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1 | INTRODUCTION

| Teng Zhou' @ | Chao Xu® | Yongbo Deng®

Abstract

Homogeneous and rapid mixing in microfluidic devices have always been the
premise requirement due to its integration with bioengineering and chemical
experiments. In this work, a novel passive micromixer with modified asymmetric
lateral wall structures is designed. The numerical simulation is carried out
at the Reynolds number ranging from 0.1 to 100 for the novel microchannel
and the ordinary “S”-shaped microchannel. The results indicate that, com-
pared with the “S”-shaped micromixer, the novel structure exhibits superior
mixing performance, which can be attributed to the increasing inertial effect

and formation of secondary flow. The simulation results suggest that the novel
micromixer developed here will achieve an efficient mixing performance.
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microfluidics for pursuit of the species operation effi-
ciently, such as hybrid analysis of reagents, chemical

Microfluidics is developing rapidly owing to its tremen- reaction,” and the mixing and separation of particle.>”
dous potential in lab-on-a-chip.! Bioengineering and  As a core component of the microfluidic system,®’ the
chemical experiment have been integrated gradually with micromixer with a well-designed structure plays an
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imperative role of mixing two or more samples in
microchannel. According to those recent research works,
the micromixer can be divided into two types: active
micromixer and passive micromixer.®"°

The active micromixer requires loading an external
source for disturbance of flow field to achieve a better
mixing effect."""'” Its composition is varied and compli-
cated relatively, usually including microelectrodes and
sensitive magnet microdetector into chips. Accordingly,
the active micromixer will be destined to meet some
complex difficulties to overcome during multiple design,
development, and production process.'®** Compared with
the active micromixer, the passive micromixer demands a
much easier manufacturing condition because it does not
require external energy for hydrodynamic driving con-
trol.>> Passive mixing behavior typically relies on diversi-
fied microchannel structural design for fluid flow guiding
along the wall and distortion to obtain the desired mixing
performance.*'** Hence, the improvement and optimiza-
tion of the passive micromixer structure have always been
the focus of research; a variety of passive micromixers with
diverse structures have been implemented.****

In order to design a unique microfluidic channel for
improving its mixing performance of the passive
micromixer,***® we employ the finite element method to
establish a novel passive micromixer with modified
asymmetric lateral structures. The elaborated structure
compels the fluid flow along its converging-diverging
channels, and mixing degree of fluid can be promoted by
interacting behavior among fluid elements, which can be
evaluated by mixing index M.*”*° The velocity profiles
perpendicular to the axis of the microchannel will be
introduced to illuminate the mixing behavior in species
under varying Reynolds numbers.’*>" Through a mass of
significative numerical simulations, the fluid velocity field
and the concentration distribution under various
Reynolds numbers are illustrated. The results based on
computational fluid dynamics method have been proven
with high reliability in the qualitative analysis and
quantitative calculation of fluid behavior. Ultimately, the
passive micromixer with modified asymmetric lateral wall
structures is achieved.

2 | METHODOLOGY

2.1 | Mathematical model

The fluid momentum equation of an incompressible
Newtonian liquid in micromixers and the continuity
equation are described as follows:

p(u-Viu=-Vp+V -n(Vu + (Vu)T), ey
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—V.u=0, 2)

where u is the velocity of fluid, p is the fluidic density, p is
the fluidic pressure, and 7 is the fluidic viscosity.

For the purpose of tracking the location of the
interface between the two fluids, convection-diffusion
equation is usually used to numerically solve the concen-
tration field.

%+ (u-V)e = DVZ¢, (3)

where ¢ and D are concentration and diffusion
coefficient of the species, respectively. For the steady
convection—diffusion equation, the concentrations at
inlets are assigned as

c=0mol/m’ at Tigen,

c=1mol/m*® at Tiep.
And the boundary conditions are
U =uop at Linet,

u=20 at I'yan,

7(Va+ (Vo) )n=0  at Touger

There is an important nondimensional number
named Re, which represents the ratio of inertia force
and viscous force, and it can be expressed as

_ulp
0

Re (5)

In order to investigate the efficiency of the micromixer,
the mixing degree of the species can be evaluated by a
variable index, which is defined as

N

1 ci—c\ 2
M=1—/< ( ) 6
N\ (6)

where M is the mixing efficiency, N is the total number of
sampling points, c; is the normalized concentration at the
sampling point, and ¢ is the expected normalized concen-
tration. The mixing efficiency M ranges from 0 to 1(“0”
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and “1” donate the species unmixed and full mixed,
respectively). The higher M value indicates the more
homogeneous concentration distribution and the better
mixing performance.

