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Abstract In this paper, a series of novel passive micromixers,
called topological micromixers with reversed flow (TMRFX), are
proposed. The reversed flow in the microchannels can enhance
chaotic advection and produce better mixing performance.
Therefore the maximum of reversed flow is chosen as the objec-
tive function of the topology optimization problem. Because the
square-wave unit is easier to fabricate and have better mixing
performance than many other serpentine micromixers, square-
wave structure becomes the original geometry structure. By sim-
ulating analysis, the series of TMRFX, namely TMRF,
TMRF0.75, TMRF0.5, TMRF0.25, mix better than the square-
wavemicromixer at variousReynolds numbers (Re), but pressure
drops of TMRFX are much higher. Lots of intensive numerical
simulations are conducted to prove that TMRF and TMRF0.75
have remarkable advantages onmixing over othermicromixers at
various Re. The mixing performance of TMRF0.75 is similar to
TMRF’s. What’s more, TMRF have a larger pressure drop than
TMRF0.75, which means that TMRF have taken more energy
than TMRF0.75. For a wide range of Re (Re ≤ 0.1 and Re ≥ 10),
TMRF0.75 delivers a great performance and themixing efficiency
is greater than 95 %. Even in the range of 0.1–10 for the Re, the
mixing efficiency of TMRF0.75 is higher than 85 %.

Keywords The square-wavemicromixer . Topology
optimization . The reverse flow . TMRFX .

Numerical simulations

1 Introduction

With the rapid development of micro-nano processing technol-
ogy, machining of micro structures is not a difficulty while struc-
ture optimization of the microchannels becomes more and more
meaningful (Saatdjian et al. 2012; Chen et al. 2015; Cantu-Perez
et al. 2010; Aoki et al. 2011). Among methods of the structure
optimization, topology optimization is an important methodwith
characters of freedom, larger design space and superior connec-
tivity (Chen 2016; Zhou et al. 2015). According to different
states of the fluid flow, lots of scholars have carried out many
meaningful researches on topology optimization including
Stokes flow (Aage et al. 2008; Abdelwahed and Hassine 2009;
Challis and Guest 2009), Darcy-Stokes flow (Guest and Prévost
2006a; Wiker et al. 2007; Guest and Prévost 2007), Navier–
Stokes flows (Evgrafov 2006; Duan et al. 2008; Zhou and Li
2008), unsteady Navier–Stokes flows (Kreissl et al. 2011; Deng
et al. 2013), Non-Newtonian flows (Pingen and Maute 2010).

What’s more, it is a significant issue how to enhance the
mixing of solutions (Lin 2015; Ansari and Kim 2010).
Therefore many scholars carried out lots of productive studies
on micromixers based on topology optimization (Andreasen et
al. 2009; Deng et al. 2012). But due to the addition of
convection-diffusion equation, the calculation gets more com-
plex and becomes difficult to convergence. So to reduce the
complexity of the calculation, this paper aims at the topology
optimization of the square-wave model based on the state of the
fluid flow. Due to good mixing performance and simple pro-
cessing, the square-wave structure has drawn attention of many
researcher. Avariety of experimental and numerical studies had
been carried out for different types of passive micromixers and
the results showed that the square-wave microchannel yields the
best mixing performance for most Reynolds number (Hossain et
al. 2009). What’s more, Chen et al. had studied and analyzed
species mixing performance of micromixers with serpentine
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microchannels by numerical simulations in depth and the
mixing experiments proved the square-wave serpentine
micromixer is flexible, effective, easily fabricated and integrated
to a microfluidic system (Chen et al. 2016).

In this paper, based on the reverse flow in microchannels,
which has important applications in chemical and biological
engineering (Guest and Prévost 2006b), we have proposed a
novel numerical model whichmakes the fluid at the center point
of a square-wave structure flow in the opposite direction. By
transforming the square-wave structure based on topology opti-
mization of fluid, a novel model was proposed, called the topo-
logical micromixer with reversed flow (TMRF). By changing
the height of the obstacles in TMRF, three micromixers were
created, namely TMRF0.75, TMRF0.5, TMRF0.25. Lots of fruitful
numerical simulations were carried out and vast data was ana-
lyzed comprehensively in the respects of the concentrations dis-
tributions, the velocity field and the pressure drop. At last, we
get an outstanding micromixer, TMRF0.75, which delivers a
great performance and the mixing efficiency is greater than
95 % for a wide range of Re (Re ≥ 5 or Re ≤ 0.5).

