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Abstract: Micromixers, as crucial components of microfluidic devices, find widespread applications
in the field of biochemistry. Due to the laminar flow in microchannels, mixing is challenging, and
it significantly impacts the efficiency of rapid reactions. In this study, numerical simulations of
four baffle micromixer structures were carried out at different Reynolds numbers (Re = 0.1, Re =1,
Re =10, and Re = 100) in order to investigate the flow characteristics and mixing mechanism under
different structures and optimize the micromixer by varying the vertical displacement of the baffle,
the rotation angle, the horizontal spacing, and the number of baffle, and by taking into account the
mixing intensity and pressure drop. The results indicated that the optimal mixing efficiency was
achieved when the baffle’s vertical displacement was 90 um, the baffle angle was 60°, the horizontal
spacing was 130 um, and there were 20 sets of baffles. At Re = 0.1, the mixing efficiency reached 99.4%,
and, as Re increased, the mixing efficiency showed a trend of, first, decreasing and then increasing.
At Re = 100, the mixing efficiency was 97.2%. Through simulation analysis of the mixing process,
the structure of the baffle-type micromixer was effectively improved, contributing to enhanced fluid
mixing efficiency and reaction speed.

Keywords: passive micromixer; baffle; molecular diffusion; chaotic convection; numerical simulation

1. Introduction

Microfluidics has significant advantages such as a lower sample requirement, faster
analysis speed, less reagent consumption, and higher throughput, and is widely used in the
fields of biology and medicine. As an important part of the microfluidic control chip, the
micromixer has a broad application prospect in the fields of integration and miniaturization
of the analytical system, chemical synthesis, and energy production [1-3].

According to whether there is an external energy field action, the micromixer can be
divided into two categories, active and passive [4], in which the passive micromixer does
not rely on external fields, more in line with the requirements of the microfluidic system in
terms of convenience and integration. The single-channel micromixer has the advantages
of a simple structure, low processing cost, and small pressure drop, and is most widely
used in passive micromixers [5]. Commonly used single-channel micromixers include
T-type [6], Y-type [7], sawtooth-type [8], square-wave-type [9], curved-channel-type [10,11],
spiral-channel-type [12] and twisted-channel-type [13] etc. Because the T-type micromixer
has a large number of baffles, the fluid flow path is longer, the vortex intensity is stronger,
and it has a better mixing efficiency. At the same time, the T-shaped structure is relatively
simple and easy to manufacture and integrate [14].

Itis a common design to add baffles to micromixers [15-18]. The presence of baffles can
guide the fluid to mix more effectively, helping to increase the mixing effect. By designing
appropriate baffles, precise control of the degree of mixing can be achieved to meet the
requirements of specific applications, reduce inhomogeneities in fluid flow, and ensure
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more uniform mixing [19-22]. Ansari et al. [23] conducted experiments and numerical
analyses on the design of a micromixer that generates vortex flow, and compared the mixing
performance with a simple micro T-type mixer, and further extended it to planar serpentine
microchannels. These microchannels combined with simple and swirling T-junctions to
evaluate and validate their mixing performance. The mixing performance of the vortex
T-type mixer is higher than that of the simple T-type mixer, and increases significantly with
the increase of the Reynolds number. Ahmadi et al. [24] added baffles to the side walls
of the curved snake-type micromixer. When the fluid flows through the baffles, chaotic
convection is generated, which enhances fluid mixing. They also compared and optimized
six different baffle structures through numerical research. Agarwal et al. [25] added a
diffuser plate to a T-shaped micromixer and studied the effects of different arrangements
of diffuser plates on mixing. The effects of cylindrical obstructions (common in heat
exchangers) and diffuser plates were also explored. High mixing efficiency (approximately
85%) was achieved within an acceptable pressure loss (~2300 Pa) range. Gidde [26] studied
a T micromixer, using three baffles (square, triangular, and circular) to achieve high mixing
efficiency, and identified three flow types, namely, stratified flow (near Re = 7), eddy flow
(Re = 60), and engulfing flow (Re > 100). The mixing efficiency in stratified flow is primarily
due to diffusion. In the vortex state, the mixing efficiency is slightly improved due to the
formation of vortices. Furthermore, as the phagocytosis process occurs, there is a sudden
increase in efficiency. Rudyak and Minakov [27] optimized the T-type micromixer by
changing parameters such as inlet angle, aspect ratio, speed, and slip. Arockiam et al. [28]
designed and tested a micromixer with a twisty shape using basic tools found in regular
labs. Mehta and Mondal [29] suggested a new micromixer design using a two-part cylinder
with varying zeta potentials in opposite directions.

