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Abstract
To understand the fluidic and mixing performances of passive micromixer, this paper numerically studies the influences of

microchannel cross-sectional dimensions on the pressure drop and local mixing efficiency of T-shaped micromixer with

three different cross-sectional shapes of rectangle, ellipse and isosceles triangle. Furthermore, a new dimensionless

parameter is introduced to characterize the comprehensive fluidic and mixing performances of the main mixing channel

and the whole T-shaped micromixer. It is found that both the fluidic and mixing performances of the T-shaped micromixer

are sensitive to the cross-sectional dimensions of the microchannel. Among all the T-shaped micromixers with different

microchannel cross-sectional shapes and different microchannel cross-sectional dimensions studied in this paper, the

micromixer with elliptical-shaped microchannel having the dual axis length ratio of 0.5 is the optimal structure with the

best comprehensive fluidic and mixing performances. The findings in present work are important for the design of the

micromixer with desirable fluidic and mixing performances.

1 Introduction

As an important component unit of microfluidic system,

micromixer has been widely used in various fields, such as

medical testing, biochemical analysis, drug mixing and so

on (Tsougeni et al. 2016; Phillips Reid et al. 2016; Chen

2013; Fletcher et al. 2003). In these applications, the main

function of the micromixer is to achieve a thorough and

rapid mixing of multiple samples. For example, in the

microreactor, the micromixer can keep the effective mixing

of the reagents and assure the occurrence of the chemical

reaction (Chen 2013; Fletcher et al. 2003). Based on dif-

ferent energy source to achieve the mixing, the micromixer

can be divided into two different classes, the passive

micromixer and the active micromixer. Because of its

compactness, low cost, easy integration, not easy to destroy

the test liquid and other advantages, passive micromixer

has been widely studied. However, for the passive micro-

mixer, because its characterize size is small, the fluid flow

within the mixing channel is mainly in laminar state and

the main mixing mechanism is diffusion, thus, the mixing

efficiency of passive micromixer is relatively limited.

Thus, the mixing performance analysis and the mixing

efficiency improvement of the passive micromixer has

inspired wide scientific interests (Morteza et al. 2020;

Haghighinia and Movahedirad 2019; Su et al. 2019;

Mubashshir Ahmad and Wang 2008; Chen and Li 2016;

Chen et al. 2017; Liu et al. 2012; Veldurthi et al. 2019; Lee

et al. 2016; Cai et al. 2017; Jeon and Shin 2009). For

example, Mubashshir Ahmad and Wang (2008) studied the

mixing performance of 3D serpentine microchannel and

found that the serpentine channel had better mixing per-

formance than the straight channel. Chen and Li (2016),

Chen et al. (2017) performed the structural topology opti-

mization of waveform and serpentine channel of passive

micromixer, and found that by changing the shape of

microchannel, the chaotic convection and molecular dif-

fusion were enhanced, resulting in better mixing perfor-

mance. Jeon and Shin (2009) carried out studies on the

effects of various microchannel obstructions on the mixing

performance of the micromixer and found that zig-zag

microchannels showed superior mixing compared to the

other geometries.

Although comprehensive studies have been performed

to understand the mixing performances of the passive

micromixer, the fundamental mechanisms of micromixers
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still need further studies to design micromixer with optimal

fluidic and mixing performances. One of the important

reasons is that the fluidic resistance or pressure drop in the

process of fluid mixing within the microchannel of the

mixer is pretty high according to Poiseuille’s law, since the

characteristic size of micromixers is very small (Jing et al.

2020; Jing and Yi 2019; Shah and London 1978; Kandlikar

et al. 2006). Therefore, it is necessary to reduce the energy

consumption as much as possible on the basis of ensuring

the mixing efficiency.

Therefore, this paper will carry out fundamental

research on the influences of microchannel cross-sectional

dimensions on the pressure drop, mixing efficiency and

their combination of T-shaped micromixer with different

microchannel cross-section shapes. The main aim of the

present work is to understand the influences of

microchannel geometric parameters on the comprehensive

fluidic and mixing performances of the passive micromixer

and further guide the optimization design of the passive

micromixer with optimal fluidic and mixing performances.