2 Methodology

2.1 Numerical model

Incompressible Navier–Stokes eqs. Are usually used to de-
scribe the dynamic properties of velocity and pressure for
incompressible fluidic flows, whose steady form can be
expressed as follows (Panton 1984):

p u⋅∇ð Þuþ ∇p−∇⋅η ∇uþ ∇uð ÞT
� �

¼ f ð1Þ
−∇⋅u ¼ 0 ð2Þ

where u is the fluidic velocity, p is the fluidic pressure, ρ is the
fluidic density, η is the fluidic viscosity and f is the body force
loaded on the fluid.

In topology optimization of the Navier–Stokes flow, the
body force can be expressed as (Borrvall and Petersson 2003)

f ¼ −αu ð3Þ

where α is the impermeability of a porous medium. Its value
depends on the optimization design variable γ (Borrvall and
Petersson 2003)

α γð Þ ¼ αmin þ αmax−αminð Þ q 1−γð Þ
qþ γ

ð4Þ

where αmin and αmax are the minimal and maximal values
of α respectively, and q is a real and positive parameter
used to adjust the convexity of the interpolation function
in Eq. (4). The value of γ can vary between zero and one,

where γ = 0 corresponds to an artificial solid domain and
γ = 1 to a fluidic domain, respectively. Usually, αmin is
chosen as 0, and αmaxis chosen as a finite but high num-
ber to ensure the numerical stability of the optimization
and to approximate a solid with negligible permeability
(Gersborg-Hansen et al. 2005).

In this paper, the geometric model is divided into three
parts: the inlet, the design area and the outlet. Among
them, the body force f of the inlet and the outlet (non-
design area) in the Navier–Stokes eqs. is 0, so f can be
defined as follows:

f ¼ −αu; in ΩD

0; in ΩN

�
ð5Þ

WhereΩD is the design area andΩN is the non-design area.
From the above analysis, the model of topological optimi-

zation problem can be put forward as follows:

min Φ u; γð Þ
s:t ρ u•∇ð Þu ¼ −∇pþ ∇•η ∇uþ ∇uð ÞT

� �
−α γð Þu; in Ω

−∇•u ¼ 0; in Ω
u ¼ u0; at Γ inlet

u ¼ 0; at Γwall

p ¼ 0;
η ∇uþ ∇uT
� �

n ¼ 0 at Γ outlet

0≤γ≤1

ð6Þ

Where u0 is the inlet velocity.
There are two important non-dimensional numbers, name-

ly Da and Re. Da denotes the penetration ability of a porous
medium and Re represents the ratio of inertia force and vis-
cous force. They are defined as:

Da ¼ η

αmax � L2
ð7Þ

Re ¼ uLρ
η

ð8Þ

Where L indicates the characteristic length of the fluid flow.
For non-circular pipes, L indicates hydraulic diameter. η indi-
cates coefficient of kinematic viscosity.

Mixing efficiency of the species can be calculated by the
formula as follows (Chen et al. 2016):

M ¼ 1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

ci− c̅

c̅

0
@

1
A

vuuut ð9Þ

Where M is the mixing efficiency, N is the total number of
sampling points, ci and c are normalized concentration and ex-
pected normalized concentration, respectively. Mixing efficien-
cy ranges from 0 (0 %, not mixing) to 1 (100 %, full mixed).
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2.2 Geometrical model

Hossain et al. have conducted a computational fluid dynamic
investigation of mixing performance for three different
microchannels, i.e., a zigzag, square-wave and curved chan-
nels in 2009 (Hossain et al. 2009) and Chen et al. have studied
and analyzed species mixing performance of micromixers with
serpentine microchannels by numerical simulations and exper-
iments in depth in 2016 (Chen et al. 2016). All above papers
proved that the square-wave micromixer has advantages over
other micromixers with serpentine microchannels on mixing
performance for most Reynolds numbers. Therefore the
square-wave structure was chose as the original structure for
optimization. Figure 1 shows the sizes and structure in details.

