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Abstract

Micromixers have various applications in chemical, biological, and medical industries. Even though
many liquids experience non-Newtonian behavior, a few investigators have examined their
micromixing. In the present paper, the mixing performance of shear-thinning non-Newtonian liquids in
a passive micromixer-with an inner eccentric cylindrical obstacle is assessed numerically by employing
the Carreau-Yasuda model. The time evolution of the mixing process is analyzed and the influences of
the power-law index, inletvelocity, and relaxation time on the mixing index are evaluated. It is
demonstrated that.the mixing index is improved with time and reduces with the inlet velocity. The
pressure drop is a descending function of inlet velocity. Besides, the diffusion coefficient does not have
a considerable impact on the mixing index. The results reveal that the mixing index of shear-thinning
fluids is larger than that of a Newtonian one under the same conditions. For instance, Ml = 63.7% and

33.1% when n = 0.1 and 1, respectively.
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1. Introduction

Advances in technology have led scientists to examine substances in small dimensions such as
nano and micro. Microfluidics is an interdisciplinary science that emerges from a broad range
of scientific disciplines, including medicine, chemistry, physics, biology, metallurgy,
biotechnology, nanotechnology, etc. [1-3]. Micromixers are essential components of Lab-on-
a-Chip (LoC) systems because mixing is a fundamental process in many chemical reactions.
Chemical applications in this regard include crystallization, extraction, polymerization, and
organic synthesis, applications including enzyme assays, biological screening, such as selective
sorting of biomolecules or cells, bioassay processes, including cell separation, cell lysis,
decomposition and DNA analysis, and protein folding [4].

The amount of Reynolds number is very low in microchannels. Therefore, molecular diffusion plays a
major role in the mixing process due to the lack of turbulence and inertia forces. To achieve a proper
mixing quality, a long mixing length or long residence time"is required; which is not possible in most
practical applications. In such cases, the use of passive micromixers with.complex geometries or active
ones is recommended. Micromixers are categorized intontwo. groups: active and passive. Active
micromixers utilize an external force, such as the electroosmotic [5], magnetic [6], acoustic [7], etc. to
augment the mixing index. However, in passive micromixers, the fluids are mixed without external
actuators and perform under the influence of.the specific geometry of their microchannel. Passive
micromixers have always been more attractive due to lower costs than active ones. Numerous designs
have been presented for passive micromixers, including T-shaped [8-10], Y-shaped [11], and more
complex ones [12]. For example, Bothe ‘et al. [8] assessed the mixing quality of a simple T-shaped
micromixer and recognized three flow regimes based on the average velocity. They revealed that an
engulfment regime may lead to high mixing quality. Rasouli et al. [9] evaluated the mixing index in a
simple T-shaped micromixer with obstacles and demonstrated that the presence of obstacles in the
chamber improves the mixing index by about 43% at low Reynolds numbers. Arshad and Kim [10]
examined the effect of the Reynolds number on the mixing process of a sinusoidal mixer and reached a
mixing efficiency of about 80%. Lee et al. [11] presented a 100 mm-wide zigzag microchannel
integrating with a Y-shaped micromixer. They assessed the influence of the periodic step on the mixing
quality experimentally and indicated that the mixing efficiency can be improved from 65% to 83.8%
when the aspect ratio is augmented from 1 to 8 at Re = 0.26. Ansari et al. [12] investigated various T-
shaped micromixers and compared their performance with the conventional one. They found that a
simple T-shaped micromixer is not suitable for mixing, because an increase in the Reynolds number
results in a negative effect on the mixing performance. Bhagat et al. [13] examined the mixing process
in a micromixer with obstacles at low Reynolds numbers numerically and experimentally. Diamond-

shaped obstacles with different arrangements were used for splitting and recombining the two flows,



indicating that the mixing quality can be improved while the amount of pressure drop is kept low.
Cortelezzi et al. [14] evaluated a micromixer for biomedical applications numerically and achieved a
high mixing efficiency. By assessing the dimensionless numbers, such as Reynolds, Peclet, and Strouhal

numbers, it was concluded that an increase in the frequency improves the amount of mixing index.

