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Abstract
In this paper, we used rhombic units to design micromixers. The influence of rhombic angles, width ratios, and the shapes of 
internal microchannels on mixing performance were studied. The simulation results were calculated in the range of Reynolds 
number (Re) 0.5 to 100. We mainly studied the mixing performance of rhombic micromixer from three aspects, including 
mixing efficiency, pressure drop, and fluid behavior in the microchannels. We used COMSOL Multiphysics 5.2a to simulate 
and calculate. The final optimized micromixer had a high mixing efficiency of more than 91.9% at all flow velocities.

Keywords  Mixing efficiency · Rhombic angles · Width ratios · Chaotic convection

Introduction

The fluid in microscale is called microfluidic, and the manip-
ulation of microfluids characterized by laminar flow is called 
microfluidic technology (Brouzes et al. 2009; Beebe et al. 
2002; Volpatti and Yetisen 2014). Microfluidic chip technol-
ogy is a technique for manipulating microfluids on a micron 
or even a millimetre scale. It has the ability to shrink the 
basic laboratory functions such as biology and chemistry 
to a small chip (Wu et al. 2004; Nisisako and Torii 2008). 
Microfluidic chip has the advantages of high efficiency, min-
iaturization and high integration (Flachsbart et al. 2006). 
Micromixer is an important part of the microfluidic chip 
(Hessel et al. 2005; Nguyen and Wu 2004; Yang et al. 2001). 
Micromixers are used in many fields of Biochemistry, such 
as nucleic acid synthesis or sequencing (Cheng et al. 2019), 
DNA purification (Fan et al. 2013), medical hygiene moni-
toring in combination with smart phones, and polymerase 
chain reaction (Arockiam et al. 2021). Microfluidic mixers 
have the additional advantage of reducing reaction time, 
such as reducing culture time for bead-based ELISA meas-
urements (Arockiam et al. 2021).

Micromixer can be divided into active micromixer and 
passive micromixer according to the working principle. 
Active micromixer requires external energy to facilitate the 
mixing between different fluids (Khatavkar et al. 2007; Yu 
et al. 2012; Branch et al. 2011). It mainly relies on sound 
fields, magnetic fields, electric fields and other external 
energy sources to perturb the fluid and achieve mixing. 
For example, Daniel Ahmed et al. designed a bubble-based 
microfluidic structure for fast and uniform mixing. Driven by 
sound, the film of captured bubbles begins to oscillate. Bub-
ble oscillation causes microbeam phenomena, i.e., strong 
pressure and velocity fluctuations in large liquids, which 
result in fast and uniform mixing of two parallel flow fluids 
(Ahmed et al. 2009). Wang et al. designed the micromixer 
by utilizing the mixing enhancement caused by alternate 
driving of magnetic particles suspended in the fluid. The 
influence of magnetic drive force, switching frequency and 
channel transverse dimension on the micromixer was stud-
ied (Wang et al. 2008). Michele Campisi et al. had made 
the device highly integrated on chip lab platforms due to 
low-voltage power supplies, small sizes and the possibil-
ity of manufacturing it using standard lithography technol-
ogy (Campisi et al. 2009). However, the addition of active 
mixing into microfluids requires external equipment, com-
plex manufacturing, heat generation and significant power 
requirements. The mixing time and mixing distance of active 
micromixers are short, but it is not easy to make due to its 
external energy fields. Passive micromixers promote fluid 
mixing by changing their geometries to change the flow 
trajectory of the fluids (Liu et al. 2005; Hong et al. 2001; 

 *	 Xueye Chen 
	 xueye_chen@126.com

1	 College of Transportation, Ludong University, 
Yantai 264025, Shandong, China

2	 Faculty of Mechanical Engineering and Automation, 
Liaoning University of Technology, Jinzhou 121001, 
Liaoning, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s43153-022-00275-x&domain=pdf