Figure 1 gives the schematic diagram of the original struc-
ture. To the contrast of Hossain’s model, the sizes in Fig. 1 were
designed by reference to the paper (Olesen et al. 2004). The
middle part (depicted in yellow) acted as the design area and the
rest acted as the non-design area. The unit of sizes is mm.

2.3 Analysing and solving

For the solution of the optimization problem, the finite ele-
ment analysis (FEA) software COMSOL 4.4 integrates many
useful physical modules, which can be smoothly coupled. In
this model, laminar flow module and optimization and sensi-
tivity analysis module were used for the topology optimiza-
tion problem. The discrete adjoint sensitivity method was in-
tegrated in optimization and sensitivity analysis module, so it
is not need other software for application development to
solve the sensitivity analysis in Fig. 2.

For the sensitivity analysis of the optimization problem in
(6), we use the adjoint sensitivity method which can

effectively evaluate sensitivity. The sensitivity problem can
be written using the chain rule as that of finding:

d

dξ
Q u ξð Þ; ξð Þ ¼ ∂Q

∂ξ
þ ∂Q

∂u
⋅
∂u
∂L

⋅
∂L
∂ξ

ð10Þ

where, Q(ξ)is scalar-valued objective function, ξis the con-
trol variables, u is the solution variables andL(u(ξ), ξ) = 0is a
system of equations of the discretization PDE. The first
term∂Q/∂u, which is an explicit partial derivative of the objec-
tive function with respect to the control variables is easy to

Fig. 3 Schematic diagram of the reversed flow modelFig. 1 Schematic diagram of the original structure

Fig. 2 Optimization flow chart
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compute using symbolic differentiation. The second term is
more difficult to deal with. The first and last factors, ∂Q/∂u-
and∂l/∂ξcan be computed directly using symbolic differentia-
tion. The key to evaluating the complete expression lies in
noting that the middle factor can be computed as ∂u/
∂L = (∂L/∂u)−1 and that ∂L/∂u is the PDE Jacobian at the so-
lution point:

d

dξ
Q u ξð Þ; ξð Þ ¼ ∂Q

∂ξ
þ ∂Q

∂u
⋅

∂L
∂u

� 	−1

⋅
∂L
∂ξ

ð11Þ

Evaluating the inverse of the N-by-N Jacobianmatrix is too
expensive. In order to avoid that step, an auxiliary linear prob-
lem can be introduced. This can be done with the adjoint
sensitivity method.

Introduce instead the N-by-1 adjoint solution u*, which is
defined as:

u* ¼ ∂Q
∂u

⋅
∂L
∂u

� 	−1

ð12Þ

Multiplying this relation from the right with the PDE
Jacobian∂L/∂uand transposing leads to a single linear system
of equations:

∂LT

∂u
⋅u* ¼ ∂Q

∂u
ð13Þ

In Fig. 2, the optimization algorithm is important to update
the design variableγ in the optimization flow chart. The meth-
od of moving asymptotes (MMA) was proved applicable for
our model (single objective nonlinear programming problem)
(Svanberg 1987), which was integrated smoothly in the opti-
mization solver of COMSOL 4.4.

3 Results and discussion

In order to reduce the complexity of the calculation, this paper
aims at the topology optimization of the square-wave model
based on the fluid flow state. That is, material transfer is not
involved in the topology optimization problem. In this work,
two steps need to be completed, i.e., achieve the optimal topology
configuration using topology optimization method and discuss
the mixing performance of the topological structure micromixer.

3.1 Result of the topology optimization

In this topology optimization problem, in order to form
the reversed flow at the center of the design area, function
-v was chose as the objective in Eq.(6). That is, the max-
imum of v (longitudinal velocity) is the optimal result.

