of Reynolds number on coefficient of variation

Figure 11 shows the effect of Re on the CoV for the three
mixer configurations. The CoV represents the degree of
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concentration non-uniformity at the outlet. A lower CoV

indicates better mixing performance.
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Figure 11. Effect of Reynolds number (Re) on coefficient of
variation (CoV) of the I-shaped, Y-shaped, and cross-shaped
twisted static mixers

The I-shaped mixer shows the highest CoV, ranging from
0.20 to 0.25, over the investigated Re range from 50 to 1000.
This indicates that the conventional I-shaped twisted element
has the lowest mixing performance among the three
configurations. The limited number of flow-splitting paths
reduces the mixer's ability to redistribute the tracer effectively
across the pipe cross-section.

The Y-shaped mixer produces a lower CoV, ranging from
0.08 to 0.20, than the I-shaped mixer across all Re. This result
indicates better mixing performance than the conventional I-
shaped design.

The cross-shaped mixer produces the lowest CoV, ranging
from 0.04 to 0.11, among all configurations. This shows that
the cross-shaped element provides the best mixing uniformity.

For all configurations, the CoV decreases from Re = 50 to
approximately Re = 500. This indicates that increasing Re
initially strengthens convective redistribution inside the mixer.
However, beyond Re = 500, the CoV slightly increases or
becomes nearly constant. This behavior may be related to the
reduced residence time at higher flow velocity, which limits
the available time for diffusion and complete homogenization.
Therefore, the best mixing condition appears around Re = 500,
where convective deformation and residence time are more
balanced.

Although the cross-shaped mixer yields the lowest CoV,
this improvement should be interpreted alongside the friction-
factor results. The cross-shaped geometry provides the best
mixing quality but also produces the highest hydraulic
resistance. Therefore, the selection of mixer geometry should
consider both mixing uniformity and pressure-drop penalty.

3.7 Engineering comparison and design implication

The comparison between the Y-shaped and cross-shaped
mixers should be evaluated from both mixing quality and
pumping cost perspectives. The cross-shaped mixer produces
the lowest CoV among the investigated configurations,
indicating the most uniform outlet concentration distribution.
This improvement is caused by its four-branch structure,
which enhances flow splitting, radial redistribution, and scalar
stretching. Therefore, the cross-shaped mixer is preferable
when the main design target is maximum mixing uniformity,
especially in compact systems where the available mixing
length is limited or in processes where concentration



uniformity is more critical than energy consumption.

However, the cross-shaped mixer also produces the highest
friction factor. The additional branches increase the blockage
ratio, the wetted surface area, the local velocity gradients, and
the viscous dissipation. As a result, the pressure-drop penalty
and the required pumping power increase. Therefore, the
cross-shaped configuration is more suitable for applications
where sufficient pump capacity is available, and the additional
hydraulic resistance can be tolerated.

In contrast, the Y-shaped mixer provides an intermediate
performance. Its three-branch structure improves flow
splitting and radial transport compared with the conventional
I-shaped mixer, but its hydraulic resistance remains lower than
that of the cross-shaped mixer. Thus, the Y-shaped mixer is
preferable when a compromise between improved mixing and
moderate pressure drop is required. This configuration is more
appropriate for systems with pumping-power limitations,
pressure-drop constraints, or continuous operation where
energy efficiency is an important consideration.

Therefore, the cross-shaped mixer should be selected for
high-uniformity mixing applications, while the Y-shaped
mixer is more suitable for energy-conscious applications
requiring acceptable mixing enhancement with lower
hydraulic penalty. The optimum configuration should be
chosen based on the allowable pressure drop, available
pumping capacity, required outlet CoV, and process-specific
mixing requirements.

4. CONCLUSIONS

A three-dimensional CFD simulation was conducted to
investigate the effect of element cross-sectional shape on the
mixing performance of twisted static mixers at low Re. Three
mixer configurations were compared, namely the conventional
I-shaped, the Y-shaped, and the cross-shaped twisted static
mixer. The performance of each mixer was evaluated using the
CoV and the friction factor.

The results show that the cross-sectional shape of the
twisted element significantly influences the flow structure and
mixing performance. The I-shaped mixer produces the
simplest flow pattern and the lowest friction factor, but it gives
the highest CoV. This indicates that the conventional I-shaped
twisted element has limited capability to redistribute the tracer
uniformly across the pipe section.

The Y-shaped mixer improves the mixing performance
compared with the I-shaped mixer. The three-branch twisted
geometry increases flow splitting and radial redistribution,
resulting in lower CoV values. However, this improvement is
accompanied by a higher friction factor due to the increased
obstruction inside the pipe.

The cross-shaped mixer provides the best mixing
performance among the three configurations. The four-branch
twisted element generates more flow paths, stronger tracer
stretching, and better radial redistribution, resulting in the
lowest CoV across the investigated range of Re. However, the
cross-shaped mixer also results in the highest friction factor
due to its greater blockage and more complex internal
geometry.

Overall, the cross-shaped twisted static mixer is the most
effective configuration when the main objective is maximum
mixing uniformity. Meanwhile, the Y-shaped twisted static
mixer can be considered a promising alternative when both
mixing performance and hydraulic resistance are taken into
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account. These results confirm that modifying the cross-
sectional shape of twisted static mixer elements can be an
effective approach for improving laminar mixing
performance. Therefore, the optimum static mixer geometry
depends on the required outlet uniformity, allowable pressure
drop, available pump capacity, and process-specific
requirements.

This study is limited to a CFD-only approach under
idealized assumptions, including steady laminar flow and
identical water/brine properties. Therefore, the reported CoV
and friction-factor values should be interpreted as comparative
numerical indicators.
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NOMENCLATURE

A" velocity, m/s

Y mass fraction

D molecular diffusion coefficient, m?/s

Greek symbols

p density, kg/m?

u dynamic viscosity, kg/(m-s)

Subscripts

A tracer

AB tracer and water