750	 Brazilian Journal of Chemical Engineering (2023) 40:749–757

1 3

Bhagat et al. 2007; Camesasca et al. 2006). For example, 
Park et al. enhanced mixing efficiency by adding an embed-
ded barrier structure inside the microchannel (Park et al. 
2009). Yan Du et al. obtained the optimal mixer structure 
by comparing the dynamic micromixing performance of 
the skewed slot micromixer with that of the staggered her-
ringbone micromixer (Du et al. 2010). The Tesla structure 
used by Shakhawat Hossain et al. also provides a new idea 
for the development of passive micromixers (Treise et al. 
2005). Therefore, passive micromixers that enhance mixing 
by modifying microchannel geometries have been widely 
developed because of their advantages of simplicity of fab-
rication and ease of integration with microfluidic systems.

Rhombus is a structure of division and convergence. 
The rhombic units were used to the design of micromix-
ers which can improve the time of contact between fluids 
and produced chaotic convection in the microchannels. Our 
previous work was to design a two-dimensional rhombic 
passive micromixer and study the influence of rhombic 
angles and width ratios on mixing performance (Xu et al. 
2018). Numerical simulation based on fluid dynamics has 
been proved to be credible for flow structures, species con-
centration and mixing performance (Chen and Li 2017; 
Chen et al. 2016; Shi et al. 2018a, 2018b). In this paper, we 
designed a three-dimensional rhombic micromixer, and we 
made innovations based on the previous research. The 60° 
and 90° rhombic micromixers were optimized in different 
ways. The optimized micromixer had high mixing efficiency 
in the range of Re 0.5 to 100. Hossain et al. did a numerical 
investigation on mixing and flow structures in microchannels 
with different geometries (Hossain et al. 2009). The mixing 
efficiency and pressure drop of the micromixer were ana-
lyzed in a wide range of Res. Chung et al. designed a planar 

micromixer with rhombic microchannels, smaller turning 
angle, the higher Res and increasing number of rhombus will 
result in better fluid mixing (Chung and Shih 2007). Ansari 
et al. designed planar split and recombine micromixers with 
asymmetric sub-channels,the effect of the width and shape 
of the split channel on the mixing efficiency was studied 
(Ansari and Kim 2010).

In this paper, we mainly studied three geometric param-
eters which influenced the mixing performance of the micro-
mixers. First, we studied the influence of rhombic angles on 
the mixing efficiency and pressure drop of the micromixers. 
Next, we optimized the 60° and 90° rhombic micromixers. 
The 90° rhombic micromixer was optimized by changing 
the shapes of the internal microchannel. The rhombic micro-
mixer with circular internal microchannel has the highest 
mixing efficiency of more than 91.9% in the range of Re 0.5 
to 100. Finally, the 60° rhombic micromixer is optimized by 
changing the microchannel width ratios. The 60° rhombic 
micromixer with width ratios of 1:2, 1:3, and 1:4 had a high 
mixing efficiency of more than 90% in the range of Re 10 
to 100.

Micromixer designs

In this paper, we design the micromixer with the combina-
tion of rhombic microchannels and straight microchannels. 
Figure 1a shows the plane geometry of the rhombic micro-
mixer. We design four rhombic micromixers with different 
rhombic angles including 30°, 45°, 60° and 90°. The influ-
ence of the microchannel width ratios of the micromixers 
on mixing efficiency are also studied, so we design four dif-
ferent width ratios of 1:1, 1:2, 1:3 and 1:4. The design of 

Fig. 1   The sizes of the rhombic 
micromixer (a) L = 4.5 mm, 
w = 1 mm, m = 0.45 mm, 
n = 0.3 mm, α = 30°, 45°, 60°, 
90° a:b = 1:1, 1:2, 1:3, 1:4 
d = 0.1 mm (b) h = 0.1 mm



751Brazilian Journal of Chemical Engineering (2023) 40:749–757	

1 3

the width ratios are alternated in the rhombic micromixer. 
In order to further improve the mixing efficiency of the 90° 
rhombic micromixer, we innovatively change the internal 
microchannel shapes of the micromixer. We design the 
square and circle internal microchannels, and made a com-
parative analysis of their mixing performance.