2.2 | Numerical method

The schematic diagram of the two-dimensional structure
of the designed micromixer is shown in Figure 1, and
its main parameters are exhibited in Table 1. Different
from the ordinary “S”-shaped structures, only one side
of semicircular pipe is modified to straight wall struc-
tures; in other words, the lateral straight wall structures
are integrated together with the straight path with an
asymmetrical array. Although the fluid flows along with
the asymmetry lateral channel, it will be induced to accel-
erate due to decreasing cross-sectional area of straight
wall structures, like a converging channel, and then the
fluid will move from the current export of lateral channel
to the next substructure periodically.

The commercial finite element package COMSOL
Multiphysics (version 5.3) is used to carry out the
three-dimensional simulation of the micromixer. This
software can couple many useful physical modules
smoothly for computational fluid dynamics. The
simulation model of this study is made up of two classic
physical modules, the laminar flow and the transport of
diluted species. Our main works focus on the improve-
ment of mixing performance of the designed
microchannel with asymmetric lateral wall structures.
The elaborated discussion about the mixing level will
be carried out in the next section.

Flow Direction
—

Inlet Outlet
=<

FIGURE 1 The schematic diagram of two-dimensional structure
of the micromixer with asymmetric lateral wall structures

TABLE 1 Dimensions of micromixer

Parameter Value (um) Parameter Value (um)
w 100 R 100
wl 30 r 50
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3 | RESULTS AND DISCUSSION

This section is divided into the following two parts. The
first part is the model discussion, such as the indepen-
dent grid system in the model, and the analysis of the
mixing mechanism based on the calculation results of
the flow field in the channel. The other part is based on
numerical calculation of concentration distribution, such
as vortex formation distribution and final mixing
efficiency in outlet.

3.1 | Results of the simulation and mixing
mechanism

In order to show the construction of the micromixer more
intuitively, we expand the plane shown in Figure 1 to the
three-dimensional simulation model by using COMSOL
Multiphysics software, as shown in Figure 2. In this
model, the density of the fluid is 1 x 10° kg/m?, the
dynamic viscosity of the fluid is 1 x 107> Pa-s, and the
diffusion coefficient is chosen as 10~ m?/s. It is clear that
the micromixer consists of two inlets and one outlet; the
width of channel is 100 um.

For ensuring the accuracy of numerical calculation,
we develop several grid independent of solutions to estab-
lish the model; the number of grids ranges from 25,094 to
333,676 for detailed testing. The local velocity profile
along the middle line at the outlet is shown in Figure 3
a; here, we compared the local velocity profile with four
mesh refinements under Re = 10. Thus, we chose the
206,388 as a number of independent grid elements
because it can ensure adequate accuracy and save of
numerical computation time at the same time. Figure 3
b shows the mesh system with 206,388 elements of
independent grid; the maximum element size and the
minimum element size are 8.81 and 0.952 um, respec-
tively. Based on the data statistics in COMSOL 5.3, the
minimum element quality and the average unit quality
can reach 0.25 and 0.88, respectively, in the structure of
micromixer. According to finite element method, we
can be convinced that the solution and analysis of the
model under the grid system are accurate and reliable
enough.

For contrast, we set up two kinds of three-dimen-
sional micromixer models to highlight the advantage of
novel micromixer in mixing efficiency; one is ordinary
“S”-shaped structure, the other is the microchannel with
modified lateral wall structure, and the both are shown in
Figure 4.

For a further intuitive presentation, we select different
Reynolds numbers (Re = 1, 50, 100) to demonstrate the
mixing results as shown in Figure 5. The numerical
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in microchannel with normal “S”
under three kinds of Reynolds number are presented in

results shape
Figure 5a-c; similarly, the numerical results in
microchannel with modified asymmetric lateral wall
structures are displayed in Figure 5d-f.