2 Description of T-shaped micromixer

In present work, the T-shaped micromixers with different

microchannel cross-sectional shapes of rectangle, ellipse

and isosceles triangle shown in Fig. 1 are chosen to

investigate the influences of microchannel cross-sectional

geometric parameters on the fluidic and mixing charac-

teristics of the micromixer. The cross-sectional geometries

of the inlet microchannels and the main mixing

microchannel of each micromixer are kept uniform. The

total length of the inlet channels is set to be L1 = 1300 lm
and the length of the main mixing channel is L = 4000 lm.

The width to height ratio (a = w/v) of rectangular

microchannel, the dual axis length ratio (b = a/b) of

elliptical microchannnel and the base-to-height ratio

(c = d/h) of the isosceles triangular microchannel are

adjusted under the size constraint of constant total channel

volume of 4.77 9 108 lm3 to investigate the influences of

cross-sectional dimensions on the fluidic and mixing per-

formances. Here, the directions of w, a and h of the main

mixing channel are parallel to the axis direction of the inlet

microchannel of the T-shaped micromixer. The specific

cross-sectional dimensions of the T-shaped micromixer

with different dimensions and configurations are shown in

Tables 1, 2 and 3.

3 Numerical methodology

3.1 Governing equations and boundary
conditions

In this study for evaluation of the fluidic and mixing per-

formances of the T-shaped micromixer, all proposed

designs are simulated by solving the following governing

equations under the assumptions of incompressible New-

tonian laminar flow in the microchannels.

The continuity equation and momentum equation for the

fluid flow:

r � u ¼ 0 ð1Þ
qðu � ruÞ ¼ �rpþ ðlruÞ ð2Þ

where u is the fluid velocity, q is the fluid density, l is the

dynamic viscosity of the liquid, and p is the pressure.

The convective diffusion equation for the mixing con-

centration calculation,

oc

ot
þr � ð�DrcÞ ¼ �u � rc ð3Þ

where c is the concentration, and D is the diffusion

coefficient.

To perform the numerical studies, deionized water is

chosen as the working liquid and its dynamic viscous,

density and diffusion coefficient value used in the simu-

lation setup were 0.001 Pa s, 1000 kg/m3 and

1 9 10-10m2/s respectively.The initial conditions used are

uniform velocity of 1 9 10-4 m/s at the inlets of micro-

mixer and zero pressure at the outlet. No-slip velocity

boundary condition is imposed at all the walls of the

micromixer. The concentration values at inlet 1 and inlet 2

are given by 0 and 1 mol/m3 respectively to display the

mixing variation.

By solving the above governing equations using

COMSOL, the velocity field, the pressure distribution and

the concentration distribution can be obtained within the

micromixer. Then, the following parameters are introduced

to characterize the fluidic and mixing performances of the

micromixer.Fig. 1 Schematic diagram of T-shaped micromixer and the relevant

microchannel cross-sectional shapes
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The dimensionless pressure drop Dp* to characterize the

fluidic performance of the T-shaped micromixer,

Dp� ¼ Dp
qu2ref

¼ pin � pout

qu2ref
ð4Þ

where uref is the reference fluid velocity, which is equal to

the inlet velocity, and Dp is the pressure drop between the

inlets and outlet of the micromixer. Under the parametric

setup of present work, the inlet velocity is fixed, thus, the

smaller the dimensionless pressure drop is, the less energy

consumption is required for mixing and the better the flu-

idic performance of the micromixer is.

The dimensionless local mixing efficiency M to char-

acterize the mixing performance of the T-shaped micro-

mixer (Chen and Li 2016; Chen et al. 2017; Chen and

Zhang 2018),

M ¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

X

N

i¼1

ðci � �c

�c
Þ2

v

u

u

t ð5Þ

where, ci is the concentration of sampling point at any

cross-section of the mixing channel, �c is the reference

concentration for the fully mixed case and �c = 0.5 in pre-

sent work, and N is the total number of sampling points

used to calculate the local mixing efficiency. Here, the

local mixing efficiency reflects the local mixing uniformity

and degree of mixing at any cross-section of the mixing

channel, and it ranges from 0 (zero mixing) to 1 (full

mixed).