The examination of micromixing of Newtonian and non-Newtonian fluids has been performed up to
now. Recent numerical and experimental investigations have aimed to propose efficient micromixers
that can be fabricated easily with the minimum cost. For instance, Zhou et al. [15] considered spiral and
serpentine micromixers to examine the impact of the Dean vortex on the mass transfer during
micromixing. It was found that vortical flow generated in serpentine micromixer leads to a higher
mixing index than spiral one. The performance of two micromixers with fan-shaped obstacles was
analyzed by Jin et al. [16] and Jafari Ghahfarokhi et al. [17]. Jin et al. [16] proposed the micromixer
and reached a mixing efficiency of > 94% for Reynolds numbers ranging from 0.5 to 100. They
employed the DoE algorithm to optimize the micromixer. Jafari Ghahfarokhi et al. [17] utilized seven
machine learning algorithms to optimize another type of micromixer with fan-shaped obstacles. They
proposed two correlations for mixing index and pressure drop based on effective variables and
demonstrated that the mixing index is improved by enhancing inlet velocity, obstacle radius, and

number of mixing units.

Micromixing of non-Newtonian liquids has been considered by a few investigators. They mostly
evaluated the mixing efficiency of non-Newtonian fluids in the presence of the electric field. For
example, Usefian et al. [18] analyzed an electro-osmotic micromixer consisting of two eccentric
cylinders to compare the mixing quality of Newtonian and non-Newtonian fluids. The inner cylinder
rotated with various angular velocities. It was concluded that the mixing degree is an ascending function
of frequency, angular velocity, and voltage and a descending function of inlet velocity. Yang et al. [19]
employed an electric actuator to improve the mixing quality of polyacrylamide solutions as non-
Newtonian fluids by utilizing the Oldroyd-B constitutive equation. They revealed that the mixing index
is augmented by reducing the obstacle zeta potential. Considering the spiral passive micromixer, Tokas
et al. [20].numerically assessed the micromixing of non-Newtonian fluid blood and reached a mixing
index of 97%. It was demonstrated that spiral geometry significantly improves the mixing quality in

comparison with a T-shaped channel.

The present work aims to examine the mixing efficiency of two non-Newtonian liquids in the passive
micromixer proposed by Cortelezzi et al. [14] (Fig. 1). The time evolution of the mixing process and
the effect of the power-law index, relaxation time, and inlet velocity on the mixing index are analyzed.
This paper is organized as follows: the governing equations are presented in section 2. In section 3, the
numerical method and grid study are described and the results are discussed in section 4. Eventually,

concluding remarks are presented in section 5.



2. Governing equations

Initially, the reference geometry is studied based on the one used by Cortelezzi et al. [14] (Fig. 1). A
non-Newtonian fluid with different concentrations is injected into the inlets 1, 2, and 3 at the same
velocity. The governing equations for an incompressible non-Newtonian fluid are continuity and

momentum equations that can be expressed as follows:

where 17} is the fluid velocity vector, p is the pressure, and p; is the density. T = uf/ denotes the shear

stress tensor. The dynamic viscosity has a constant value for Newtonian fluids. The dynamic viscosity

of non-Newtonian fluids can be stated by utilizing the Carreau-Yasuda model.
n—1
U= e + (o — teo)[1+ (92| 2 ©)
where o is the zero shear rate viscosity, u« is an infinite shear rate viscosity, and A is a time
constant (relaxation time). Besides, n is the power-law index that accounts for the shear-
thinning behavior of the model (n < 1) inthe present simulations. The constants of the model
for human blood are: u, = 0.056 Pa:ss, i = 0.0035Pa-s, A = 3.313 and n = 0.3568. The strain

rate tensor y is defined as:

7= () + (V) 4)

Fig. 1. Schematic of the micromixer (all dimensions are in micrometer).



The convection-diffusion equation for species is also defined as follows:

V-J=0 ®)
where J is the mass flux that is defined as:

J=-DVC + V;C (6)
where C is the local concentration and D indicates the diffusion coefficient.

