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Abstract - This work presents a design of a new micromixer
named ‘Y-U’ based on the split and recombine (SAR) principle.
Five mixers are constructed varying a parameter, vertical
cylindrical connector height H (Y-Un), starting from 0 mm to
0.8 mm. Numerical analysis is carried out at Reynolds
numbers ranging from 1 to 50 using FLUENT 15 for the
purpose of optimization. A well-known SAR mixer, namely ‘H’
is also studied in order to validate the numerical model.
Proposed Y-U mixers offer better mixing performance than H
mixer regardless of Reynolds numbers. The Y-U mixers show
more than 90% efficiency at low Reynolds numbers (Re < 1)
and efficiency is about 60% for Reynolds numbers from 10 to
50. Mixing efficiency depends on the vertical cylindrical
connector height (H); efficiency and pressure drop increases
with the increase of vertical cylindrical height. Y-Uogmm (H =
0.8 mm) shows better maximum efficiency compare to all
examined mixers. In addition, the mixing cost is independent
of vertical cylindrical height.
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SAR.
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1. Introduction

The microfluidic technique is a discipline which
has gained widespread attention in recent years due to
its various use and rapid development [1]. Micromixer is
a device that mixes fluids regardless of their properties
and nature such as density, viscosity, surface tension, etc.
on a micro-scale. Micromixers and microreactors are
used in a wide range of chemical reactions, biochemical
reactions, drug development and delivery, medical
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diagnosis, chemical synthesis, and food industries [2],
[3]- The main advantage of micromixers over macro
batch reactors or mixers are rapid analysis, portability,
higher control, low cost, spending fewer amounts of
costly reagents, and high safety in case of an explosion in
case of explosive chemical reactions [4]. Some other
benefits of using micromixers are reproducible
environment, benefit various biological applications
from nucleic acid and protein analysis to drug
development and drug delivery [5]. Generally,
micromixers operate at low Reynolds number (Re),
hence the flow is predominantly laminar, and the mixing
process relies on molecular diffusion, which requires a
considerable channel length and time to achieve good
mixing performance [6]. To overcome these
shortcomings two distinct types of mixers are
introduced, namely active and passive. Active mixers use
various external energy sources (acoustic field, periodic
pressure field, electric field, temperature field, magnetic
field, etc.) to enhance the mixing process [7], [8]. On the
other hand, passive mixers have no active element but
use special geometrical features, and channel shape and
size to achieve good performance. Generally, active
micromixers have higher mixing efficiency compare to
passive ones because active mixers require an extra
energy source, are difficult to integrate into the
microfluidic system, and complex fabrication [9].
Whereas passive mixers use a grooved surface, a
herringbone wall, obstacles to the channel walls, baffles
inside the channel, split and recombine (SAR) the fluids
to increase mixing in a short time [10].

SAR is a mechanism where fluids are repeatedly
split and recombine, as a consequence various multi-
lamination of fluids are created which significantly
increases the mixing index [11]. SAR mixers using



different principles are designed and studied by many
authors. Unbalance SAR mixer is proposed by authors
[12], [13]; SAR mixer with obstacle or baffle is studied by
authors [14], [15]; SAR mixer using curved channel
designed by authors [16]-[19]; and SAR mixer designed
with different shaped mixing unit [11], [20], [21] was
studied.

The use of computational fluid dynamics (CFD) is
increasing rapidly to study the fluid dynamic features
thanks to the rapid development of computer memory
and processing time. Numerical simulation allows
calculation of various parameters (pressure-drop,
velocity, efficiency, species concentration, etc.) and
detailed visualization of the mixing process as well as the
associated flow patterns such as streamlines, vortex
formation, velocity vector, etc. [9]. CFD has become an
economic, time-saving, and effective method of
investigating the reactive flow and of exploring new
geometries of microreactors through visualizing the
mixing and reaction process [6]. Therefore lots of
researchers are using CFD to design and analyze novel
micromixers [22], [23].

In this work, a new passive micromixer is
designed on the SAR principle and the mixing
performance is computed numerically using commercial
software FLUENT 15. The proposed ‘Y-Uy’ mixer is made
up of four elements, and each element is composed of a
Y-shaped and U-shaped channel. Each channel is
connected with a vertical cylindrical channel (vertical
connector H). The length of the cylindrical connector (H)
is varied starting from 0 mm to 0.8 mm; increased 0.2
mm in each step. The mixing performance of the five
mixers is analyzed with varying vertical cylindrical
channel lengths (H) and Reynolds numbers (Re). A SAR
‘H’ mixer is also analyzed as a point of reference. The
numerical simulation was carried out for the Reynolds
numbers ranging from 1 to 50 to propose the best-
performing mixer.