(a) 0.01m/s                (b) 0.1m/s               (c) 0.5m/s

Fig. 5 Schematic diagrams of the topology models with different inlet velocities

Fig. 6 The velocity field (streamlines) after optimization
Fig. 4 Schematic diagram of the mesh division of the topology model
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The center point A of the design area was chose as the
optimization objective point and the direction of v was
defined in Fig. 3 clearly. It proved that the way to select
the objective function conforms to minimizing the power
dissipation inside the fluidic domain (Olesen et al. 2004).
Of course the reversed flow increases the contact area
between the mixing solutions and improve the mixing
performance. The detail discussion about the topological
model has been elaborated in the next section.

The convergence of the optimization process depends on
three important factors: the Darcy number, the mesh size and
the coefficient q. Through calculation and adjustment, param-
eter settings are as follows:

Topology optimization parameter settings

Da αmin L q

10−5 0 0.1 1

In this model, the mesh type was free triangular and the
number was 1923 (see Fig. 4).

Based on different inlet velocities, namely 0.01 m/s, 0.1 m/
s and 0.5 m/s, three topological models were obtained showed
in Fig. 5.

Figure 5 gives sketches of the topology models with differ-
ent inlet velocities. Seen from the figure, the inlet velocity of
the topological model has little effect on the structure. Seen
from Fig. 5(c), the boundary of the solid obstruction (the black
parts) with 0.5 m/s was less smooth than the other twomodels.
Larger velocity made numerical oscillations disturb the FEM
program. Therefore the model with inlet velocity at 0.01m/s is
appropriate for the topological structure.

Figure 6 shows the velocity field after optimization de-
scribed by streamlines. The plots revealed how the flow turns
around, with a negative velocity at the center of the channel.
The velocity has a minimum of roughly −0.15 m/s at the
design point.

3.2 Discussion about TMRFX

Using image processing techniques, the topological model
based on reversed flow was extracted. Expanding the

3.71
0.1

Fig. 7 Schematic diagram of the topological micromixer

Fig. 8 The local velocity profiles
along the middle line at the outlet
at Re = 100
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structure, the square-wave micromixer was transformed as
shown in Fig. 7, in which the unit of the newmicromixer sizes
is mm.

A novel model was proposed as shown in Fig. 7, called the
topological micromixer with reversed flow (TMRF). The
width of the channel in TMRF is 0.1 mm as shown in Fig. 1
and the height is 0.1 mm as well.

Two main physical models, namely laminar flow and trans-
port of diluted species, were used in simulations by COMSOL
4.4. The results of simulations of the square-wave micromixer
were effective and have been proved to be accurate by our
paper (Chen et al. 2016) which was published in 2016. For
comparison purposes, the dynamic viscosity, density and the
diffusion coefficient were 103kg·s/m, 103kg/m3, and 10−9 m2/s,
respectively.

It is significant to verify the grid-independent of the solu-
tions. Therefore in order to find out the optimal number of
grids, four structured grid systems, wherein the number of
grids ranged from 87,352 to 419,395, were tested for each
microchannel. Finally, 356,220 was chose from the results of

the grid-dependency test as the optimal number of grids.
Figure 8 shows the local velocity profiles along the middle
line at the outlet at Re = 100 with four mesh refinements. Seen
from the figure, 356,220 is the minimum of the elements for
meshing the TMRF model to obtain a mesh-independent
solution.

A good mesh system is important for improving the accu-
racy of simulation and saving time of calculation. Correspond
to Figs. 8 and 9 shows mesh system of TMRF with 356,220
elements.

In Fig. 9, the color legend represented the quality of ele-
ments. It showed that the minimum element quality can reach
as high as 0.13 and through statistics by COMSOL 4.4 the
average element was as high as 0.58. According to FEM the-
ory, it is enough accurate and effective to solve and analyze
the TMRF.

Based on the structure of TMRF, several structures were
derived. Figure 10 shows the derivatives from TMRF.

Seen from Fig. 10, different structures were produced by
changing the ratio of the height of obstacles (h) to the height of

Fig. 9 The mesh system of
TMRF with 356,220 elements

Fig. 10 Schematic diagrams of
TMRFX
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the microchannel (H). Except for 1 (TMRF), 0.75, 0.5, 0.25
and 0 were chosen as the values of h/H, namely TMRF0.75,
TMRF0.5, TMRF0.25, the square-wave micromixer
respectively.

