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Abstract - A novel split-and-recombined (SAR) micromixer
namely ‘(Y — H) o3’ composed with a 'Y’ and a ‘H’ shaped mixing
unit is proposed. The proposed ‘(Y — H)qp’ micromixer is
composed of four identical elements that are connected by
angles a and . The value of alpha («) is varied from 0° to 90°
to analyze the effect on mixing performance. Numerical analysis
of fluid flow and mixing performance is conducted for miscible
fluids, using Fluent 15 software for Reynolds numbers from 0.1
to 100. A well-known SAR mixer called ‘H-C’ is also analyzed for
comparison. The numerical data shows that connecting angle a
has a strong effect on the SAR process; the efficiency increases
from 65% to 98% when alpha («) changes from 0 to 45 at
Re = 100. The (Y — H) 43" mixer shows notably lower pressure
drop than the ‘H-C’ mixer irrespective of the value of connecting
angle a and Reynolds numbers. The proposed mixer has a
significantly lower Mixing Energy Cost (MEC) compared to the
‘(H — €)' mixer.
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1. Introduction

Applications for microfluidic systems are
numerous including environmental science, chemical
processes, biochemistry, biological interactions, drug
delivery, medical diagnosis, chemical synthesis, the food
industry, and many more [1]-[3]. Numerous benefits of
microfluidic devices include quick analysis, mobility,
increased control, low cost, quick throughput, and the
use of fewer costly chemicals [4], [5]. High surface area
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to volume ratios and quick mass and heat transfer are
two more special qualities of microfluidics that have
opened the door for advancements in many scientific
and industrial domains; and promise greater
effectiveness, portability, and affordability in a broad
range of applications [6]. Because of their small size,
high-pressure requirements, and material sensitivity,
flow fluid in micromixers frequently occurs under
laminar conditions at low Reynolds numbers.

Molecular diffusion regulates the mixing in
microchannels, and effective mixing requires a lengthy
channel length and a relatively long time [7]. Inefficient
mixing results at low Reynolds numbers caused by the
microscale dimensions and low flow velocity inside
micromixers. It is imperative to develop new technology
capable of overcoming these innate challenges. Highly
effective micromixers are essential to the microfluidic
industry's rapid growth [8], [9]. Although diverse efforts
have been employed to tackle these challenges, there is
potential to develop novel mechanisms to achieve truly
efficient mixing which is sustainable and cost-effective.

Numerous aspects of fluid flow, including pressure
drop, velocity, vorticity, efficiency, and species
concentration, can be analyzed thanks to computational
fluid dynamics (CFD) [10]. The mixing process and
associated flow patterns, such as streamlines, vortex
formation, and velocity vectors, can also be seen with the
use of CFD. As a result, many researchers have used CFD
to analyze micromixers [11]-[14]. CFD has developed
into an efficient, economical, and time-saving method for
examining flow patterns and investigating novel
microreactor geometries by visualizing the mixing and
reaction process [15].

Micromixers are classified into two types: active
and passive [16]. To achieve good mixing homogeneity
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of fluids, active micromixers depend on external energy
sources such as electric field, pressure field, thermal
field, magnetic field, and acoustic field or pulsating low
to perturb the fluid flow [17], [18]. As a result, they have
a highly accurate external control facility. Despite these
benefits, active micromixers are expensive and difficult
to fabricate and integrate due to their complicated
architecture [19]. Conversely, passive micromixers rely
on modifications to the channel shape and geometry to
vary the liquid direction, break up the stratified flow, and
accomplish effective mixing without additional energy
sources. Additionally, passive mixers are inexpensive,
quick to implement, and have straightforward
architecture [8]. Due to their extremely low velocity,
passive micromixers rely mostly on molecular diffusion
for their mixing performance. However, altering the
channel's structure and geometry might increase the
amount of mixing, which will subsequently cause a
chaotic advection of fluid [5].