2. Micromixer Design

A new 3D passive micromixer namely ‘Y-U’ is
designed taking the advantage of split and recombine
principle as shown in Figure 1. As the name suggests,
each element of the mixer is composed of one ‘Y’ and one
‘U’ shaped channel segment. The ‘Y-U’ mixer has four
identical elements, where one ‘Y’ and one ‘U’ segment
constitutes one element. The radius of inlets and outlet
cylindrical sections is 0.4 mm and 0.6 mm, respectively.
The depth of the mixers is always kept constant at 0.4
mm.
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Figure 1. Diagram of the proposed Y-U mixer (all the
dimensions are in mm).
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Each element as well as every ‘Y’ and ‘U’ segment
are connected by a vertical cylindrical connector (H) as
shown in Figure 1. The length of the cylindrical
connector (H) is varied starting from 0 mm to 0.8 mm;
increased 0.2 mm each step. Hence, there are five ‘Y-U’
mixers with different vertical connector height which are
represent by Y-Uomm (H = 0 mm), Y-Uo2 mm (H = 0.2 mm),
Y-U0,4 mm (H =04 mm), Y-Uo,s mm (H =0.6 mm) and Y-Uo,g
mm (H = 0.8 mm).

The ‘H’ mixer is designed and experimentally
examined the efficiency for a low Reynolds number
range, 0.083 < Re < 4.166 by M. Nimafar et al. [24]. The
H-micromixer geometry consists of two parts: the
straight channel and the H-segment which indicates one
element as shown in Figure 2. The width and height of
inputs and output are 0.4 mm, and the length of one
element is 1.4 mm. H mixer consists of 12 identical
elements and the total axial length of the H mixer is 20
mm.
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Figure 2. H micromixer design (all the dimensions are in
mm).

3. Numerical Method

The flow characteristics and mixing performance
of the mixer were analyzed by Ansys FLUENT 15, using a
finite volume method. Two fluids enter into two inputs
and mixed fluid exit the mixer by output. In the present
study, both fluids have the physical properties of water.
The density, viscosity, and diffusions constant of the
water is 1000 kg/m3, 0.001 Pas and 1 x 1072 m?/s,
respectively. The Reynolds numbers, which are an
important parameter for fluid flow, are calculated by the
following equation [25].

_pvd
U

Re (D

In equation (1), p is the fluid density, p is the
dynamic viscosity, and v is the fluid velocity, evaluated at
the rectangular channel. The characteristics length d
equals 0.4 mm, which is the minimum dimension of the
mixers [26].

The flow of steady, incompressible, laminar, and
Newtonian liquid in microchannels was considered.
Ansys FLUENT 15 employed a coupled solver and finite
volume technique to discretize continuity, Navier-
Stokes, and species convection-diffusion equations [16],
[27].

V.V=20
pV.VV = —VP + uv?v

(2)
(3)
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V.VC = DV3C 4
Where V denotes fluid velocity vector, p is the fluid
density, and u represents the dynamic viscosity of the
fluid; P equals pressure, C denotes the mass
concentration of the species and D represents the
coefficient of diffusion. In this work, the diffusion
constant is considered as 1 x 107°m?/s. The mass
concentration of the two species ininlet 1 and inlet 2 was
set as 0 and 1, respectively and uniform mixing was
achieved when the mass intensity of the two species
reached the value of 0.5. The inlets and outlet were set as
velocity inlet and pressure outlet, respectively, and No-
slip boundary conditions were considered. The
integration of discrete equations coupled in the
pressure-velocity formulation was realized with the
implicit algorithm SIMPLEC. QUICK scheme (for
momentum and species) and the PRESTO (pressure
staggering option) scheme (for pressure) was also
employed in the simulation [6]. To ascertain the mixing
performance as a standard criterion for evaluation of the
mixing process, the following equations are used [28].