Based on the observation of fluid flow in micromixer
in general, two kinds of species from the entrance
synchronously flow in parallel through the initial straight
microchannel, then turn into the narrow flow runner due
to the reduced cross-sectional area of the lateral wall
structure. Along with the internal lateral wall structure
curves, fluid flow behavior is changed under the restraint
of bending lateral wall; thus, the centrifugal force is
generated. Further, the radial pressure gradient is
formed, and the fluid motion could be promoted due to
the effect of inertia on the semicircle structure of lateral
wall, so the fluid velocity in the curved path will be accel-
erated dramatically. At this time, the differentiation can
be distinguished between two kinds of micromixer; the
fluid velocity in modified lateral wall structure (shown in
Figure 5d-f) is higher significantly than that in the ordi-
nary “S”-shaped microchannel (shown in Figure 5a-c),
which can be attributed to its designed unique lateral
wall structure impelling the fluid movement through a
narrower path. Moreover, because the lateral walls in
the micromixer own an arrangement with the asymmetri-
cal distribution on either side along the straight channel,
it can also create nonuniformity of fluid flow, which
means that more disturbance occurred between the
reagents may be induced into flow field. Soon afterward,
the fluid flows from the lateral structure into the straight
path, and the flow direction perpendicular to the axis of
the rectangle microchannel will be shifted when it
encounters the wall boundary, which forces the fluid into
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FIGURE 2 The schematic diagram of
the three-dimensional microchannel

two strands moving to the upper and lower walls, respec-
tively, at the vertical plane as shown in Figure 5. Herein,
the vortices will be generated with the symmetric distri-
bution, namely, as the secondary flow.

It is universally known that the mixing of reagents at
low Reynolds number mainly depends on the diffusion of
molecules, which mainly relies on the residence time or
flow velocity of fluid in the microchannel. Comparing
Figure 5a with Figure 5d, the velocity profiles in fluid
field are displayed via the streamline. The fluid state
can be considered as laminar flow at Re = 1. In this case,
the residence time of fluid is almost equal on account of
similar structures for the two micromixers. Besides, the
secondary flow is weak extremely in this condition.
Consequently, negligible difference appears between two
velocity fields.

With the increase of the Reynolds number, the advan-
tages of the modified structure are amplified gradually. In
Figure 5e, when the Reynolds number is increased to 50
in the novel micromixer, the velocity profile has changed
dramatically compared with that shown in Figure 5b.
Attributed to the asymmetry of lateral wall structure,
two complete vortexes with round shape in the upper
velocity profile become clearly visible, whereas the vortex
in Figure 5b is closer to ellipse shape. Moreover, the
increasing velocity strengthens the inertia effect of fluid,
and the mixing time will be shortened especially for the
fluid around the sectional centerline of the microchannel.
On the other hand, because of the promoted fluid velocity
after converging wall with high curl, the more residence
time and longer mixing distance in the novel micromixer
may be available due to the formation of more concen-
trated vortex, compared with the ordinary “S”-shaped
structure. In a word, fluid velocity acceleration in the
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FIGURE 3 (a) The local velocity profiles along the middle line at
outlet. (b) The mesh system with 206,388 elements; the color legend
varies on behalf of the quality of elements
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FIGURE 4 The aerial view of channel and the location
distribution of cut planes in two micromixers

modified lateral wall structure becomes more significant
than that in the “S”-shaped microchannel. Therefore,
the flow field in the former tends to be subjected to larger
disturbances than the latter, which will be dedicated to
the improvement of mixing performance inevitably.
The precisely numerical simulation has verified this
result, and the specific value can be derived from the
color legend.
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When the Reynolds number increases to 100, the flow
rate is higher significantly and the secondary flow gets to
be more distinct in the modified path than that in the
“S”-shaped microchannel, as shown in Figure 5c with
Figure 5f. Besides, it can be seen that the center of the
vortex gets closer to two sides of the microchannel. At
the same time, the vortex maintains more complete con-
figuration in Figure 5f in comparison with that in
Figure 5c. In some sense, it means that as the flow rate
increases, the intensity of the secondary flow in the novel
path will be also on the rise. In general, the converging
wall structure is inclined to accelerate and maintain
vortex strength at the relatively high flow rate and further
elevate the mixing efficiency of the micromixer. It is
worth mentioning that these sequence diagrams of
Figure 5 are equipped with different velocity profiles as
demonstrated as the color legend beneath.