The construction of micromixers conventionally employs substrates composed of
materials such as silicon, glass, or polydimethylsiloxane (PDMS). The fabrication method-
ology generally encompasses the generation of a master mold through photolithographic
techniques, subsequent PDMS casting, the establishment of microchannels, and the incor-
poration of external components during assembly [30].

Based on the above studies of various micromixers, this paper proposes a new structure
of the passive baffle micromixer to study the molecular diffusion effect and the secondary
vortex effect in the microchannel by utilizing the baffle’s modulation effect on the local flow
field. Through numerical simulation methods, we study the effects of four types of baffle
layouts on the mixing effect and pressure drop, focus on the molecular diffusion and the
secondary vortex effect in the passive baffle micromixer, and analyze the changes of the
flow field in the microchannel and the performance of the micromixer under different Re,
so as to provide a theoretical basis for the design of the passive micromixer.

2. Physical Model

A numerical model for the baffle micromixer is established as shown in Figure 1,
where the inlet channel has a T-shaped configuration with two inlet widths of 300 um each,
a side length of 350 um, and a total vertical length of 1000 um. The outlet width of the
channel is 300 um, and the mixing length is 3200 pm.

The micromixer model incorporates 20 sets of baffles, each with a length of 130 um
and a width of 20 um. The baffles are arranged in pairs, with one above and one below
the channel. As shown in Figure 1b, A represents the distance from the center point of the
rectangular baffle to the channel’s centerline, B represents the angle between the baffle and
the horizontal line, C represents the distance between adjacent baffle, and D represents the
number of baffle pairs. The initial model parameters are set as follows: A =70 um, B = 60°,
C =150 um, and D = 20.
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Figure 1. Baffle micromixer structural schematic diagram: (a) overall view of the baffle micromixer;
And (b) local schematic diagram of the baffle micromixer.

3. Research Methods and Feasibility Verification
3.1. The Fundamental Control Equations for Microfluidic Mixing

The numerical simulation method for studying the micromixing problem is primarily based
on the continuity equation, momentum equation, and component concentration equation:

V-V=0 (1)
pV-VV = —Vp+uV?v )
V.VC = DV2C (3)

In the equations, V represents the velocity vector, p is the density of the fluid, p is
the pressure, y is the absolute viscosity, C is the component concentration, and D is the
component diffusion coefficient. Assumptions were made that the fluid is an incompressible
Newtonian fluid, the flow state is steady, the flow structure is laminar, the channel walls
exhibit no slip, and the impact of gravity on the flow is neglected. Inlet conditions were set
as velocity inlet boundary conditions, and the outlet had a zero-relative-pressure pressure
outlet boundary condition representing the ambient atmosphere.

The conservation equations are formulated in the following manner:

5(oY;
<§x )4 V-(pvYi) = V]i+ R + 5 4)
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where R; is the net generation rate of chemical reactions, and S; represents additional
generation rates caused by discrete phases and user-defined source terms. Two inlet sample
concentrations were specified as C1 = 1 mol/L and C2 = 0 mol/L. The fluid density p was
set to 10% kg/m?3, and the dynamic viscosity u was 1073 Pa-s.

Micromixing occurs within a square-wave-shaped channel, independent of the dimen-
sions of the inlet section and Reynolds number Re. The Reynolds number Re = Ul/v is
used to characterize fluid mixing within the square-wave channel, where U is the average
fluid velocity in the T-shaped channel,  is the hydraulic diameter of the rectangular channel
(I =2(axb)/(a+Db)),and v is the kinematic viscosity. In both experiments and numerical
simulations, Re is controlled within the range of 0.1 to 100, ensuring laminar flow. The
mixing intensity can be used to assess the degree of fluid mixing, and the calculation
formula is as follows:

Twwn Hi—Hpy? .
M= 1_\/n2i—1(H) x 100% (5)

m

where M is the mixing intensity, # is the total number of sampling points, H; is the molar
fraction distribution over the entire cross-section at the outlet of the micromixer, and H,,
is the average molar fraction. The calculated M represents the variation range of the
mixing intensity at the outlet cross-section of the micromixer, ranging from 0% (completely
unmixed) to 100% (completely mixed).