Passive micromixers employ a variety of
structures, including obstacle-based, chamber-based,
meander-based, multiplanar structures [19], [20];
twisting channel walls [21]; staggered herringbone [22];
blocks or barriers in channels [23], [24]; surface grooves
and baffles [25]; modified Tesla structure [26], [27]; and
mixing unit stacking [28], [29] to improve mixing time
and efficiency. By periodically separating and
recombining fluids, SAR creates various fluid multi-
laminations that significantly increase the interfacial
area and mixing index. J. Branebjerg et al. [30] presented
a 3D multiplanar passive micromixer operated at
Reynolds values below 1. This micromixer's total mixing
time was between 100 and 300 ms. X. Feng et al. [31]
employed a 3D SAR-based micromixer in a different
investigation, utilizing a self-rotating interface to
improve mixing efficiency. Two 10.25 mm-long
micromixers were created, and they were frequently
stacked in X-H and X-O configurations. There was a
maximum mixing efficiency of 91.8% and 89.4% with
Reynolds numbers ranging from 0.3 to 60.

A new SAR mixer that is compatible with the
polydimethylsiloxane (PDMS) microfabrication
technique was built by S. W. Lee et al. [32] and D. S. Kim
et al. [33] present the barrier-embedded Kenics
micromixer (BEKM), a novel passive chaotic micromixer.
Compared to T-pipe and Kenics mixers, the suggested
mixer is more efficient. V. Viktorov et al. [33] propose
and analyze three distinct designs of SAR mixers with
Reynolds values ranging from 1 to 100. These mixers
have a low-pressure drop and good efficiency. However,
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no information regarding mixing costs is given. Using a
sequence of "OH"-shaped segments, S. Hossain et al. [35]
created a passive micromixer based on the idea of a 3D
serpentine SAR microchannel. The E-shaped and F-
shaped SAR micromixers were proposed by X. Chen et al.
[36], [37]. As demonstrated by the data, the mixing index
can achieve 94% and 90%, respectively.

In this study, a split-and-recombined micromixer
designated as ‘(Y —H)up' and consisting of four
components was introduced. The simulation examined
how the connecting angle ‘a’ between the two elements
influences the micromixer's mixing performance, within
the Reynolds number range of 0.1 to 100, utilizing ANSYS
15 software to investigate the fluid flow patterns and
mixing mechanisms. Previously published results on the
‘(H—C)" mixer were also analyzed for comparative
purposes. The effectiveness of the proposed
micromixers was evaluated by calculating the Mixing
Index (MI), Mixing Energy Cost (MEC), and the
corresponding pressure drop.

2. Micromixer Design

A novel 3D split-and-recombined ‘(Y — H)gp’
mixer is introduced, which consists of four identical
components, each featuring one part shaped like a ‘Y’ and
another shaped like an ‘H’, as illustrated in Figure 1. Each
component measures 4 mm in length, while the height of
the mixer remains consistently at 0.4 mm. The mixer is
designed with two inlets: Input A and Input B, along with
a single outlet. The input ports have a radius of 0.4 mm,
whereas the outlet has a radius of 0.6 mm.
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Figure 1. Diagram of the ‘(Y — H),p" micromixer (all the
dimensions are in mm).

The four elements of the proposed ‘(Y — H)qp’
mixer is connected through angles o and . Angle «
varies from 0° to 90°, increasing by 45° with each step,
while angle  remains fixed at 0°. Consequently, three
‘(Y — H)qp’ mixers are characterized by (Y — H)(a =
0), (¥ —H),s(@=45), and (Y — H)gy(ax=90").



Figure 2 illustrates (Y — H),.-(a = 45") along with key

dimensions as an example.
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Figure 2. Diagram of the ‘(Y — H) ;s* (@ = 45", =0")’
micromixer (all the dimensions are in mm).

