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ABSTRACT: This paper mainly studies the design of a concentration gradient generator. Since
the fractal principle has been shown to have unique geometric properties, we study the fractal
principle together with the concentration gradient generator. We designed an obstacle based on
the Cantor structure fractal applied the obstacle to the concentration gradient generator and then
used the simulation software COMSOL Multiphysics 5.2a based on the finite element theory to carry
out the numerical simulation. (a) The effect of fractal obstacle series on the concentration gradient,
(b) the effect of microchannel height on the concentration gradient, and (c) the effect of different inlet
velocities on the concentration gradient. A series of conclusions are obtained. The primary and
secondary fractal obstacle has little influence on the concentration gradient. With the increase
in the height of the microchannel, the change in the concentration gradient is small. The concentration
gradient curve at different flow rates of the three-inlet concentration gradient generator shows
a normal distribution trend. When the velocity decreases from 5x102 m/s to 1x10° m/s, the peak
value of the curve decreases from 0.6 mol/L to about 0.35 mol/L. The concentration gradient curves
at different flow rates of the two-inlet concentration gradient generator show a linear trend.
When the velocity decreases from large 5x10 m/s to 1x10° m/s, the vertex value of the curve
decreases from 1 to about 0.5 mol/L of complete mixing.
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INTRODUCTION

Microfluidic chips have been widely used in
biochemical and chemical engineering fields in recent years.
Generating precise concentration gradients is greatly
important in several research areas such as cell chemotaxis
[1,2], cell cultures [3,4], dielectrophoresis phenomenon
[5-7]. The concentration gradient generator can be prepared
by three-dimensional printing or on the surface of
Poly(dimethylsiloxane) (PDMS) [8]. Microfluidic systems
can generate gradients in chemical composition and surface
topography. This method is based on controlled diffusive
mixing of species in solutions that are flowing laminarly,
at low Reynolds number, inside a network of microchannels
[9,10]. Microfluidic concentration gradient generator has
a wide range of applications, such as the analysis of some
conventional chemical reagents and cells [11]. Flow rate has
a great influence on the concentration gradient and can
precisely control the gradient profile [12]. The generation
of gradients can have complex shapes in solution using
microfluidic networks, and it is possible to generate spatially
and temporally constant gradients extending over hundreds
of micrometers and to maintain their shapes over long
periods of time [13]. It is critical for a concentration gradient
generator to effectively control of sample partially mixed.
In recent years, we have made a series of studies on design [14],
simulation [15,16], optimization [17], fabrication [18] of
micromixers, micro direct methanol fuel cells [19] and
micromixers actuated with magnetic nanomaterials [20].

Because fractal obstacles have obvious advantages
on heat transfer and fluid transfer in rough microchannels [21].
Chen et al. [22] developed and analyzed numerically
a model of laminar heat transfer in rough microchannels
based on Cantor fractal characterization. The results
indicate the laminar heat transfer in microchannels is also
enhanced by roughness with a larger fractal dimension
yielding more frequent variation in the surface profile even
though at the same relative roughness. Hong, Bo, et al. [23]
presented a concentration gradient generator based on
a paper-based microfluidic device and cell culture
microarrays for high-throughput drug screening. From
the above study, we can find that the study of concentration
gradient-generating micro-mixers is necessary. It plays
an important role in areas such as drug screening. In the
present study, we set up a baffle of Cantor fractal inside
the microchannel of the concentration gradient generator.
Although the theory of fractal geometry was born soon,
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research based on fractal principles can be applied to
various fields. Its impact on several disciplines has been
extremely significant. Many researchers have also started
the research and application of fractal geometry, and its
potential use and wide application prospects are
impressive. It is believed that with the continuous research
and exploration of experts from all parties, the applications
brought by fractals will become more and more common
in our daily lives.

In this article, our aim was to design a concentration
gradient generator with Cantor fractal structure which can
generate the concentration gradient with complex shapes
by controlling flow velocity. This paper describes two
gradient generators that can generate the approximate
linear and secondary concentration gradient curves.
Simultaneously, we analyze the effects of mesh number,
fractal series, microchannel height, and inlet velocity
on the concentration gradient curve.