The boundary conditions in the concentration field are as follows: C = 1 for the inlet 1 of microchannel
(stream 1), and C = 0 for the inlets 2 and 3 (stream 2). In addition, no flux boundary is imposed on the
other boundaries:

i -(-DVC+ Vi C)=0 (7)
Also, the no-slip and no-penetration boundary conditions are usedon the entire internal surface of the

micromixer.

Mixing index, M, is calculated to quantify the performance of the micromixer:

(8)

The mixing index is the average concentration at the cross-section of the outlet channel. A is the outlet
channel cross-section, and Cmax is the maximum sample concentration in the microchannel. According

to Eq. 8, Ml = 0 and 1 represent no mixing and complete mixing, respectively.

3. Numerical method and grid study

The governing equations, for laminar incompressible flow are solved by a finite-element method
utilizing COMSOL:Multiphysics software. The computational domain is discretized by unstructured
triangular elements. The P2+P2 algorithm is employed to couple velocity and pressure fields. Fig. 2a
shows the results of the grid independence test for the present simulations when n = 0.3568. Five grid
resolutions; i.e., normal, fine, finer, extra fine, and extremely fine, are employed to study the grid study.
Fig. 2a demonstrates that the grid resolutions of 98456 (extra fine) and 146224 (extremely fine) lead to
the same amount of mixing index. Hence, the grid with 98456 elements is used for further simulations.
Besides, Fig. 2b illustrates a view of the fine grid to clearly experience the triangular elements and grid

refinement in particular zones of the computational domain.
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Fig. 2. (a) Mixing index at the outlet of micromixer for different grid resolutions when V; = 0.05 m/s
and t = 10 s. (b) A view of the fine grid.

4. Results
4.1. Validation

To verify the present simulations, the numerical results are compared against the experimental results
of Zivkovic et al. [21] who studied the efficient mixing in.a Y-shaped micromixer. Fig. 3 demonstrates
the mixing efficiency along the micro-channel and shows that the present results are in very good
agreement with the experimental ones. It should be mentioned that the experimental results correspond
to the time-dependent condition (t =40s).
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Fig. 3. Mixing index along the microchannel for Vs= 190 um/s at t = 40 s.



4.2. Effect of power-law index

The most important application of mixing in biotechnology is the mixing of non-Newtonian fluids such
as blood. This section deals with the mixing of non-Newtonian fluids with various power-law indices.
Several non-Newtonian models are commonly used for the simulation of non-Newtonian fluids: Power-
law, Carreau-Yasuda, Casson, etc. In the present work, the Carreau-Yasuda model is employed to
evaluate the non-Newtonian behavior of two fluids during the mixing process. It should be mentioned
that this model is an appropriate one for the modeling of shear-thinning fluids. Three constants of the
model for human blood in Eq. 3 are y,=0.056 P a s, te, =0.0035 P a s, A = 3.313, andn.= 0.3568.
Hence, these properties are selected for the present simulations except when the influences of the power-
law index are evaluated. Fig. 4a depicts the distribution of concentration contours in the micromixer for
different amounts of power-law index. This figure qualitatively indicates that the mixing degree is
improved by reducing the value of n. In other words, two non-Newtonian+fluids can.be mixed better by
more deviation from Newtonian behavior. For instance, Ml = 63.7% and 33.1% when n = 0.1 and 1,
respectively.
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Fig. 4. Effect of power-law index: (a) Concentration distribution throughout the micromixer.

(b) Mixing index at the outlet of the micromixer when V¢ = 0.05 m/s at t = 10s.