2" element

A published SAR mixer named ‘H— C’ [38] has
been designed and analyzed through numerical methods
to validate the numerical simulation method and
establish a reference point for comparison. The ‘H — C’
mixer comprises four elements, each measuring 7 mm in
length. Figure 3 illustrates the geometric configuration of
the ‘H — C’ mixer along with its key dimensions.
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Figure 3. Diagram of ‘H — C’ micromixer (all the dimensions
are in mm).
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3. Numerical Method

In this research, the micromixer's mixing
efficiency and pressure drop are initially examined
through numerical simulations with ANSYS Fluent 15.
The foundational equations consist of the 3D Navier-
Stokes equations, the continuity equation, and a species
convection-diffusion equation. Given that the flow
remains laminar, the subsequent equations are given
below [39].

V-V=0 (1)
pV -VV = —VP + uv?v (2)
V -VC = DV?C (3)

Where fluid velocity, density, dynamic viscosity,
and pressure are represented by V, p, u, and P,
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respectively. Additionally, € and D stand for the species’
mass concentration and the fluids' coefficient of
diffusion, respectively.

In microscale flow, the Reynolds number is a
significant dimensionless parameter defined as follows
[40]:

vd
Re='0—
u

(4)

Where d is the characteristic length of the mixer
channel. To quantify mixing performance, the following
equations were employed [41]:

N
1
o= N'Z(C"—C’“)Z (5)
i=1
2
MI=1- |— (6)
Omax

In equation (5) the mass fraction of cell i and the
optimal mass fraction are represented by C;, and C,,,
respectively. In addition, ¢ and MI are the standard
deviations of the mass fraction, and mixing index,
respectively. Completed mixing is obtained when MI =
1 and no mixing is expressed by MI equal to zero.

It is not enough to conduct a thorough analysis of
both the mixing index and the corresponding pressure
drop. In this regard, the notion of "mixing cost" is
introduced to enable a comprehensive assessment of
mixing performance, considering the energy needed to
maintain flow in wavy micromixers with varying
geometric characteristics and flow parameters. The
mixing energy cost (MEC) is defined mathematically as
the ratio of the input power to the mixing index and is a
crucial factor for this research; mixing energy cost can be
represented as [42]:

Mixing E Cost — Input Power AP Q ;
txing snergy Lost = Mixing Index ~ MI (7)
Where, “input power” refers to the energy

required to sustain the fluid flow (Q), whereas the
“mixing index” measures the extent of mixing
accomplished in the micromixer. This ratio serves as an
important criterion for evaluating the effectiveness of
the mixing process to the energy input [43].



The "laminar flow" and "Species Transport"
modules of Fluent are used to solve the equations in line
with the finite element method. The fluids under analysis
are an aqueous solution with a density of 1 x 103 kg/m3
and a dynamic viscosity of 1 x 1073 Pa . There are two
inlets on the micromixer, A and B. At the two inlets, the
sample's mass concentrations are set to 0 and 1,
respectively. The fluid dynamic boundary conditions are
defined as no-slip, and the diffusion coefficient is set at
1 X 1072 m? /s [44]. A second-order upwind approach is
used to minimize numerical diffusion, and the SIMPLEC
algorithm is used for pressure-velocity coupling [41]. To
guarantee the utmost accuracy of the numerical
solutions, the governing equations were solved through
an iterative process, with a convergence criterion
established at 1 x 107° for all values.

4. Mesh Independence Study

The commercial program ANSYS version 15 was
used to do the CFD simulations and Fluent was chosen to
precisely simulate the fluid dynamics in our micromixer
design. Every microchannel needs to undergo a grid-
independent test to guarantee accurate and consistent
numerical simulation results.
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Figure 4. Mixing index (MI) of the (Y — H),» micromixer
along the axial length at Re = 10.