Furthermore, in order to characterize the comprehensive

fluidic and mixing performances of the micromixer, the

following dimensionless parameter g is introduced to

characterize the comprehensive fluidic and mixing perfor-

mance of the micromixer,

g ¼ Mout

Dp�
ð6Þ

where Mout is the outlet mixing efficiency that is an index

of the mixing performance. This comprehensive parameter

Mout/Dp
* represents the outlet mixing efficiency per unit

dimensionless pressure drop. When the dimensionless

pressure drop is given, the greater the comprehensive

parameter is, the larger outlet mixing efficiency is, that is,

the more uniform the mixing is and the better the mixing

performance is. In other word, with certain mixing effi-

ciency, the greater the comprehensive parameter is, the

smaller the dimensionless pressure drop is and the smaller

the required energy consumption is. Thus, the micromixer

with a larger Mout/Dp* has better comprehensive fluidic

and mixing performance.

3.2 Grid independent and data validation

In order to ensure the correctness of the numerical simu-

lation and the accuracy of mesh generation, it is necessary

to test the dependence of the numerical results on the grid

size to prevent errors in the simulation results due to

unreasonable mesh generation. Tetrahedral meshes are

used in each simulation. The following is an example of the

mesh-independence test based on previous method (Jing

and He 2019). For a T-shaped micromixer with rectangular

microchannel of w/v= 1, six groups of tetrahedral meshes

of different numbers were selected to mesh the micromixer.

The pressure drop, outlet concentration, and the relevant

errors for pressure drop and outlet concentration are

Table 1 Microchannel geometric dimensions of T-shaped micromixer with rectangular cross-sectional shape

a = w/v 0.25 0.32 0.44 0.56 0.69 0.84 1 1.17 1.36 1.78

w (lm) 150 175 200 225 250 275 300 325 350 400

v (lm) 600 514.28 450 400 360 327.27 300 276.92 257 225

Table 2 Microchannel

geometric dimensions of

T-shaped micromixer with

elliptical cross-sectional shape

b = a/b 0.225 0.283 0.35 0.64 1 1.4 2.193 3.141 5.587 8.772

a (lm) 80 90 100 135 169.25 200 250 300 400 500

b (lm) 356 318.3 286 212.22 169.25 143 114 95.5 71.6 57

Table 3 Microchannel geometric dimensions of T-shaped micromixer with isosceles triangular cross-sectional shape

c = d/h 0.5 0.68 0.89 1 1.08 1.125 1.18 1.25 1.39 1.68

d (lm) 300 350 400 425 440 450 460 475 500 600

h (lm) 600 514.3 450 423.53 409.1 400 391.3 378.98 360 327.3
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calculated, as shown in Table 4. It can be found that when

the mesh number is 41,886, the relevant errors for pressure

drop and outlet concentration are 1.28 9 10-4 and -

1.57 9 10-2, which are good enough to keep the accuracy

of the numerical results, thus, this mesh is used. The same

grid independence test is carried out for each simulation to

keep the accuracy of the numerical results.

In addition to the grid independence test, the mixing

efficiency obtained by using the present numerical method

in this paper were further compared with the numerical and

experimental results of T-shaped micromixer in Ref. Ris-

manian et al. (2019) for the data validation, as shown in

Fig. 2. All the simulation parametric setup for the data

validation from Ref. (Rismanian et al. 2019) is as follows.

The channel cross-sectional shape of the T-shaped mixer is

rectangle. The total length of the inlet channels is

L1 = 2.2 mm and the length of the outlet channel is

L = 33 mm. The microchannel width (w) and height (v) are

0.2 mm and 0.3 mm. From Fig. 2, it can be found that the

present numerical results are well consistent with the

existing studies with high accuracy. This shows that the

numerical model in present work is feasible.