Theoretical background

Navier–Stokes equation and continuity equation are used for 
the fluid dynamic analysis:

where u is velocity vector, ρ the fluid density, t the time, η 
the dynamic viscosity and p is the pressure.

Convection–diffusion equation can be used to analyze the 
basic mixing phenomenon for the concentration:

where, c is the species concentration and D is the diffusion 
coefficient.

The mixing efficiency of fluid makes us more intuitive to 
understand the mixing performance of fluid. The equation 
is as follows:

where, N is the total number of sampling points, c
i
 the stand-

ard concentration and c is expected standard concentration, 
respectively. Mixing efficiency ranges from 0 (0%, not mix-
ing) to 1 (100%, full mixed).

Reynolds number (Re) is a important parameter for ana-
lyzing the mixing performance of fluid. The equation is as 
follows:

where U is the average velocity of the fluid, ρ the fluid den-
sity, Dh the hydraulic diameter of the cross-section, μ is he 
dynamic viscosity of fluid.

In this paper, the simulation results are calculated by 
COMSOL Multiphysics 5.2a. The simulation environment 
is set to dilute material transfer and steady incompress-
ible flows. The mixing performance of micromixers are 
analyzed in the range of Re 0.5 to 100. The materials used 
in this simulation is water and the initial concentration 
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conditions of the fluid are set to be C1 = 1 mol/L and 
C2 = 0 mol/L. The boundary condition of the two inlets of 
the micromixer is set to a fixed-velocity and the pressure 
of the outlet is set to be 0/pa. A reasonable grid selec-
tion is important to ensure the correctness of the results 
and reduce the computation time. The variance distribu-
tion of the quality scores along the channel is evaluated 
for the nodes with different groups to perform the grid 
independence test (Lv et al. 2022). Five structured grid 
systems are tested with a number of nodes from 49,561 to 
608,855 varies as shown in Fig. 2. Because the larger the 
number of grid units, the slower the computer simulation 
will affect our computing costs, we choose a grid with a 
small number of grid units as the best grid partition while 
ensuring data accuracy. As shown in Fig. 2, we observe 
how the mixing efficiency varies with the number of grids. 
We find that the lower the number of grids, the higher the 
mixing efficiency, which indicates that the results are inac-
curate, and as the number of grids increases, the mixing 
efficiency decreases and approaches the optimal number 
of grids. When the number of grids is 418,695, the mix-
ing efficiency tends to reach a stable value. Even with the 
increasing number of grids, the mixing efficiency does 
not change much and the errors are within our accept-
able range. More grids will slow down the simulation, so 
we choose 418,695 as the best grid division. The domain 
elements of its complete grid are counted as follows: the 
number of units is 418,695 and the minimum unit mass is 
0.1059. The average grid quality is 0.652. The unit area 
ratio is 0.001359. The grid volume is 0.2922mm3 . The 
mesh vertices of all elements are 85,472, the tetrahedrons 
are 209,477, the pyramids are 59,260, the triangles are 
30,974, the quadrangles are 120 and the edge units are 
2438. Figure 3 shows part of the grid system of the 60° 
rhombic micromixer.

Fig. 2   The gird system of the 60° rhombic micromixer with 418,695 
elements
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Results and discussions

The influence of rhombic angles on mixing 
efficiency and pressure drop

In passive rhombic micromixer, the rhombus angles have a 
great influence on mixing performance. The mixing perfor-
mance of 30°, 45°, 60°, and 90° rhombic micromixers are 
compared by numerical simulation results. Figure 4 shows 
the simulation results of concentration of rhombic micro-
mixers with different angles at Re = 5. The color legend indi-
cates the range of concentration distribution. The more uni-
form the color of the fluid at the outlet of the microchannel, 
the higher the efficiency of the micromixer at this velocity. 
The mixing efficiency curves of the micromixer can more 