DESIGN AND SIMULATION
Geometric structures

We first design an obstacle model. Fig.1 shows
the design process of the obstacle. According to the Cantor
fractal set structure, we design a simple fractal geometry
model. This simple generation process as following:

(1) In the initial step, specify a straight line with a
fixed length of L=1200pum.

(2) In the second step, the microchannel model begins
at a height of 300pum. A straight line is divided into eight
equal parts L;=1/8L, L,=150um. The initial height of the
barrier conforming to the Cantor fractal principle is
200um. The primary fractal is shown in Fig.1(b).

(3) In the third step, the remaining lines are segmented
in the same proportion L,=1/8N, L,=37.5um, and the
primary fractal obstacle will be divided into secondary
fractal obstacles. The secondary fractal is shown in Fig.1(c).

Then we combine the obstacles with the microchannel.
Two fractal obstacles are interlaced and set inside the
microchannel. Then it is stretched by 3D software. Fig.2
shows the 3D structure of the Cantor concentration
gradient generator.

Governing equations

The geometric  structures of  microchannels
are imported in the COMSOL Multiphysics 5.2a software
which is a numerical simulation software based

Research Article



Iran. J. Chem. Chem. Eng.

e -\

@ L=1200 pm

C
o[ s
1200 um ‘
N /
Fig. 1: Fractal structure design of imitating Cantor structure.
4 Three-inlet Two-inlet )
/T 2.4mm 2.4mm 7\

N~

" A\’“‘“ 2,
O\_\‘\e OU t /et
b
\_ @) (b) )

Fig.2: The basic structure of the concentration gradient generator
with a different number of inlets. (a) three-inlet, (b) two-inlet.

on the finite element method. There are two governing
equations as calculative tools in the simulation. The equations
are shown as follows.

The governing equations for isothermal and
incompressible Newtonian fluids in microchannels are
continuity equation and Navier-Stokes equation,
which can be expressed, respectively, in the following:
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Vu=0 €9)
du 5
pa+p(u-V)u+Vp—uV u=20 (2)

Where u is the velocity vector, p the density, at the
time, p the pressure and p is the dynamic viscosity.
In order to investigate mixing effect in the microfluidic
systems, the convection-diffusion equation can be used
and described with Eq (3):

§+(u-V)c= DV? 3)
8t
where ¢ is the concentration, D is the
diffusion coefficient and u is the flow velocity.
Because of short time for samples mixing, we only
need to research the samples in steady state and time items

in Eq (2) and Eq (3) which are negligible.

Finite element modeling

Finite element method is often used in the process of
simulation experiment. In this paper, COMSOL
Multiphysics 5.2a is used for numerical simulation
analysis, and the results are accurate and reliable.
The incompressible  Navier-Stokes module and
convection-diffusion module were chosen in the
COMSOL Multiphysics software. The basic parameters
are set as following. The microchannel sample was set to
water because the viscosity and density of the medium
were almost the same as that of water. The diffusion
coefficient was fixed at 1x10* m?/s to reduce the number
of experimental variables. The concentration gradient
generator with two-inlet enters the aqueous solution
at the same flow rate, and the sample concentration of the
generator with two-inlet are respectively set C;=1mol/L
and C,=0Omol/L. The sample concentration of the
concentration with three-inlet are respectively set
C:;=Omol/L and C,=1mol/L, Cs=0mol/L respectively.
A fluid dynamic boundary condition applied in the
COMSOL Multiphysics is that there is no slip on all walls
and the outlet is set at zero relative pressure.

Grid independence analysis

Fig. 3 shows the velocity curve at the outlet of the
concentration gradient generator. The abscissa represents
the height of the exit of the microchannel, and the ordinate
represents the velocity on the section line at the exit.
In the grid independence test, we use the same structure
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Fig. 3: Velocity curve at the outlet of the concentration gradient
generator.

to analyze the grid independence. The number of grid cells
indicated by the red curve in the figure is 1805492.
The number of grid cells represented by the green curve is
2409532. The number of grid cells represented by the blue
curve is 985079. As can be seen from Fig.3, the difference
between the three curves is smaller with the increase in the
number of meshes. The results show that the change of grid
number has little effect on the concentration gradient
generator. This is sufficient for the theoretical solution
and analysis of the Cantor fractal concentration gradient
generator based on the finite element method.