In this computation, six structured grid systems
with grid numbers ranging from 234541 to 930368 were
calculated for the (Y — H) (¢ = 0°) mixer and tested at
Re = 10. Figure 4 displays the micromixers' mixing
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index (MI) profiles along the axial length channel. It is
evident that the distance between the mixing index
curves continuously narrows as the number of grids and
channel length grows. Additionally, data with a
maximum deviation of 2.8% MI are provided by two
grids with 850896 and 930368 components. To save
simulation time and expense, the grid of 850896
elements is selected for related simulations. For mixers
(Y — H),oo(a = 45"),and (Y — H)oy (@ = 90°), the same
process is followed; the grid with 866416 nodes and

822344 nodes, respectively, is chosen for the
simulations.
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Figure 5. Comparison between experimental mixing index
[38] and numerical mixing index (present study) of the ‘H —
C’ mixer for 1 < Re < 100.

Now, to validate the simulation model the
published experimental results [38] of the ‘H — C’ mixer
are compared with simulation data obtained in this
study. The comparison of the results of a three-
dimensional ‘H — C’ SAR micromixer for a broad range of
Reynolds numbers (1 < Re <100) at Re=10 is
illustrated in Figure 5. The experimental and numerical
mixing index (MI) shows good agreement; the difference
is less than 12%, which permits the current numerical
approach to be used for additional study.

5. Result and Discussion
The current study used numerical simulation on
(Y — H)qp' micromixers to examine how connecting

angle a affects fluid mixing and how it affects fluid flow



dynamics inside the mixing channel across a range of
Reynolds numbers from 0.1 to 100.
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Figure 6. Mass fraction distribution of liquids inside the
‘(Y — H) 45" micromixers at Re = 10 and Re = 100.

Firstly, the mass fraction distribution of fluids in a
‘(Y = H)op' micromixer for Re =10 and Re = 100 is
demonstrated in Figure 6. Red and blue colors represent
two input fluids and contours express the mixing index
where green color (Mass fraction = 0.50) indicates
completer mixing. The liquid gradually splits into several
smaller layers as the flow continues inside the channels
for all mixers. Thus, the inter-liquid interface area is
enlarged, and the performance of the mixture is
improved. Mass fraction profiles were observed to be
developed as Re changes from 10 to 100 for both
(Y —H),s and (Y —H)g, mixers but there is no
noticeable change for (Y — H),. Figure 6 also clearly
illustrates that the homogeneity of fluids at the output is
greater at Re = 100 than Re = 10. Hence it is expected
MI will increase for higher Reynolds numbers. It is also
evident that MI will be dependent on angle a.
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Figure 7. Relationship between (a) mixing index (MI) and
Reynolds numbers (Re) (b) pressure drop and Reynolds
numbers (Re).

Now the mixing index with the Reynolds numbers
for changing the angle « is studied. The mixing index of a
known ‘(H — C)’ mixer is also added for comparison. The
comparison of the mixing index and pressure drop with
the Reynolds numbers is shown in Figure 7. All mixers
show good efficiency at low velocity (Re = 1) because
the mixing time is large enough to mix the liquids. In
Figure 7(a), (Y — H),- mixer demonstrates the best MI
performance of about 98% at Reynolds numbers ranging
from 40 to 100. Among all presented mixers, (Y — H)
presents a poor mixing index (about 65%) at Re = 10.
Meanwhile, (Y — H)y,c and (H — C) show no noticeable



difference of MI for Reynolds numbers for Re > 50.
However, the required pressure drop shows negligible
dependence on a variation of connecting angle «, as
demonstrated in Figure 7(b). However, the required
pressure drop shows negligible dependence on the
variation of connecting angle a, as demonstrated in
Figure 7(b). The (H — C) mixer shows a significantly
higher pressure drop compared to ‘(Y — H)qp" mixers
due to its longer channel length which is 38 mm.
Whereas the length of ‘(Y — H)4p’" mixers are 18 mm
only but the channel dimension is smaller (width: 4 mm,
height: 4 mm & input diameter: 4 mm) in contrast to
(H — C) mixer (width: 8 mm, height: 4 mm & input
diameter: 6 mm); as a result the pressure drop of
‘(Y — H)op mixers are not twice lower than (H — ()
mixer.