1 < ;
o= N-Z(Ci — ) (5)
=1
0-2
n= 1- 2 (6)
Gmax

In equations (5) and (6), o denotes the standard
deviation of the mass fraction at a cross-sectional plane,
N is the number of data points in that cross-sectional
plane, C; is the mass fraction of a point i, C,,, is the optimal
mass fraction and a,,4, is the maximum variance of the
mass fraction over the data range; 7 is the mixing
efficiency which varies from zero to one. Zero represents
unmixed and one represents perfectly mixed species,
efficiency between 80% and 100% is acceptable for
mixing process applications [29].

Increasing the Reynolds numbers always
increases the pressure drop inside the micromixer.

Therefore, the ratio of mixing efficiency to pressure drop
(An—P) can be used to reveal the ‘cost’ of mixing. A high

value of mixing cost indicates an efficient micromixer
[28], [30].



Mixing ef ficiency 1

mixing cost = 7

Pressuredrop AP

In numerical analysis, a high-quality mesh model
is critical to the accuracy of the results [18]. The mesh
independence test is very important to ensure that
numerical data do not depend on grid size and shape
[31]. Hence, structured tetrahedral cells were used for
the numerical test as recommended by authors [32].
Path conforming algorithm was employed with no
suppression to generate tetrahedral grid systems. Six
different grids systems in which the number of nodes
varied from 1.7 x 10° to 5.6 X 10° were tested for Y-Ug
mm (H = 0.6 mm) mixer. The spices concentration (water)
for different grid numbers is shown in Figure 3 and there
is a narrow difference between the concentrations by
increasing the number of grids. As illustrated in Figure 3
the concentration at Re = 10, there are very little
variation which is less than 1%. Therefore, grid system
of nodes number of 2.85 x 10° was selected for the
simulation to reduce numerical cost and analysis time.
Similarly, grid independence test for the rest of four Y-U
mixers was also performed, and 2.72 x 10%, 2.76 x 10°,
2.89 x 10%, and 2.94 x 10° nodes were selected for Y-U,
mm, Y-U02 mm, Y-Uo.4 mm and Y-Uo.s mm mixers, respectively.
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Figure 3. Specie concentration at the output of Y-Uo .6

mm Micromixer at Re = 10.

4. Result and Discussion

To verify the numerical method, a SAR ‘H” mixer
[24] was designed and numerical simulations were
performed for 0.083 < Re < 4.166. The published
experimental data and numerical simulation data of the
present study is compared for the H mixer after 20 mm
and are shown in Figure 4. There is a good agreement
between numerical simulation results and experimental
data; the variation is less than 10%. Grid of 5.46 x 10°
nodes were chosen for the numerical simulation after the
grid independence test. The observed error may be
attributed to the structural conditions of the micromixer,
such as not-perfectly smooth walls and minor
dimensional inconsistency. It is also important to
mentions that it is always challenging to exactly replicate
experimental data for any micromixer by numerical
simulation.
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Figure 4. Comparison between experimental efficiency
reported by M. Nimafar et al. [24] and numerical efficiency of
the present study for H mixer.

Now the comparison of numerical mixing
efficiency and pressure drop between H mixer and
Y-Uo mm mixer is presented in Figure 5. It is evident that
the efficiency of the Y-Uy mm mixer is higher and the
pressure drop is lower than the H mixer at all examined
Reynolds numbers. Y-Uomm mixer shows more than three
times efficiency than H mixer but yields five times less
pressure drop than H mixer at Re = 50. Hence is certain



that the proposed Y-Uy mm mixer is a better SAR mixer
compare to the H mixer at all examined Reynolds
numbers. Therefore, only Y-U mixers are studied for
further analysis.
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Figure 5. Comparison of numerical efficiency (top) and
pressure drop (down) between Y-Uomm and H mixers.

The overall mixing performance of all mixers with
different vertical connector height H (0 mm to 0.8 mm)
was analyzed. The distributions of the concentration of
water inside the mixers at a Reynolds number of 1 and
30 are shown in Figure 6. There is a small variation in
the concentration of water for all mixers at Re =1 and Re
=30. There is a noticeable change in water concentration
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when Reynolds members increase from 1 to 30, which
indicates at higher Reynolds numbers (Re = 30)
efficiency will decrease compare to low Reynolds
numbers (Re = 1).