4 Results and discussion

4.1 Pressure drop

Based on the proposed numerical method, Fig. 3 gives the

effects of the microchannel cross-sectional geometric

parameters on the dimensionless pressure drop of the T-

shaped micromixer with rectangular-, elliptical- and trian-

gular-shaped microchannels. It can be found from Fig. 3

that the dimensionless pressure drop first decreases and

then increases with the increasing width to height ratio for

rectangular microchannel, the increasing dual axis length

ratio for elliptical microchannnel and the increasing base-

to-height ratio for isosceles triangular microchannel. This

is consistent with the previous studies (Jing and He 2019;

Kwang et al. 2012; Gunnasegaran et al. 2010; Mortensen

et al. 2005), and can be easily explained by the Poiseuille’s

law (Shah and London 1978; Kandlikar et al. 2006). Based

on the Poiseuille’s law, the pressure drop of laminar flow

within a microchannel is inversely proportional to the

fourth power of microchannel hydraulic diameter when the

flowrate of the flow is fixed. Thus, the microchannel with

largest hydraulic diameter has a smallest pressure drop. In

present work, the cross-sectional area of each T-shaped

micromixer with different channel cross-sectional shape

and channel cross-sectional dimension is same, then by

calculating the microchannel hydraulic diameter, it is easy

to find that for the three groups of micromixers with dif-

ferent channel cross-sectional shapes, the micromixers with

square-shaped microchannel (w/v = 1), circle-shaped

microchanenl (a/b = 1) and the equilateral trianglular-

shaped microchannel (d/h = 2
� ffiffiffi

3
p

) have the largest

hydraulic diameters, thus, their pressure drop is smallest, as

shown in Fig. 3.

4.2 Local mixing efficiency

To display the concentration variation within the micro-

mixer, Fig. 4 gives the concentration profiles within the

T-shaped micromixer with square, circle and equilateral

triangle channel cross-sections. From Fig. 4, it can be

found that the mixing starts when the two liquids with

different concentration denoted as blue and red colors

enters the mixing channel, and the degree of mixing

increases with the increase of mixing length due to the

Fig. 2 Comparison of the mixing efficiency obtained from present

work and numerical and experimental results in literature (Rismanian

et al. 2019)

Table 4 Example of grid

independence test
Test number i Mesh number Dp [Pa] (Dpi?1 - Dpi)/Dpi Coutlet (coutlet

i?1 - coutlet
i )/coutlet

i

0 1040 0.2737958 – 0.3527 –

1 2125 0.2748886 3.99 9 10-3 0.3255 - 7.7 9 10-2

2 6174 0.2754411 2.01 9 10-3 0.3008 - 7.59 9 10-2

3 12879 0.2753945 - 1.69 9 10-4 0.2929 - 2.63 9 10-2

4 41886 0.2754297 1.28 9 10-4 0.2883 - 1.57 9 10-2

5 174972 0.2756231 7.02 9 10-4 0.2875 - 2.775 9 10-3
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contact diffusion time and the molecular diffusion distance

of the two liquids increase with the increase of the mixing

length.

To further quantify the effects of the microchannel

cross-sectional geometric parameters on the mixing per-

formance, Fig. 5 gives the effects of the microchannel

cross-sectional geometric parameters on the local mixing

efficiency along the length direction of the mixing channel

with rectangular-, elliptical- and triangular-shaped

microchannels. It can be found that the mixing efficiency

increases gradually with the decreasing width to height

ratio for rectangular microchannel, the decreasing dual axis

length ratio for elliptical microchannnel, and the increasing

base-to-height ratio for isosceles triangular microchannel.

