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Micromixers are important components of microfluidic systems, such as the lab-on-a-chip and
micro-total analysis system (1-TAS) designed for a large number of applications, including sample
preparation and analysis, drug delivery, fast chemical reactions, and biological and chemical synthesis.
Typically, micromixers operate from a very low to high Reynolds number range of 0.001-1000 in the
laminar flow regime. Therefore, the random turbulent motions that are necessary to homogenize fluid
samples are absent at the microscale. As a result, the mixing processes inside these microfluidic systems
are diffusion-dominated and slow in addition to requiring a long channel length. Therefore, efficient
mixing over a short channel length is a challenging task. Micromixers can be broadly classified as active
(based on external energy/stimulus) and passive (based on geometrical modifications) micromixers.
Among the two basic concepts, the passive micromixers do not rely on external mechanisms and offer
the advantages of simple design and easy fabrication. This special issue focuses on presenting the
development of efficient and robust designs of passive micromixers.

A total of 10 original research papers, which cover important aspects of micromixing technology,
are published in the special issue. The important areas being focused upon are the numerical
and experimental analyses of flow and mixing in different micromixers [1-5], optimization [6-8],
and fabrication of micromixers [9]. In the review paper [10], recent developments in both active and
passive micromixers are summarized and discussed.

Computational fluid dynamics (CFD) analysis of flow and mixing is seen as an important
tool in designing passive micromixers in eight research articles [1-8]. Javaid et al. [1] proposed
a serpentine-shaped micromixer with sinusoidal walls and conducted a CFD analysis using COMSOL
Multiphysics software. The numerical results showed a good agreement with a previously published
experiment, with improved mixing performance compared to a simple serpentine channel. A similar
investigation of flow and mixing in serpentine channels with a non-rectangular cross-section was
conducted by Clark et al. [2]. The results indicate enhancement in mixing performance using
non-rectangular cross-section serpentine micromixers. Ansari et al. [3] performed both numerical
and experimental analyses of a vortex micro T-mixer using ANSYS-CFX. The design is promising
as it can efficiently increase the mixing for T-junction micromixers. Wang et al. [4] carried out CFD
analysis of a herringbone passive micromixer for pressure-driven and electro-osmotic flow. A good
mixing performance was observed at low flow rates for both flow situations. However, at a fixed
flow rate, the mixing performance is superior in the case of electro-osmotic flow than pressure-driven
flow. Okuducu and Aral [5] conducted a different study, which focused on the comparative evaluation
of the finite volume method (FVM) and finite element method (FEM) to characterize numerical
errors in mixing analysis. Using T-mixer geometry and two CFD tools, which were namely
OpenFoam (FVM-based) and COMSOL Multiphysics (FEM-based), a detailed analysis based on
mesh structure, orientation and flow parameters was presented. Using CFD and Taguchi statistical
method, Solehati et al. [6] studied a Tjunction micromixer with wavy walls to evaluate the effect of
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key design parameters on the mixing performance, pumping power and figure of merit (mixing index
per unit pressure drop). The Taguchi method was found to be robust in determining the optimum
combination of the design parameters. Raza et al. [7] carried out multi-objective optimization of a
serpentine micromixer with crossing channels at low and high Reynolds numbers. Pareto-optimal
fronts representing the trade-off between conflicting objectives, mixing index and pressure drop were
obtained for both low and high Reynolds numbers. Guo et al. [8] demonstrated topology optimization
based on Lagrangian mapping method for mixing problems that were dominated completely by the
convection with negligible diffusion. The layout of the passive micromixers was determined by solving
a topology optimization problem to minimize the mixing measurement.

Shan et al. [9] fabricated two types of micromixers with complex structures using the femtosecond
laser wet etch (FMWE) technology inside fused silica. Using FMWE technology, the multi-microchannel
mixers with high integration and uniformity for high-performance applications were realized,
demonstrating the flexibility and universality of FLWE technology. Finally, the review paper by
Cai et al. [10] summarized the recent advances in passive and active micromixers for microfluidic
applications. In recently published articles, active micromixers have used pressure fields, electrical
fields, acoustics, magnetic fields, and thermal fields as external energy sources to perturb the
fluid. Furthermore, passive micromixers based on geometrical modifications using two-dimensional
obstacles, unbalanced collisions, convergence-divergence structures or three-dimensional lamination
and spiral structures were discussed.