Water mass
fraction

[ Re=1

J[

Figure 6. Distribution of the concentration of water for
different Y-U mixers on the XY plane.
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Figure 7 shows the variation curves of mixing
efficiency (1) for Y-Ux micromixers changing the vertical
cylindrical connecting height (H) under different Re. It
can be found that all mixers show the same trend at
Reynolds numbers ranging from 1 to 30. At low Reynolds
numbers (Re = 1), the liquid flows at a low speed in the
mixer, and the mixing mechanism is mainly diffusion.
Hence good mixing is achieved due to longer residence
time, which is about 90% for all mixers. As the Re value
increases, the flow rate in the mixer increases, and the
time for the diffusion of chemical molecules decreases,
resulting in a decrease in the mixing efficiency. The
mixing index does not changes for Re = 10, because the
influence of the secondary flow is not strong enough to
compensate for the shorter mixing time due to the
increase of flow rate (as shown in Figure 8). It is evident
that mixing efficiency depends positively on vertical
connector height (H). Efficiency increase with the
increase of H because of extra path length which gives
additional mixing time. All mixers exceed 60% efficiency
at higher Reynolds numbers (10 < Re < 50). Moreover,
Y-Uos mm yields the highest efficiency (75%) at 10 <
Re < 50.
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Figure 7. Variation of mixing efficiency with the
Reynolds numbers at the exit.

Figure 8 depicts the velocity vector plots on the YZ-
plane for five mixers channels at Reynolds numbers of 1,
and 30. The flow pattern is almost the same in every
cross-section, and the secondary flow is almost
negligible. But the efficiency is good because at low
Reynolds number (Re = 1) fluids have more time to mix.
At a Reynolds number of 30, the secondary flow increase
for all mixers but not at a significant level. Hence the
efficiency decrease at high Reynolds numbers (10 <
Re < 50) as indicated in Figure 7.
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Figure 8. Velocity vector on the YZ-plane for different
Y-U mixers at Re = 1 and Re = 30.

The relationship between mixing efficiency and
axial length at Re = 10 is presented in Figure 9. The
distribution follows the same trend and efficiency
increases with the axial length, as expected. Y-Uy mm
shows the lowest efficiency, and Y-Uog mm shows the
highest efficiency (73%) at the output due to its longer
fluid path. An efficiency of more than 95% can be
reached by adding more elements which will increase
the total fluid path.
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Figure 9. Variation of mixing efficiency with the axial
length at Re = 10.

Figure 10 expresses the relationship between
pressure drops with respect to Reynolds numbers and
flow rate. Pressure drop increases with the increase of
Reynolds number (and flow rate) for all mixers. The
Y-Uosmm (H = 0.8 mm) has the highest pressure drop due
to its longest channel length.
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Figure 10. Pressure-drop of the micromixers at various
Reynolds numbers.

To have a better comparison between the five
proposed mixers, the mixing cost (ratio of efficiency to
pressure drop) with Reynolds numbers are also
computed and described in Figure 11. It is clear that all
mixers show almost the same mixing cost irrespective of
Reynolds numbers. The reason behind this is that
efficiency as well as pressure drop increase with the
increase of vertical cylindrical height (H), so the ratio of
efficiency to pressure drop remains almost constant.
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Figure 11. Mixing cost of the micromixers at various Reynolds
numbers.

5. Conclusion

This paper focuses on the design and analysis of
the mixing performance of a new SAR-based ‘Y-U’ mixer.
The mixer has four identical elements and each element
consists of one ‘Y’ and one ‘U’ segment. Five mixers are
proposed changing the vertical connecting cylindrical
length (H) from 0 mm to 0.8 mm. Each time the vertical
cylindrical length (H) is changed by 0.2 mm to see the
effect on the mixing index. Mixing performance is
computed numerically by FLUENT 15 varying Reynolds
numbers (1 < Re < 50). A well-known SAR ‘H’ mixer is
also studied and published experimental data was used
to verify the numerical system. The proposed Y-U shows
better performance compare to the H mixer at all
examined Reynolds numbers. The efficiency of the Y-U
mixer depends on the vertical connecting cylindrical
length (H) and efficiency increases with the increase of
the connecting cylindrical length; Y-Uog mm provides the
highest mixing efficiency (75%) among all presented
mixers. Efficiency also depends on the axial length as
expected. There is no strong presence of secondary flow
in the mixers, hence the mixing efficiency does not
increase with the increase of Reynolds numbers. But at
low Reynolds numbers (Re = 1) mixing efficiency is high
(90%) because the fluids have enough time to mix. The
mixing cost is also calculated and all mixers show almost
the same values. Hence all variations of Y-U mixers can
be applicable in low Reynolds numbers.
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