intuitively show us the mixing performance of the micro-
mixer at different velocities. Figure 5 shows the mixing effi-
ciency curves of rhombic micromixers with different rhom-
bic angles. The simulation results are measured at Re = 0.5, 
1, 5, 10, 50, and 100. The mixing efficiency curves decrease 
first and then increase with the increase of flow velocities. 
All the rhombic micromixers with different angles have the 
lowest mixing efficiency at Re = 5. The rhombic micromixer 
with α = 90° has the lowest mixing efficiency of 84.9% in 
all the micromixers. The 90° rhombic micromixer always 
has the lowest mixing efficiency than the micromixers with 
other angles at all velocities. When Re is in the range of 
0.5 to 5, the mixing efficiency of 30°, 45°, and 60° rhombic 
micromixers have almost the same values. In this range of 
velocities, there is no obvious chaotic phenomenon within 
the microchannels, and the fluid mainly depends on molecu-
lar diffusion to improve the mixing efficiency. When Re is 
within the range of 5 to 10, the mixing efficiency increases 
with increase of velocities, and the range of changes in mix-
ing efficiency of all micromixers is approximately the same. 
In range of Re 10 to 100, the mixing efficiency of all micro-
mixers has increased dramatically. The micromixer with 
the fastest increase in mixing efficiency is the 30° rhombic 
micromixer, and its mixing efficiency in this velocity range 
is higher than other micromixers. On the whole, the range 
of mixing efficiency of rhombic micromixers with angles of 
30° to 60° is generally the same in the low velocity range. 
However, the micromixers with smaller rhombic angles have 
the higher mixing efficiency than other mixromixers in the 
range of high velocities.

The 30° rhombic micromixer has the highest mixing effi-
ciency when the flow velocity is high, but the mixing effi-
ciency is low when the flow velocity is low. We analyze the 
fluid flow trajectory in the transverse section of the micro-
mixer to illustrate the cause of this phenomenon. Figure 6 

Fig. 3   Mesh refinement test for mixing efficiency at the exit at Re = 1

Fig. 4   The concentration results of rhombic micromixers with differ-
ent angles at Re = 5

Fig. 5   The mixing efficiency of rhombic micromixers with different 
angles at different Res
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shows the flow trajectory of velocity field inside the micro-
channel of 30° rhombic micromixer. As the results show, the 
chaotic convection occurs only at the corner of the rhombic 
microchannel when the fluid velocity is low. When the fluid 
velocity reach 1 m/s, it is obvious that a large area of chaotic 
convection appear inside microchannel.

Pressure drop variation is another important reference 
for comparing the mixing performance of micromixers. A 
micromixer with a small range of pressure drop can ensure 
that the micromixer will not be crushed during the manu-
facture. Figure 7 shows the simulation results of rhombic 
micromixers with different angles on pressure drop. The 
pressure drop are measured in the range of Re 0.5 to 100. 
As the results show, the pressure drop increases with the 

increase of flow velocities. The 90° rhombic micromixer has 
the lowest mixing efficiency, but it also has the most stable 
pressure drop.

The influence of internal microchannel shape 
of 90° rhombic micromixers on mixing efficiency 
and pressure drop

From the above discussion, we know that the 90° rhom-
bic micromixer has the lowest mixing efficiency than the 
other micromixers. We further improve the mixing effi-
ciency of the 90° rhombic micromixer by changing the 
internal microchannel shapes. Figure 8 shows the simula-
tion results of concentration of rhombic micromixers with 
different internal microchannels at Re = 5. The diameter of 
the circular internal microchannel is equal to the diagonal 
length of the square internal microchannel. Figure 9 shows 
the simulate results of rhombic micromixers with different 
internal microchannel shapes on mixing efficiency in the 

Fig. 6   The velocity field inside the microchannel of the 30° rhombic 
micromixer at Re = 1 and 100 (a) Re = 1, v = 0.01 m/s (b) Re = 100, 
v = 1 m/s

Fig. 7   The pressure drop of micromixers with different rhombic 
angles

Fig. 8   The concentration results of rhombic micromixers with differ-
ent internal microchannels at Re = 5