Fig. 3 Dimensionless pressure

drop of T-shaped micromixers

with rectangular, elliptical and

triangular cross-sectional shape

Fig. 4 Concentration profiles of

T-shaped micromixer with

square, circle and equilateral

triangle microchannel cross-

section
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This is consistent with the conclusions of previous studies

(Su et al. 2019; Chen and Li 2016; Chen et al. 2017). The

main reason for these results is as follows. For the mixing

within a passive micromixer, the main mixing mechanism

is free diffusion, and the degree of mixing is related to the

t = x2/D (where t is the diffusion time, x is the distance to

mixing and D is the diffusion coefficient). The smaller the

distance to mixing is, the larger the mixing efficiency is. In

present work, with the decreasing width to height ratio of

the rectangular-shaped microchannel, the decreasing dual

axis length ratio of the elliptical-shaped microchannnel,

and the increasing base-to-height ratio of the isosceles

triangular-shaped microchannel, the effective distance to

mixing becomes smaller, thus, the diffusion time to mix

becomes shorter and the corresponding mixing efficiency is

larger, as shown in Fig. 5.

4.3 Comprehensive fluidic and mixing
performance

Considering the mixing occurs in the main mixing channel,

thus, Fig. 6 gives the comprehensive fluidic and mixing

performance g of the main mixing channel with different

cross-sectional shapes and dimensions. It can be found that

the comprehensive performance parameter g first increases

and then decreases with the increasing width to height ratio

for rectangular microchannel, the increasing dual axis

length ratio for elliptical microchannnel and the increasing

base-to-height ratio for isosceles triangular microchannel.

This means that there is an optimal cross-sectional

dimension at where the comprehensive fluidic and mixing

Fig. 5 Local mixing efficiency

of T-shaped micromixer with

rectangular, elliptical and

triangular-shaped channel

Fig. 6 Comprehensive performance of T-shaped micromixer with

rectangular, elliptical and triangular microchannel cross-section
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performance of the main mixing channel is best. It can be

found that when w/v = 0.4, a/b = 0.5 and d/h = 2.5, the g is
largest for the rectangular-, elliptical- and triangular-

shaped mixing microchannel.

In order to further analyze the comprehensive fluidic and

mixing performance of the entire micromixer, Fig. 7 gives

the comprehensive fluidic and mixing performance of the

whole T-shaped micromixer with different cross-sectional

shapes and dimensions. Being similar to the comprehensive

performance parameter g of the main mixing channel, it can

be observed that the comprehensive performance parameter

g of the whole micromixer also displays the trend of first

increases and then decreases with the increasing width to

height ratio for rectangular microchannel, the increasing

dual axis length ratio for elliptical microchannnel and the

increasing base-to-height ratio for isosceles triangular

microchannel. Further comparing the comprehensive per-

formance parameter g of the T-shaped micromixer with

different microchannel cross-sectional shapes, it can be

found that when the dual axis length ratio a/b of the micro-

mixer with elliptical-shaped channel is 0.5, it has the largest

g and the best comprehensive fluidic and mixing

performance.

5 Conclusions

This paper numerically studies the influences of

microchannel cross-sectional dimensions on the fluidic and

mixing performances of T-shaped micromixer with three

different cross-sectional shapes of rectangle, ellipse and

isosceles triangle under the size constraint of constant total

channel volume. It is found that the dimensionless pressure

drop first decreases and then increases with the increasing

width to height ratio for the micromixer of rectangular

microchannel, the increasing dual axis length ratio for the

micromixer of elliptical microchannnel and the increasing

base-to-height ratio for the micromixer of isosceles trian-

gular microchannel. However, the mixing efficiency

increases gradually with the decreasing width to height

ratio for the micromixer of rectangular microchannel and

the decreasing dual axis length ratio for the micromixer of

elliptical microchannnel and the increasing base-to-height

ratio for the micromixer of isosceles triangular

microchannel. Furthermore, the comprehensive fluidic and

mixing performances of both the main mixing channel and

the whole T-shaped microchannel first increases and then

decreases with the increasing width to height ratio for the

micromixer of rectangular microchannel, the dual axis

length ratio for the micromixer of elliptical microchannnel

and base-to-height ratio for the micromixer of isosceles

triangular microchannel. The T-shaped micromixer with

elliptical microchannel cross-section having the dual axis

length ratio of a/b = 0.5 is the optimal micromixer with the

best fluidic and mixing performances.
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