The Q criterion, proposed by Hunt and others, is used to describe the vortex charac-
teristics by considering the relative balance between the strain rate and the magnitude of
vorticity. The calculation formula is as follows:

1
Q= (Ial* ~[IsI") (6)
1.6, 5u'
g — uz+ ] 7
3Gt 5 )
1 5 51,['
O=-(H#_-24 8
25~ o) ®)

Here, S and () represent the symmetric and antisymmetric parts, respectively, of the
velocity gradient tensor matrix Au. When vortices are present in the flow field, the Q
criterion is greater than 0. Conversely, when there is deformation at the fluid interface, the
Q criterion is less than 0. The magnitude of the Q criterion also reflects the extent of the
vortices and deformation in the flow field.

The efficacy of the micromixer is assessed through the utilization of the mixing cost
(MC), which is articulated in the subsequent expression:

AP/ Pudean
MC = M x 100 ’ ©)

where Ap is the pressure load between the inlet and the outlet, and u,,,,, represents the
average velocity at the outlet.

3.2. Numerical Simulation Methods and Boundary Condition Settings

This paper conducted fluid dynamics analysis on the mixing units of the micromixer,
investigating the influence of baffles within the passive micromixer on fluid molecular
diffusion and the secondary vortex effect. Numerical calculations were performed using
the COMSOL Multiphysics 6.0 fluid simulation software. The geometric model of the
baffle micromixer was established, and the finite element method was employed to solve
the fluid flow field and mixing effects inside the baffle micromixer. Assumptions were
made that the fluid is an incompressible Newtonian fluid, the flow state is steady, the flow
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structure is laminar, the channel walls exhibit no slip, and the impact of gravity on the
flow is neglected. Inlet conditions were set as velocity inlet boundary conditions, and the
outlet had a zero-relative-pressure pressure outlet boundary condition representing the
ambient atmosphere. Two inlet sample concentrations were specified as C1 =1 mol/L and
C2 =0 mol/L. The fluid density p was set to 103 kg/m3, and the dynamic viscosity u was
1073 Pa-s.

3.3. Mesh Independence Verification

The simulation results vary with different numbers of meshes, and, in order to improve
the simulation accuracy while saving computational time, a comparative analysis of the
mixing efficiency of the micromixer was conducted under five different mesh densities
(“Coarse” (13,546), “Normal” (18,870), “Fine” (26,757), “Finer” (65,473), and “Extra Fine”).
As seen in Figure 2, the mixing efficiency gradually decreases with an increase in the
number of meshes. For the mesh densities “Fine” and “Finer”, the mixing efficiencies are
51.3% and 51.1%, respectively, with little difference. However, the computation time is
shorter for the mesh density “Fine”. Therefore, “Fine” was chosen for the numerical study.

N

W~

n
T

Mixing index(%)
N
g
T

0

=

n
T

. 1 L 1 . 1 R 1 . ]
0 20,000 40,000 60,000 80,000 100,000

Number of meshes

Figure 2. Mesh independence verification.

4. Results and Discussion

4.1. The Impact of the Vertical Displacement of Baffles on the Mixing and Flow Characteristics of
the Solution

In the T-shaped channel of the baffle micromixer, the vertical distance of the baffle
from the horizontal centerline affects the mixing and flow characteristics of the solu-
tion. In the initial model, the vertical displacement of the baffle, denoted as A, is set to
70 um. To achieve better mixing efficiency, additional mixing models were created with
A, set to 80 um and 90 pm, respectively. The baffles follow an odd-up, even-down layout,
where baffles in odd-numbered arrays move upward, and those in even-numbered arrays
move downward.

Mixing efficiency is a crucial performance metric for the micromixer. Figure 3 illus-
trates the mixing effects of the micromixer with three different vertical displacements of
the baffles. Different colors represent different solute concentrations, with the best mix-
ing achieved when the solute concentration at the microchannel outlet is 0.5 mol/L. As
observed in the figure, with an increase in the vertical displacement of the baffles, the
overall mixing efficiency improves. For a given displacement, mixing effects at Re = 0.1 and
Re =100 are generally better than those at Re = 1 and Re = 10.
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Figure 3. Mixing concentration distribution of baffle micromixer at different vertical displacements:
(@) A=70 pum; (b) A =80 um; and (c) A =90 pm.