Fig. 9   The mixing efficiency of 90° rhombic micromixers with differ-
ent internal channels
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range of Re 0.5 to 100. As shown in the results, the mix-
ing efficiency of the rhombic micromixers with square and 
circular internal microchannel shapes was higher than that 
of the original design. The rhombic micromixer with circu-
lar internal microchannel has the highest mixing efficiency 
of more than 91.9% in the range of Re 0.5 to 100. All the 
rhombic micromixers have the lowest mixing efficiency 
when Re = 5. When Re is within the range of 0.5 to 5, the 
mixing efficiency decreases as the flow velocity increases. 
When the fluid flows in the microchannel at low velocity, it 
mainly depends on molecular diffusion to improve mixing 
efficiency. The time of the molecular diffusion is shortened 
with the increase of fluid velocities, thus the mixing effi-
ciency is gradually reduced. When Re is in the range of 5 to 
10, the chaotic convection phenomenon in the microchan-
nel is gradually strengthened, so the mixing efficiency has 
a trend of increasing. When Re is in the range of 10 to 100, 
the mixing efficiency of micromixers rises sharply. The 90° 
rhombic micromixer with circle internal microchannel has 
a mixing efficiency of 96.4% at Re = 100.

Figure 10 shows the pressure drop of micromixers with 
different internal microchannel shapes, the simulation results 
are measured at Re = 0.5, 1, 5, 10, 50, and 100. As the results 
show, the pressure drop rises gradually as the fluid velocities 
increase. Although the mixing efficiency of the 90° micro-
mixer is the lowest, it also has the most stable pressure drop. 
The mixing efficiency of the micromixer with a circular 
internal microchannel is the highest, but its pressure drop 
difference is also the largest.

The influence of width ratios of 60° rhombic 
micromixers on mixing efficiency and pressure drop

The microchannel width of the micromixer has a great 
influence on the mixing performance. We design a 60° 

rhombic micromixer with different width ratios and 
compared the mixing efficiency and pressure drop of the 
micromixers. Figure 11 shows the simulation results of 
60° rhombic micromixers with different width ratios on 
concentration at Re = 5. We analyze four kinds of rhom-
bic micromixers with different width ratios, included 1:1, 
1:2, 1:3, and 1:4. The mixing efficiency curves allow us to 
compare the mixing performance more clearly. Figure 12 
shows the simulation results of rhombic micromixers with 
different width ratios on mixing efficiency. As shown in the 
results, the mixing efficiency of all micromixers decreases 
first and then increases with the increase of flow veloci-
ties. All micromixers have the lowest mixing efficiency at 
Re = 5. In the range of Re 0.5 to 5, the mixing efficiency 
of all micromixers decreases, but the range of variation 
is small. The 60° rhombic micromixer with width ratio 
1:1 has the highest mixing efficiency in the range of Re 

Fig. 10   The pressure drop of 90° micromixers with different internal 
microchannel shapes

Fig. 11   The concentration results of 60° rhombic micromixers with 
different width ratios

Fig. 12   The mixing efficiency of 60° rhombic micromixers with dif-
ferent width ratios
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0.5 to 5 than the micromixers with width ratios 1:2, 1:3, 
and 1:4. In the range of Re 5 to 10, the mixing efficiency 
of all micromixers increases, but not by much. Among 
them, the mixing efficiency of rhombic micromixer with 
a width ratio of 1:1 has the smallest increase. In the range 
of Re 10 to 50, the mixing efficiency of all micromixers 
is greatly increase. The rhombic micromixers with width 
ratios of 1:2, 1:3, and 1:4 have a better mixing efficiency 
than the micromixer with ratio of 1:1. The micromixer 
with width ratio of 1:4 has a high mixing efficiency of 
98.7% at Re = 50. The mixing efficiency of the micromixer 
continues to increase and tends to stabilize. In general, 
the rhombic micromixer with width ratio of 1:1 has a bet-
ter mixing performance than the micromixer with width 
ratios of 1:2, 1:3, and 1:4 at low velocities. The micro-
mixer width ratios of 1:2, 1:3, and 1:4 have a better mixing 
performance than the micromixer with width ratio of 1:1 
at high velocities. Changing the microchannel width ratios 
of micromixers can greatly improve the mixing efficiency 
at high flow velocities. In the range of Re 50 to 100, the 
60° micromixers with width ratios of 1:3 and 1:4 achieve 
almost complete mixing.