3.2 | Concentration distribution and the
mixing performance

For obtaining in-depth information on varying mixing
degree during the fluid flow at different Reynolds
number, the concentration profile could be objective to
the evaluation comprehensively.

Three concentration slices parallel to the y-z plane
are selected to show the distribution of fluid concentra-
tion, which are located at the inlet, the middle, and the
outlet positions of the pipeline, respectively, as illustrated
in Figure 4. Although fluid flows into the entrance in
parallel with the divisional interface, there is only tiny
molecular diffusion flux happening between two kinds
of reagents before flowing into the curved path as shown
in Cut Plane 1 in Figure 6. After passing through a few
lateral structures, fluid reaches Cut Plane 2, molecular
diffusion occurs clearly and similarly at the interface of
reagents as shown in A, and Bj,, considering the low
velocity and weak convection when the Reynolds number
is equal to 1. As the Reynolds number increases to 10, as
shown in A,, and By,, the fluid with high concentration
is expanded gradually into the fluid with low concentra-
tion, and the fluid in lateral wall microchannel is
stretched along the centerline of section to enlarge the
contact area between the reagents. A stronger secondary
flow gets to be generated when the Reynolds number
increases to 50; the fluid with high concentration still
maintains a large proportion in As,, but in Bs,, the
proportion of fluid with high concentration is reduced
markedly due to the vortex rotating and stirring the fluid
field continuously. When the Reynolds number increases
to 100, there are still a few of the fluid with high concen-
tration appearing in section of “S”-shaped micromixer as
shown in Ag4,. By contrast, the fluctuating range of the
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FIGURE 5 The mixing performance of two micromixers under different Re with the concentration distribution shown in the color legend
at the right side; the windows distributed on both sides of the microchannel illustrate the local velocity fields of vertical sections, and the
color legends beneath indicate the velocity magnitude (m/s). (a) The “S”-shaped micromixer at Re = 1; (b) the “S”-shaped micromixer at
Re = 50; (c) the “S”-shaped micromixer at Re = 100; (d) the micromixer with modified lateral wall at Re = 1; (e) the micromixer with
modified lateral wall at Re = 50; (f) the micromixer with modified lateral wall at Re = 100
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FIGURE 6 The concentration distribution of fluid in three cut planes as Re varies, where A;; and Bj; represent the plane serial numbers. (A

and B stand for “S”-shaped micromixer and the micromixer with modified lateral wall, respectively. The subscript i represents four types of

Re, and the subscript j represents cut planes at three positions as shown in Figure 4; the color legend represents the concentration

distribution ranging from 0 to 1)

concentration distribution is relatively narrow with its
mean value close to 0.5 in B,,. Similar conclusion can
also be obtained from the concentration distribution at
Cut Plane 3, as shown in A;3-A4; and B;3-B,s. It is worth
mentioning that when the Reynolds number reaches to
100, the fluid concentration distribution achieves a fairly
high uniformity degree in the novel micromixer as shown
in Bys, whereas there is still a quite large proportion of
fluid with low concentration remained in the “S”-shaped
micromixer as shown in As.