On the basis of Fig. 10, five micromixers were simulated
under different Re. Figure 11 shows variations of the mixing
efficiency with different Re at the exit of the micromixers.

As shown in Fig. 11, the series of TMRFX had an advan-
tage over the square-wavemicromixer onmixing performance
with different Re, especially micromixers with X (h/H) of
TMRFX beyond 0.25. When Re was less than 0.1 or more
than 50, five micromixers have similar mixing performance,
all beyond 90 %, due to the numeric limit of 100 %, which the
mixing efficiency will never reach. But during Re being be-
tween 0.1 to 50, the mixing efficiency strengthened obviously
with X (h/H) increasing.

Seen from Fig. 11, two cases should be discussed, the case
at low Re and the case at high Re. Figure 12 showed the
mixing performance of the micromixers with low Re, namely
0.05, 0.5. Seen from the structures, it is easy to know the
Fig. 12(a), (b), (c), (d) and (e) represent TMRF, TMRF0.75,
TMRF0.5, TMRF0.25 and the square-wave micromixer. In Fig.
12, the colour of the streamlines and planes in the micromixers
denoted the concentration distribution.

At low Re, the mixing is limited by molecular diffusion
and the mechanical stirring is ineffective at Re < < 1
(Olesen et al. 2004). When Re is low, the intensity of mo-
lecular diffusion becomes weaker with Re increasing.
Therefore the mixing efficiency of each micromixers went
down with Re increasing. But the rate of decline of mixing
efficiency is different with various structures. At a Re of
0.05, the molecular diffusion is strong and each
micromixers can obtain good mixing performance. But as
can be seen from the streamlines in Fig. 12, laminar flow is

the main flow state at a Re of 0.5. So at Re = 0.5, the
mixing performance of the micromixers is bad. Because
of the reversed flow structure, the mixing efficiency of
TMRFX, especially TMRF and TMRF0.75, fall off more
slowly than the square-wave micromixer’s. The mixing at
low Re is dominated by the residence time and depends on
the total path of the flow (Gersborg-Hansen et al. 2005).
The reversed flow structure happened to increase the total
path of the flow and the residence time was prolonged due
to the reversed turn. Seen from Figs. 11 and 12, the mixing
efficiency went up with the X (h/H) of TMRFX increasing.
Therefore the TMRF and TMRF0.75 have a remarkable
advantage on mixing over other micromixers at low Re.

Seen from Fig. 11, when Re ≥ 1, the mixing performance of
eachmicromixer was better withRe increasing. Because when
Re > 1, convection dominates gradually the mix with the in-
crease of Re. What’s more, the intensity of convection de-
pends on Re. It is obvious that TMRF and TMRF0.75 still have
best mixing performance among five micromixers at higher
Re by reference to Fig. 11. Velocity-vector plots on planes of
five micromixers at Re of 5, 10, 50 and 100 were shown in
Figs. 13, 14, 15, 16 and 17 especially.

At a Re of 5, the streamlines and planes of each
micromixers were shown in Fig. (a) of Figs. 13-17. The
colour of the streamlines and planes in the micromixers
denoted the concentration distribution. By reference to
Fig. 11, mixing of each micromixer was at a low ebb,
because convection and molecular diffusion are both weak
and laminar flow shows obviously. But the reversed turn in
TMRFX made part of fluid slow even reverse, which in-
creased contact area between two solutions. From Figs. 13-
17, although the intensity of convection and molecular dif-
fusion became weak, the reversed turn still improve the
mixing efficiency beyond 85 % in TMRF and TMRF0.75.

0.01 0.1 1 10 100

60

80

100

M
ix
in
g
 e
ff
ic
ie
n
c
y
 (
%
)

Re

 TMRF

 TMRF
0.75

 TMRF
0.5

 TMRF
0.25

 Square-wave 

Fig. 11 Variations of the mixing
efficiency with different Re at the
exit of the micromixers
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With Re increasing, laminar flow was gradually broken
in each micromixer. It is a meaningful principle that a
high Re can encourage an adverse pressure gradient and
vortical flow, which produces secondary flow to enhance
mixing. When the fluid flow through the turning, the so-
lutions near the inner corner speeds up and the solutions

near the outer corner slows down. So the structure at the
turn affects the intensity of vortex and the mixing perfor-
mance at high Re. Contrasting Fig. 13 with Fig. 17, the
regular vortex was formed in TMRF at a Re of 10 but in
the square-wave micromixer at a Re of 50. It is easy to
draw the conclusion the reversed turn indeed enhances the