RESULTS AND DISCUSSION

Before the discussion, we found that applying the fractal
principle to the design of the micromixer can improve the
mixing performance of the micromixer and also have an
impact on the fluid flow characteristics by reviewing the
relevant literature [24]. Therefore, in this work, we design
the concentration gradient generator based on the Cantor
fractal principle.

The effect of fractal obstacle series on the concentration
gradient

In this part, we compared the effect of the fractal
obstacle series on the concentration gradient. The number
of primary and secondary fractal obstacles in the design
microchannels is two. There are Cantor fractal obstacles
on both sides of the microchannel, they are arranged
alternately, and the two adjacent fractals above and below
are continuous. Fig.4 shows a comparison of the
concentration gradient curves of the three-inlet concentration
gradient generator with primary and secondary Cantor
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Fig.4: Concentration gradient curve of primary fractal
obstacles and secondary fractal obstacles.

fractal barriers. Fig.5 shows the mixing effect of a three-
inlet concentration gradient generator with primary and
secondary Cantor fractal barriers. Combining the
concentration curves and local enlargements of the
concentration distributions in Figs. 5 and 6, it can be seen
that the mixing effects of the primary fractionated
micromixer and the secondary fractionated micromixer are
extremely close to each other. This may be due to the
unique structure of the concentration gradient type
micromixer so that the concentration is minimally
influenced by the shape of the baffle.

Fig.6 shows the comparison of the mixed
concentration  gradient curves of the two-iiuct
concentration gradient generator with a primary fractal
obstacle and the two-inlet concentration gradient generator
with a secondary fractal obstacle. Fig.7 shows the mixing
effect of the two-inlet concentration gradient generator
with a primary fractal obstacle and the two-inlet
concentration gradient generator with a secondary fractal
obstacle. It is obvious from Fig. 6 that the concentration
variation curve of the dual inlet concentration gradient
generator is approximately linearly decreasing. In contrast,
the concentration change curve of the three-inlet
concentration gradient generator has the shape of
a quadratic convex function. This shows that the number
of inlets can influence the fluctuation of the concentration
curve.

Since the fractal principle has a unique geometric
structure, the structure designed as a channel based on the
Cantor fractal principle can have an effect on the flow
characteristics of the fluid [25]. This further validates
the need for this study.
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Fig. 5: Mixed effect diagrams of concentration gradient generator of primary and secondary fractal.

—&—— Primary Fractal

=
o)
| I

—u—— Secondary Fractal

S
(e))
L

<
=~
1 2

Concentration(mol/L)

&
38}
PO Tar

0.0 mbmor—y—/—7——7—""—"
00 03 06 09 12 15 1.8 2.1
Distance (mm)

Fig.6: Concentration gradient curve of primary fractal
obstacles and secondary fractal obstacles.
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Fig. 7: Concentration gradient generator composed of primary
fractal and secondary fractal.
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From the above simulation results, it can be found
that the solution in the mixing channel of the primary
classification structure can be completely mixed under the
same other conditions such as inlet velocity and inlet
concentration. The mixing effect of the gradient generator
with primary and secondary fractal obstacles is not much
different. Considering that the more fractal number,
the more complex the mesh division will be, the more
computational cost of simulation will be, and the longer
the calculation time will be. In order to save simulation
time and computer resources, we choose a concentration
gradient generator with a primary Cantor fractal structure
for simulation analysis.

The effects of microchannel height on the concentration
gradient

Since the inlet area of the microchannel affects the
fluid flow energy [26], we guess that the height of the
microchannel also affects the fluid flow energy. According
to the above conclusion, the microchannel composed of
primary fractal obstacles has the best mixing performance.
Therefore, we will analyze and compare the effect of
microchannels with different heights on the concentration
gradient in this section. For this group, the inlet velocity is
set to 0.0001 mm/s. The height of the microchannel is
100pm, 200um and 300um, respectively. Fig.8 shows
the concentration gradient curves of the three-inlet
concentration gradient generator at different microchannel
heights. Fig.9 shows the effect of concentration gradient of
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Fig. 8: Concentration gradient curve comparison of three
different heights.
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Fig.9: Mixing performance of three different heights.

the three-inlet concentration gradient generator at different
microchannel heights.

Fig.10 shows the concentration gradient curves of the
two-inlet concentration gradient generator at different
microchannel heights. Fig.11 shows the effect of
a concentration gradient of the two-inlet concentration
gradient generator at different microchannel heights.
As can be seen in Fig. 9, the concentration gradient
generator with a height of 100um is closest to 0.5 mol/L
relative to the other two. This represents a better mixing
capacity than the other two.