To demonstrate those concentration diversities along
the central axis during the process of fluid flow, we also
provide the concentration distribution profiles in the

0 01 02 03 04 05 06 07 08

longitudinal section in parallel to the x-y flat, and its posi-
tion is just in the middle of the length in the z direction, as
shown in Figure 7. As demonstrated from these concentra-
tion slices, with increasing Reynolds number, mixing
effect is also increasing gradually due to the enhanced con-
vection effect and the secondary flow between reagents,
which dominate the improvement of the mixing perfor-
mance eventually. Moreover, the acceleration effect in
fluid flow brought by the modified structure may also play
a very effective role in the process of mixing; thus, the
convection effect between reagents is enlarged, which will
benefit to obtain better mixing performance. That means,
for achieving the expected mixing degree, less length of

Middle line plane

1

AN S A el o e o

Re=100 mmmed Y Mgy P o iy sl e gl N ,{Lk_

FIGURE 7 The concentration distribution profiles in the longitudinal section for two micromixers at different Re. The left four profiles are
for the ordinary “S”-shaped structure, and the others are for the novel structure. The color legend represents the concentration range from 0
to 1. The minimap at the upper right corner demonstrates the position of the longitudinal section
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micropaths should be required for the novel structure in
contrast with the ordinary structure. In other words, the
former may be more efficient than the latter for promotion
of mixing performance.

To investigate the output uniformity of fluid after a
process of mixing, the mixing index M is proposed in
the above section and its dependence on different Re at
the outlet position for two micromixers is obtained via
postprocessing techniques of numerical calculation. As
shown in Figure 8, compared with the ordinary “S”-
shaped structure of the micromixer, the promotion of
mixing index in modified lateral wall microchannel is
not quite remarkable in the condition of the Reynolds
number lower than 10. However, as the Reynolds number
is above 30, the mixing index in modified lateral wall
microchannel achieves an overall dominance on the
ordinary “S”-shaped structure. Specifically, the mixing
index in “S”-shaped microchannel is less than 30% at
Re = 30, whereas the mixing index can arrive to 55% in
modified structure, which means a tremendous elevation
of fluid mixing degree. Furthermore, for the “S”-shaped
microchannel, the mixing index ascends to a peak value
at Re = 50 and then follows a rapid decrease as Reynolds
number increased to 100, which has violated the original
intention of the structure design of micromixer. On the
other hand, the mixing index in the modified lateral
microchannel maintains a general increasing trend while
the Reynolds number is beyond 10. Especially, the mixing
index achieves a maximum value of 80% approximately at
Re = 100, a leading superiority of about 40% over the
ordinary structure. Therefore, we believe that this novel
micromixer should possess a better mixing performance
and higher efficiency than the “S”-shaped microchannel
on the condition of appropriate arrangement of lateral
wall structure.

—ae@— S -shape microchannel

80 -
—A— |ateral wall microchannel

e
\

50

Mixing index(%)

40+

30 -

20— e
0.1 1 10 100

Re

FIGURE 8 The dependence of mixing index on different Re at
the outlet position for two micromixers. The outlet position has
been illustrated in Figure 3
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4 | CONCLUSIONS

In this study, a novel passive micromixer is designed
based on asymmetric lateral wall structures and the
secondary flow. By a large number of numerical calcula-
tions and comparative analysis on the common traits
and differences of fluid flow between the novel
micromixer and the “S”-shaped channel, some meaning-
ful conclusions can be drawn:

1. Although Reynolds number ranges from 30 to 100,
because of the formation of the secondary flow
and increasing inertial effect, fluid velocity accelera-
tion in the modified lateral wall structure becomes
more significant than that in the “S”-shaped
microchannel, which tends to bring about larger
disturbances in the flow field of novel micromixer
and further leads to the improvement of its mixing
performance.

2. With increasing Reynolds number, mixing effect is
also increasing gradually due to the enhanced con-
vection effect and the secondary flow between
reagents. When the Reynolds number reaches to
100, the fluid concentration distribution achieves a
fairly high uniformity degree in the novel
micromixer; whereas there is still a quite large pro-
portion of fluid with low concentration remained in
the “S”-shaped micromixer.

3. On the condition that the Reynolds number is lower
than 10, the promotion of mixing index in modified
lateral wall microchannel is not quite remarkable in
comparison with the ordinary “S”-shaped structure.
However, although the Reynolds number is above
30, the mixing index in modified lateral wall
microchannel achieves an overall dominance on the
ordinary “S”-shaped structure, which approves the
better mixing performance and higher efficiency of
the novel micromixer.

According to its superior mixing performance, we
believe that this novel micromixer should have a poten-
tial application prospects in the premise that its mixing
reliable is verified by experiment results in the further
research works.
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