The dependency of the mixing index (MI) with the
axial length is analyzed and shown in Figure 8. As
expected the MI increases with the increase of axial
length. The (Y —H), mixer shows the lowest
performance irrespective of Reynolds numbers. Both
(Y — H) 4sc and (Y — H)4,- mixers show almost 82% and
92% MI at Re = 10 and Re = 100, respectively at the
output. Therefore, MI can be increased by adding
elements if required.

Figure 9 depicts the secondary flows after the 2nd
and 4t elements within the middle of the YZ plane of the
proposed mixers at different Reynolds numbers. At
Reynolds numbers equal to 10, all mixers behave
uniformly with weakly producing secondary flow. It is
clear that the (Y — H),- mixer has a significantly lower
secondary flow which justifies the low MI (60%) as
shown in Figure 7(a). On the other hand, at higher
Reynolds numbers, Re = 100, there is a significant
change in velocity trent. The influence of secondary flow
increases which in turn influences the contact surface,
and as a result MI exhibits a high value (98%) for the
(Y — H) 4sc and (Y — H)4,e mixers. This finding confirms
the conclusion drawn from Figure 7 and demonstrates
the impact of the connecting angle a and its velocity at
high Reynolds numbers.
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To have a comprehensive understanding of mixing
performance it is important to consider the mixing
energy cost (MEC). The MEC is calculated by taking into
account variables like mixing index, pressure drop, and
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flow rate. The MEC of four SAR mixers is represented in
Figure 10. The (H — C) and (Y — H), mixers have the
highest MEC due to high-pressure drop and low MI,
respectively. Interestingly both (Y —H),.c and (Y —
H)g, has a lower MEC and has the same MEC. Although
the (H — C) mixer has a slightly higher mixing index (MI)
compared to the (Y — H)e; the (Y — H)4o° mixer shows
the lowest mixing energy cost (MEC).
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Figure 10. Mixing energy cost (MEC) of the micromixers at
various Reynolds numbers (Re).

6. Conclusion

The effectiveness of mixing miscible fluids for a
broad range of Reynolds numbers was investigated
numerically by employing a new SAR ‘(Y — H) " mixer
with ‘Y’ and ‘H’ shaped mixing units. The four identical
components that make up the mixer are joined one after
the other by angles o and . Ansys FLUENT 15, a
commercial software program, was used to conduct the
numerical analysis utilizing Navier Stoke and continuity
equations for three mixers, represented as (¥ — H)Oo,
(Y —H) s and (Y — H)goe. The impact of the mixers'
construction parameter (connecting angle a) on
secondary flow pattern, pressure drop, mixing energy
cost (MEC), and mixing efficiency (Mixing Index = MI).
Numerical data clearly shows that the SAR process is
greatly dependent on angle a; the highest effect is shown
at a = 45, while the weakest effect is observed at a =
0°. The mixing index is significantly greater when the
value of connection angles « is not zero. The reason is



that in comparison to all other values of angle «, the
strength of secondary flow and multi-lamination is
significantly lower at this angle. At Reynolds numbers
ranging from 20 to 100, the mixing index for (Y — H),
is greater than 95%. In order to validate the numerical
model, a known SAR ‘H-C’ mixer is also investigated. The
proposed ‘(Y — H)qp" mixers show better mixing index
and lower pressure drop compared to the SAR ‘(H — C)’
mixer at all examined Reynolds numbers except for the
mixer (Y —H),. Mixing energy cost (MEC) is also
computed for all ‘(Y — H)4p" mixers. Though the ‘(H —
C) mixer has good efficiency (around 95%), the
(Y —H),s and (Y — H),s- mixers show much higher
MEC irrespective of Reynolds numbers. Lastly, (Y —
H),< mixer is the most effective mixer due to its lowest
pressure drop and mixing energy cost, it can be used in a
variety of applications for a broad range of Reynolds
numbers.
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