Figure 4a presents the mixing efficiency curves at the outlet of the micromixer with
different vertical displacements of the baffles under four flow velocities. Two samples
with different concentrations are introduced into the two inlets of the micromixer. The
horizontal axis represents Re, and the vertical axis shows the mixing efficiency. From
Figure 4a, it can be visually observed that, among the three structures, the micromixer
achieves the best overall mixing efficiency when the vertical displacement of the baffles
is 90 pm. Considering various factors affecting the performance of the micromixer, the
influence of pressure drop cannot be ignored. Figure 4b illustrates the pressure drops for
the three structures, and it is evident that the micromixer with a vertical displacement of
90 pum has a significantly lower pressure drop than the other two structures. However,
at Re = 100, this trend slightly changes, and the pressure drops for the three micromixer
structures are 147.8 kPa, 184.5 kPa, and 180.1 kPa, respectively. When the Re number is
low, the pressure drop variation is not pronounced, which may be related to the low flow
velocity at the inlet. Figure 4c demonstrates the mixing cost of the micromixers. It can be
seen that the mixing cost diminishes with an increase in Re. Similarly, when the vertical
displacement of the baffles is 90 um, the mixing cost of the micromixer is minimized.
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Figure 4. Mixing efficiency and pressure drop variation at different vertical displacements in the
micromixer: (a) mixing efficiency curve; (b) pressure drop curve; and (c) mixing cost.

Next, we analyzed the flow field states inside the micromixer channels in conjunction
with different Re and fluid diffusion modes. Figure 5 represents streamline plots for the
three micromixer channels, where different colors indicate different fluid concentrations,
with a value of 0.5 representing complete mixing. From the above analysis, the micromixer
demonstrates good mixing efficiency at both low and high Re, warranting further investi-
gation. By comparing the streamline plots for six cross-sections of each micromixer, it is
observed that, when Re = 0.1, the dominant mode of fluid diffusion in the micromixer is
molecular diffusion. At this point, the fluid velocity is relatively low, and the fluid exhibits
a steady laminar flow. The mixing efficiency is related to the total path of fluid flow in the
microchannel, where longer flow paths result in longer residence times, promoting mixing.
When Re = 100, the area and velocity of the double-vortex micro-vortices distributed along
the main channel sides are larger. The chaotic convection within the micromixer becomes
stronger, leading to a more uniform distribution of fluid concentrations. In summary, the
micromixer with A = 90 um can achieve a larger mixing index while ensuring a smaller
pressure drop, making it more advantageous in terms of performance.



Micromachines 2024, 15, 182 8 of 19

; .\%{77 g;]w
kjﬁ%ﬁé

FLTELLTET 7474787 1 ..

FLTLL LT L =

TTET T IT 777
LIAIALL LAY EX L L | B
5 6 0
E Re=0.1 4
ST T 7T AT TV 77
AN A
2 3 0.8
Re=1 0.7
TP T 27 27 772727 )7 77
I IIE m

Re=10
F7777777777 777777 o4
CETLTET LT LT AL L |

////// ///////// l 01

5 6 o

(c)

Figure 5. Velocity vector distribution within the baffle micromixer at different vertical displacements:
(@) A =70 um; (b) A =80 um; and (c) A =90 um.

4.2. Effect of Baffle Rotation Angle on Solution Mixing and Flow Characteristics

Based on the discussion in Section 4.1, we selected the micromixer structure with
A =90 pm and further investigated the mixing conditions for baffle angles B = 45°, B = 60°,
and B = 75°. The baffles follow an odd-down, even-up layout, where odd-numbered arrays
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change the angle of the baffles below the centerline, and even-numbered arrays change the
angle of the baffles above the centerline.

Figure 6 illustrates the mixing effects of the micromixer with three different baffle
arrangement angles. Different colors represent different solute concentrations, with the
best mixing achieved when the solute concentration at the microchannel outlet is 0.5 mol/L.
Combined with Figure 7a, it can be observed that, as the Reynolds number increases, the
mixing efficiency of baffles with different angles generally shows a trend of decreasing
first and then increasing. When the baffle angle is 60°, the mixing efficiency is the highest.
Figure 7b displays the pressure drops for the three structures, indicating that a larger baffle
rotation angle corresponds to a higher pressure drop. At Re = 100, the pressure drops for
the three micromixer structures are 171.4 kPa, 240.2 kPa, and 247.9 kPa, respectively. At
Re = 0.1, the pressure drop changes are not significant, measuring 0.0248 kPa, 0.03457 kPa,
and 0.04006 kPa, respectively. Figure 7c represents the mixing cost, from which it can be
concluded that the mixing cost diminishes with an increase in Re and that the 45° baffle
angle micromixer exhibits the lowest mixing cost. At Re = 0.1, the mixing costs for the
three micromixer structures are 2.72726, 3.7523, and 4.41811, respectively. At Re = 100, the
mixing costs are 0.02519, 0.0142, and 0.01321.