As can be seen from Fig.10 and Fig.11, under the
same conditions, for the concentration gradient generator
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with two and three entrances. The increase in the height
of the microchannel does not have too much effect
on the concentration gradient, and the increase in the
height of the microchannel will increase the number of
meshes in the simulation. This increases the computational
cost of the simulation, so the concentration gradient generator
structure with a height of 100um is finally selected.

The effect of different velocity on the concentration
gradient

Different flow rates change the Reynolds number
of the fluid, so the essence of the comparison velocity is
to compare the effect of different Reynolds numbers on the
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Fig. 12: Concentration gradient curve of the concentration

gradient generator with three-inlet of at six different flow
velocities.

concentration gradient. According to the analysis results
of the above groups, an optimal microchannel structure
can be obtained, which consists of two primary fractal
obstacles with a height of 100um, spacing Oum and
staggered distribution. In order to obtain more suitable
velocity, more concentration gradient curves are
achieved. On this basis, we continue to simulate and test
the concentration gradient produced by the concentration
gradient generator at six different flow rates from small
to large. Fig.12 and Fig.13 show the concentration
gradient curves of the two-inlet and three-inlet
concentration gradient generators at six different,
respectively.
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Fig. 13: Concentration gradient curve of the concentration

gradient generator with two-inlet of at six different flow
velocities.

Compared with the mixing efficiency of the
concentration gradient generator at six different flow rates,
it can be concluded from Fig.12 and Fig.13 that the
concentration gradient curve at different flow rates of
the three-inlet concentration gradient generator shows
a normal distribution trend. When the velocity decreases
from 5x107 m/s to 1x10”° m/s, the peak value of the curve
decreases from 0.6 mol/L to about 0.35 mol/L. The
of the double-inlet
concentration gradient generator at different flow rates is
close to a linear trend. When the velocity decreases from
large 5x10 m/s to 1x10° m/s, the vertex value of the
curve decreases from 1 to about 0.5 mol/L of complete

concentration gradient curve
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mixing. When the velocity is 1x10”° m/s, the curve has
almost no gradient. It indicates that the solution reaches
complete mixing in the outlet region.

CONCLUSIONS

The concentration gradient generator based on Cantor
fractal structure is mainly introduced in this paper, and the
effects of mesh number, fractal series, microchannel height
and inlet velocity on the concentration gradient curve are
studied. Since the Cantor fractal structure can obviously
increase the mixing efficiency of the fluid, the applied
fractal structure Cantor in the mixed channel region of the
concentration gradient generator. The simulation results
show that firstly, the increase of the number of grids does
not have too much effect on the concentration gradient
under the number of three grids tested. So, the number of
grids with the least number of grids is finally selected, that
is, the number of grids of two-inlet and three-inlet
concentration gradient generators is 1.58%10° and 1.3x10°
respectively, which can reduce the simulation time.
Secondly, the increase of fractal series and microchannel
height also does not have too much effect on the
concentration gradient, and the increase of fractal series
and microchannel height will increase the number of
meshes in the simulation, thus increasing the
computational cost of the simulation. So the concentration
gradient generator structure with a fractal series and a
height of 100um is finally selected. Finally, through the
simulation study of changing the inlet flow rate, we can
find that the concentration gradient curve under different
flow rates of the three-inlet concentration gradient
generator is normally distributed. When the velocity is
from large to small, from 5x103 m/s to 1x107, the peak
value of the curve decreases continuously, from 0.6mol/L
to about 0.35mol/L. The concentration gradient curves at
different flow rates of the two-inlet concentration gradient
generator show a linear trend. When the velocity is from
large to small, from 5103 m/s to 1x10m/s, the vertex
value of the curve decreases continuously, from 1 mol/L to
about 0.5 mol/L of complete mixing. When the velocity is
1x107° m/s, the curve has almost no gradient, indicating
that the solution reaches complete mixing in the outlet
region. With the development of science and technology,
the application of concentration gradient generator is more
and more widely. At present, the concentration gradient
generator can be used in the fields of cell screening,
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chemical reagent detection, and the interaction of
dielectric electrophoresis.
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