Through the analysis of the above mixing efficiency 
curves, the mixing efficiency of 60° rhombic micromixer 
with width ratio of 1:4 has a high mixing efficiency at high 
flow velocities. When Re = 100, the mixing efficiency of 
the 60° rhombic micromixer with width ratio of 1:4 reaches 
about 98.7%, which is almost close to complete mixing. Fig-
ure 13 shows the concentration changes inside the micro-
channel of 60° rhombic micromixer with width ratio of 1:4 
at Re = 100. The color legend represents the concentration 
range. As the results show, the two fluids with different con-
centrations flow from the two inlets, and eventually achieve 
almost complete mixing. The color change of the concentra-
tion on the cross-section gradually becomes uniform. Fig-
ure 14 shows the pressure drop of 60° rhombic micromixer 
with different width ratios. The pressure drop of all micro-
mixers increases as the flow velocity increases. The pressure 
drop are measured at Re = 0.5, 1, 5, 10, 50, and 100. In the 
range of Re 0.5 to 50, the range and trend of all micromixers 
on pressure drop are consistent. In the range of Re 50 to 100, 
the pressure drop ranges of the micromixers began to vary. 
However, it is obvious that the pressure drop difference of 
all micromixers is very small at high Res.

The influence of microchannel shape in rhombic 
micromixer on mixing cost

The mixing cost (MC) has also been used as a literature to 
evaluate the performance parameters of micromixers. Lower 
MC values indicate better micromixer performance. The 
expression of MC can be written as follows:

implying that the units for MC are Pa∕% . As we can see 
from Table 1, these values are usually obtained from very 

(6)mc =
Δp

M

Fig. 13   The change of concentration in cross-section of the 60° 
rhombic micromixer with width ratio of 1:4 at Re = 100

Fig. 14   The pressure drop of 60° rhombic micromixers with different 
width ratios
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complex micromixer designs and are very large. We sum-
marized all the rhombic micromixers with different struc-
tures and compared the mixing costs of these micromixers. 
The results show that the mixing cost of all the micromix-
ers increases to some extent with the increase of flow rate. 
When Re = 0.5, the mixing cost of all the micromixers is the 
lowest because the pressure drop in the microchannel is the 
lowest. In the range of Re = 0.5 to Re = 1.0, the change of 
mixing cost is mainly influenced by flow rate, and the value 
of mixing cost is related to the value of Reynolds number. In 
the range of Re = 10 to 100, the mixing cost of all the micro-
mixers has been greatly increased, mainly because when the 
Reynolds number is large enough, the pressure drop is large 
enough to be significantly affected by the pressure drop.

Conclusion

In this paper, we studied the optimization designs and 
numerical simulations of the three-dimensional rhombic 
micromixers. We analyzed the mixing performance of the 
micromixers based on mixing efficiency, pressure drop, 
and the fluid flow in microchannels. First, we designed the 
30°, 45°, 60° and 90° rhombic micromixers, and compared 
the influence of rhombic angles on mixing performance of 
the micromixers. The 30° rhombic micromixers had a high 
mixing efficiency at high Res. Secondly, we optimized the 
design of the 90° rhombic micromixer. We changed the 
internal microchannel shapes of micromixers. The 90° rhom-
bic micromixer with circular internal microchannel had the 
highest mixing efficiency of more than 91.9% in the range 
of Re 0.5 to 100. Finally, we improved the mixing efficiency 
of 60° rhombic micromixer by changing the microchannel 
width ratios. The optimized 60° rhombic micromixer with a 
width ratio of 1:4 achieved almost complete mixing at high 
velocities and had a lower pressure drop change. The simula-
tion results show that the optimization designs of rhombic 

micromixers can be widely used in biological engineering 
and chemical engineering.
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