Re=0.1

AT

0.8

0.7

0.6

0.5

Re=0.1

(c)

Figure 6. Mixing concentration distribution of baffle micromixer at different rotation angle:
(a) B=45°; (b) B=60° and (c) B = 75°.
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Figure 7. Mixing efficiency and pressure drop changes of micromixer at different rotation angles:
(a) mixing efficiency curve; (b) pressure drop curve; and (c) mixing cost.

Figure 8 represents streamline plots inside the channels of the three micromixers,
where different colors indicate different fluid concentrations, with a value of 0.5 indicat-
ing complete mixing. By comparing the streamline plots for six cross-sections of each
micromixer, it can be observed that, when the baffle rotation angle is 60°, the fluid is more
stable at Re = 0.1, and the mixing effect is better at cross-sections 2 and 3 compared to
the other two structures. At Re =100, the vortex region is more pronounced, significantly
enhancing chaotic convection in the micromixer.

Overall, the micromixer with B = 60° exhibits the maximum mixing efficiency and a
moderate pressure drop, making it a more versatile choice in terms of performance.

4.3. Effect of Baffle Horizontal Spacing on Solution Mixing and Flow Characteristics

Based on the discussion in Section 4.2, we selected the micromixer structure with
B = 60° and further investigated the mixing conditions for baffle horizontal spacings
C =100 pm, C =130 pm, and C = 150 um.
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Figure 8. Velocity vector distribution within the baffle micromixer at different rotation angles:
(a) B=45° (b) B=60° and (c) B = 75°.

Figures 9 and 10a show the mixing effect of the micromixer baffles at three horizontal
spacings. It can be seen from the figure that the mixing effect of C = 130 um is greater
than that of C = 100 um. As the horizontal displacement of the baffle increases, the mixing
effect when C = 150 um is smaller than 130 um. The mixing effect when Re = 0.1 and
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Re = 100 is better than Re = 1 and Re = 10. Figure 10b shows the pressure drops of the
three structures. The larger the horizontal distance between the baffles, the smaller the
pressure drop. When Re = 100, the pressure drops of the three structures of micromixers are
291.4 kPa, 258.1 kPa, and 240.2 kPa, respectively. When the Re number is low, the pres-
sure drop changes are not obvious, which are 0.05004 kPa, 0.03894 kPa, and 0.03457 kPa,
respectively. Figure 10c reveals that, across different Re, the mixing cost is minimized when
C =150 um. Additionally, at Re = 100, the mixing cost increases for C = 130 um, with
respective values for the three structures being 0.10683, 2.90532, and 0.0142.
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0.6

0.5

0.4

0.3

£ Re=100 0.2

01 fjfi/f/fy///{/ff i 01

(b)

Re=0.1
WA B

0.8

©

0.7

0.6

0.5

Re=10

Wyl n

(c)

Figure 9. Mixing concentration distribution of baffle micromixer at different horizontal spacing:
(a) C =100 um; (b) C = 130 um; and (c¢) C = 150 um.

Figure 11 represents streamline plots inside the channels of the three micromixers,
where different colors indicate different fluid concentrations, with a value of 0.5 indicating
complete mixing. When the baffle spacing increases from 100 pm to 130 pum, the individual
active area of the fluid expands, enhancing mixing efficiency. However, when the baffle
spacing further increases to 150 pm, the excessively large active area weakens the effect of
changing fluid trajectories, resulting in decreased mixing efficiency. Overall, the micromixer
with C = 130 um demonstrates advantages in performance, providing a larger mixing index
while ensuring a smaller pressure drop.
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Figure 10. Mixing efficiency and pressure drop changes of micromixer at different horizontal spacing:
(a) mixing efficiency curve; (b) pressure drop curve; and (c) mixing cost.

Figure 11. Cont.
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Figure 11. Velocity vector distribution within the baffle micromixer at different horizontal spacing:
(a) C =100 um; (b) C = 130 pm; and (c¢) C = 150 pm.