Re=0.05                                    Re=0.5 

(a)

(b)

(c)

(d)

(e)

Fig. 12 Mixing performance of five micromixers at Re = 0.05 and Re = 0.5: (a)TMRF (b)TMRF0.75 (c)TMRF0.5 (d)TMRF0.25 (e)Square-wave
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centrifugal force at the turn and produces secondary flow
to enhance mixing. Seen from velocity-vector plots on
planes of two micromixers at various Re, the intensity of
the secondary flow of TMRF was stronger than the
square-wave micromixer’s at each Re.

Contrasting TMRFX, it is interesting to find that the
mixing efficiency of TMRF0.75 was better than TMRF’s
at Re beyond 5. Seen from velocity-vector plots in
Figs. 13 and 14, it is easy to know a counterclockwise
vertex was formed at plane A-A of TMRF0.75. Because

the obstacle in TMRF0.75 was not in direct contact with
the upper surface of TMRF0.75 and some fluid rushed
through the space left behind. The other fluid flowed
along the reversed turn and joined the fluid over the re-
versed turn. Therefore the vortex formed on account of
centrifugal force. Although two vortexes in plane B-B of
TMRF0.75 became asymmetry, the mixing efficiency of
TMRF0.75 was better than TMRF’s at high Re by refer-
ence to Fig. 11. It is easy to know that vortex formed two
times enhanced mixing. But the height of the obstacle was

(a)

(b)

Re=5                                       Re=10 

Re=50 Re=100 

Fig. 13 Velocity-vector plots on planes of TMRF
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small, especially below the half of the channel height, the
intensity of vortexes in plane A-A and plane B-B was
weak by contrasting Fig. 13 with Fig. 16. In conclusion,
TMRF and TMRF0.75 still have an advantage on mixing
over other micromixers at high Re.

Figure 18 shows the contrast curves of the pressure drops
of five micromixers at various Re. In all cases, the pressure
drops were calculated by processing the pressure datum of
inlet and outlet of the micromixers.

It is meaningful to study the pressure drop which is
directly related to the input energy used for the mixing.
Duo to the reversed turn in the TMRFX, the pressure

drop increases more rapidly than the square-wave
micromixer at each Re. When solutions flowed through
the obstacle, some fluid was forced to from adverse cur-
rent. Seen from Fig. 18, the pressure drop enhances with
the increasing of X (h/H) at each Re. Because the in-
creasing of the obstacle height produced a hindering
function for the fluid. By reference to Figs. 18 and 11,
it is easy to know the mixing performance of TMRF and
TMRF0.75 were similar and they were the best mixing
performance among five micromixers at all Re. But
TMRF had larger pressure drop than TMRF0.75. That is
TMRF had taken more energy than TMRF0.75.

(a) 

Re=5 Re=10 

Re=50 Re=100 

(b) 

Fig. 14 Velocity-vector plots on planes of TMRF0.75
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Figure 19 shows the concentration distribution of unit
planes of TMRF0.75 and TMRF at Re of 0.1, 5 and 10. It is
easy to understand that convection and molecular diffusion
dominated species mixing with the increase of Re. It is also
easy to know two micromixers had a similar mixing perfor-
mance at each Re. Therefore by comparing the pressure drop
of two micromixers, TMRF0.75 have more advantages as an
outstanding micromixer.