4.3. Time evolution of the mixing process

Fig. 5a demonstrates the concentration fields along the micromixer for different times,
indicating that the mixing quality does not vary during 10s < t < 40s qualitatively. Fig. 5b

quantitatively indicates that the mixing index is enhanced firstly and then remains constant



when the time rises so that the mixing index at the outlet changes from 9.2% at 2s to 55.1% at
40s. In other words, after a specific time, when the time is enhanced, the mixing quality does
not change. It should be pointed out that the real-time impact is different from the residence
time. The residence time in passive micromixers with complex geometry, such as spiral ones
or the ones with a large number of obstacles, is high, resulting in high amounts of mixing index

and pressure drop.
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Fig. 4. (a) Time evolution of concentration profile throughout the microchannel. (b) Mixing

index at the outlet of the micromixer at different times when n = 0.3568 and V; = 0.05 m/s.

4.4, Effect of inlet velocity

In this section, the effect of inlet velocity.is considered to find the relation between mixing efficiency
and velocity variations. The concentration distribution throughout the micromixer is presented in Fig.
6a for different inlet velocities at t = 10s, showing an improvement in the mixing quality by reducing
the inlet velocity. The amount of the mixing index at the outlet of the microchannel is plotted as a
function of inlet velocity in Fig. 6b. The results demonstrate that an enhancement in the inlet velocity
declines the mixing index. The amount of mixing index is about 68.33% for Vs = 0.025 m/s. By doubling
the velocity, the'mixing index decreases to 54.1%. The downward trend in the mixing index continues
and at Vr= 0.2 m/s, it reaches 44.84%. In other words, the mixing index reduces by about 34% when V;
augments from 0.025 m/s to 0.2 m/s. As expected, the value of pressure drop is reduced by increasing
the inlet velocity for this range of Reynolds number. It should be pointed out that molecular diffusion
plays a major role in the micromixing process when the inlet flow rate (Reynolds number) is low. By
enhancing the amount of inlet flow rate, the value of MI may be improved depending on the occurrence
of chaotic advection. In other words, an optimum point may be observed for a greater range of Reynolds

numbers.
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Fig. 6. Effect of inlet velocity: (a) Concentration distribution throughout the micromixer. (b)

Mixing index at the outlet of the micromixer when n = 0.3568 and t = 10s

4.5. Effect of diffusion coefficient

The amount of diffusion coefficient depends on the fluid employed in real applications. It has been
found that the impact of the diffusion coefficient.on velocity, pressure, and mixing quality of Newtonian
fluids is small because this parameter does not affect the velocity distribution or pressure perturbation.
For instance, the diffusion coefficient of waterand blood at 25 °C is about 2.3 x 10° m?/s and 1.1 x 10°
%, respectively. Fig. 7 illustrates the variations of M1 by changing the value of the diffusion coefficient
ranging from 108 to 10** when n'= 0.3568, Vi = 0.05 m/s, and t = 10s. It is found that the amount of
Ml is improved by enhancing the diffusion coefficient slightly. For example, M1 = 54.5% and 53.46%

for 108 to 1014, respectively.
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Fig. 7. Effect of diffusion coefficient on mixing index at the outlet of the micromixer when n
=0.3568, Vi =0.05 m/s, and t = 10s.

5. Conclusions

In the present paper, the effect of different parameters on the mixing index in a micromixer is
studied by considering non-Newtonian fluids. It is revealed that the mixing process is enhanced
first and then remains constant with time. The results indicate that the mixing index is a
descending function of inlet velocity and power-law index. For instance, MI = 63.7% and
33.1% when n = 0.1 and 1, respectively, and MI = 68.33% for Vi = 0.025 m/s. By doubling the
velocity, the mixing index decreases to 54.1%. It is demonstrated that the diffusion coefficient
impact can be neglected in the mixing of non-Newtonian fluids. For future works, it is
recommended to assess the micromixing of shear-thickening non-Newtonian fluids for a

broader range of inlet velocity.

Nomenclature

C Fluid concentration (mol/m?3) X,y Coordinates (m)

D Diffusion coefficient (m?/s) Greek symbols

j Mass flux (kg/m?3s) T Shear stress tensor (Pa)

MI Mixing index p Density (kg/m?®)
Power-law index U Dynamic viscosity (Pa.s)

P Pressure (Pa) A Time constant (S)



t Time (s) % Strain rate tensor (1/s)

V Velocity vector (m/s)
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