4.4. Effect of Baffle Logarithm on Solution Mixing and Flow Characteristics

Combining the discussion in Section 4.3, we chose the micromixer structure with
C =130 pm and further investigated the mixing conditions for baffle horizontal spacings
D =10 groups, D = 15 groups, and D = 20 groups.

Figures 12 and 13a provide the simulation results for the three different numbers of
baffles. With an increase in the number of baffle groups, the fluid undergoes continuous
compression and separation in the microchannel, significantly improving the mixing ef-
ficiency. Figure 13b shows the pressure drops for the three structures, indicating that a
greater number of baffle groups corresponds to a larger pressure drop. Especially under
high Reynolds number conditions, the generation of vortices and other complex flow
phenomena significantly increases the pressure drop. In fact, a high-pressure drop is an
unavoidable drawback of micromixers. Figure 13c indicates that an increase in the number
of baffle groups enhances mixing efficiency; however, the elevated pressure drop results in
a higher mixing cost. When the number of baffle groups is 20, the mixing cost is maximized,
and, under the high Reynolds number condition of Re = 100, the mixing cost increases.
At this point, the mixing costs for the three structures are 0.00945, 0.01556, and 2.90532,
respectively.
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Figure 12. Mixing effect of micromixer with different number of baffles: (a) D = 10 pairs; (b) D = 15 pairs;
and (c) D = 20 pairs.

Figure 14 represents the velocity vector distribution inside the channels of the three
micromixers, where different colors indicate different fluid concentrations, with a value of
0.5 indicating complete mixing. As the number of baffle groups increases, the mixing time
extends at low Re, enhancing the mixing effect. At high Re, in addition to high-intensity
vortices, there are also many less apparent small vortices. This is of significant importance for
micromixers aiming to improve mixing efficiency. Overall, the micromixer with D = 20 groups
demonstrates the optimal mixing efficiency and a higher cost-performance ratio.
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Figure 14. Velocity vector distribution within the baffle micromixer at different quantities: (a) D = 10 groups;
(b) D =15 groups; and (c) D = 20 groups.

5. Conclusions

This paper addresses the challenges of low mixing efficiency and integration in passive
micromixers. Utilizing baffles to control the local flow field, the study conducts a numerical
simulation analysis to investigate the impact of different baffle structures on the mixing
index and pressure drop. The main conclusions are as follows:

(1) The optimal mixing effect is achieved when the baffle vertical displacement is 90 pm,
the baffle angle is 60°, horizontal spacing is 130 um, and the number of baffles is
20 groups. At Re = 0.1, the mixing efficiency reaches 99.4%, and, at Re = 100, the
mixing efficiency is 97.2%.

(2) With the gradual increase of Re, the mixing efficiency shows a trend of decreasing
first, and then increasing. When Re = 0.1, the dominant mode of fluid diffusion in
the micromixer is molecular diffusion, and the mixing efficiency is related to the total
path of fluid flow in the microchannel. As Re increases to 100, the area and velocity
of the double vortex micro-eddies distributed along the main flow channel increase,
enhancing chaotic convection in the micromixer and resulting in a more uniform
concentration distribution of fluids.

(3) The increase in mixing efficiency does not necessarily lead to a proportional increase
in pressure drop in the micromixer. This finding suggests a new approach to structural
optimization, enabling a high mixing efficiency while maintaining a relatively small
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pressure drop. This insight provides a reference for the design and development of mi-
cromixers with efficient mixing functionality for the preprocessing part in microfluidic
analysis and micro-total analysis.

The advantages of the paper are the achievement of high mixing efficiency, and the
relationship between Re and mixing efficiency, as well as the pattern between the pressure
drop mixing efficiency. In the future, we will further explore micromixers with a high
mixing efficiency with little pressure drop. The attainment of heightened mixing efficiency
in micromixer design, concomitant with the mitigation of pressure drop, necessitates the
judicious optimization of microchannel geometry, the adept control of fluid flow rates, and
the discerning incorporation of passive or active mixing methodologies. The utilization
of advanced fabrication techniques such as 3D printing to engender intricate channel
architectures, the contemplation of recirculation zones, and recourse to computational
simulations for systematic design exploration stand as pivotal measures in achieving an
optimal equilibrium between mixing efficacy and minimal pressure drop.
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