4 Conclusions

In this paper, we proposed a novel design for passive
micromixers based on topology optimization method and the
topological micromixer with reversed flow (TMRF). By
changing the height of the obstacles in TMRF, three
micromixers, namely TMRF0.75, TMRF0.5, TMRF0.25, were
added to contrast with TMRF and the square-wave

(a) 

Re=5                                       Re=10 

Re=50                                      Re=100 
(b) 

Fig. 15 Velocity-vector plots on planes of TMRF0.5
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micromixer. Lots of intensive numerical simulations were
conducted to evaluate the performance of five micromixers,
namely TMRF, TMRF0.75, TMRF0.5, TMRF0.25, the square-
wave micromixer. By comparing the performance of five
micromixers, some significative conclusions can be drawn
as follows:

(i) With the development of advanced manufacture technol-
ogy, structure design method of microfluidic chips is par-
ticularly important. On account of rapid development of

micro-nano processing technology, such as the mature of
3D printing, it is not a difficulty to fabricate the complex
structure designed by topology optimization method of
fluid, which has contributed to a universal guide on
how to make the solutions mix efficiently. The contrast
of TMRFX with the square-wave micromixer can prove
that the reverse flow model designed based on topology
optimization enhanced the mixing efficiency of two solu-
tions observably. At a Re of 10, the mixing efficiency of
TMRF at outlet was 91.2 %, but the square-wave

(a) 

Re=5                                       Re=10 

Re=50                                      Re=100 

(b) 

Fig. 16 Velocity-vector plots on planes of TMRF0.25
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micromixer’s was only 54.4 %. Therefore the method is
significant and has potential value.

(ii) At low Re, the mixing is limited by molecular diffusion
and the intensity of molecular diffusion becomes weaker
with Re increasing. But the mixing efficiency of
TMRFX, especially TMRF and TMRF0.75, fall off more
slowly than the square-wave micromixer’s due to the
reversed flow structure, which happened to increase the
total path of the flow and the residence time was

prolonged. It was interesting that the mixing efficiency
went up with the X (h/H) of TMRFX increasing.
Therefore TMRF and TMRF0.75 have a remarkable ad-
vantage on mixing over other micromixers at low Re.

(iii) At high Re, laminar flow was gradually broken in each
micromixer with Re increasing and the high Re can en-
courage an adverse pressure gradient and vortical flow,
which made secondary flow to enhance mixing. The
regular vortex was formed in TMRF at a Re of 10 but

(a) 

Re=5                                       Re=10 

Re=50                                      Re=100 

(b) 

Fig. 17 Velocity-vector plots on planes of the square-wave micromixer

Biomed Microdevices (2016) 18: 57 Page 13 of 15 57



0.01 0.1 1 10 100

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

 TMRF

 TMRF
0.75

 TMRF
0.5

 TMRF
0.25

 Square-wave 

P
r
e
s
s
u
r
e
 d
r
o
p
 (
P
a
)

Re

Fig. 18 Variation of the pressure
drop with different Re for the
different geometries

Fig. 19 Concentration distribution of unit planes of TMRF0.75 and TMRF at Re of 0.1, 5 and 10
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in the square-wave micromixer at a Re of 50, because
the reversed turn indeed enhanced the centrifugal force
at the turn and produced secondary flow to enhance
mixing. By comparing velocity-vector plots on planes
of TMRF and the square-wave micromixer at various
Re, the intensity of the secondary flow of TMRF was
stronger than the square-wave micromixer’s at each Re.

(iv) By comparing TMRFX, namely TMRF, TMRF0.75,
TMRF0.5, TMRF0.25, it can be concluded that when X
(h/H) of TMRFX is small, the reversed turn doesn’t
enhance mixing obviously, especially TMRF0.25. At
most Re, the mixing performance of TMRFX became
better with the X (h/H) of TMRFX increasing.

(v) Because the obstacle in TMRF0.75 is not in direct contact
with the upper surface of TMRF0.75 and some fluid
rushes through the space left behind. The other fluid
flows along the reversed turn and joins the fluid over
the reversed turn. Therefore a vortex forms on account
of centrifugal force before the right-angled bend but it
doesn’t happen in TMRF. So at most Re, the mixing
performance of TMRF0.75 is similar to TMRF’s, even
beyond. What’s more, TMRF has a larger pressure drop
than TMRF0.75, which means that TMRF have taken
more energy than TMRF0.75. For a wide range of Re
(Re ≤ 0.1 or Re ≥ 10), TMRF0.75 delivers a great perfor-
mance and the mixing efficiency was greater than 95 %.
Even in the range of 0.1–10 for the Re, the mixing effi-
ciency of TMRF0.75 is greater than 85 %.
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