We would like to take this opportunity to express our appreciation to all the authors for submitting
their papers and contributing to the success of this special issue. We also want to thank all the reviewers
for dedicating their time and helping to improve the quality of the submitted papers and professional
staff at the Micromachines Editorial office for providing invaluable assistance.
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Abstract: Sample mixing is difficult in microfluidic devices because of laminar flow. Micromixers
are designed to ensure the optimal use of miniaturized devices. The present study aims to design a
chaotic-advection-based passive micromixer with enhanced mixing efficiency. A serpentine-shaped
microchannel with sinusoidal side walls was designed, and three cases, with amplitude to wavelength
(A/A) ratios of 0.1, 0.15, and 0.2 were investigated. Numerical simulations were conducted
using the Navier-Stokes equations, to determine the flow field. The flow was then coupled with
the convection—-diffusion equation to obtain the species concentration distribution. The mixing
performance of sinusoidal walled channels was compared with that of a simple serpentine channel
for Reynolds numbers ranging from 0.1 to 50. Secondary flows were observed at high Reynolds
numbers that mixed the fluid streams. These flows were dominant in the proposed sinusoidal walled
channels, thereby showing better mixing performance than the simple serpentine channel at similar
or less mixing cost. Higher mixing efficiency was obtained by increasing the A/A ratio.

Keywords: micromixer; chaotic advection; serpentine-shaped microchannel; mixing index

1. Introduction

Microfluidic devices use fluid flow at the submillimeter scale for applications in areas such
as life sciences, analytical chemistry, and bioengineering. Small sample volume consumption,
low cost, flexible and controlled operation, and high throughput make the use of microfluidic devices
desirable [1]. Micro total analysis systems and microscale devices, which are employed for biochemical
analyses and processes, such as protein folding, enzyme reactions, and drug delivery, require rapid
mixing of reagents before a chemical reaction could occur [2]. Given the small characteristic dimensions
at the microscale, the Reynolds number is low and the flow is laminar. Thus, without turbulent
mixing, only molecular diffusion causes mixing, but is a slow process [3]. Therefore efficient mixing
mechanisms are necessary to achieve the realized potential of lab-on-a-chip technologies.

Almost three decades ago, Ottino presented an overview of earlier work on mixing and chaotic
advection, and comprehensive theory on kinematics and chaotic dynamics [4,5]. Following the interest
of researchers in microfluidics, Ottino and Wiggins provided a review of mixing at microscale, and the
mathematical foundations of chaotic mixing for design of efficient micromixers [6,7]. Past researchers
have developed active and passive techniques to attain rapid mixing by influencing the flow to cause
chaotic advection or to increase the contact area of fluid layers [8]. Active micromixers use external
energy sources, such as pressure [9], acoustic [10-12], and electric field [13]. Active mixers such
as the acoustic-based mixers with sharp edges [10-12] have been shown to achieve higher mixing
efficiency than passive mixers, but they need an external energy source. By contrast, passive mixers
use geometric characteristics to split, stretch, fold, and break the fluid streams, thereby enhancing

Micromachines 2018, 9, 8 3 www.mdpi.com/journal /micromachines
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mixing [14]. Although the fabrication of passive mixers is complex, the absence of an external driver
and the ease of integration in microsystems provides them an edge over their active counterparts [8].

Previous studies on passive mixers have mainly relied on lamination- and chaotic advection-based
designs to enhance mixing [14]. Buchegger et al. reported a multi-lamination mixer that used
wedge-shaped vertical inlets, leading to a single horizontal channel, where efficient mixing of four
streams occured [15]. Nimafar et al. proposed a mixer with H-shaped channels, for the splitting
and recombination of two fluids. Experimental comparisons with T- and O-micromixers showed
the superior performance of their device [16]. An experimental and numerical study on a crossing
manifold micromixer has shown that the change in flow profile due to non-uniform momentum, along
with convection and increasing interfacial area, improved mixing efficiency [17]. A three-layer split
and recombination mixer achieved a high mixing efficiency because the design allowed for three times
the surface area than a simple T-mixer could provide for diffusion to occur [18]. Kim et al. used chaotic
advection and splitting and recombination in their serpentine laminating mixer. Three-dimensional
serpentine mixing units produced chaotic advection, and F-shaped mixing units caused splitting and
recombination [19].

Other strategies to enhance passive mixing utilize chaotic advection induced by geometric
manipulations. Mengeaud et al. conducted an optical and numerical investigation on a zigzag
microchannel. Molecular diffusion was the dominant factor for mixing at Reynolds numbers lower than 80,
and secondary flows affected species mixing at high Reynolds numbers [20]. Hossain et al. used numerical
investigation to compare the mixing performance of zigzag, curved, and square-wave-shaped channels
and concluded that the square-wave-shaped channel exhibited better performance than the other two
geometries [21]. Parsa and Hormozi investigated mixing in sinusoidal channels by varying the phase shift
between side walls. High mixing indices were achieved for phase shifts of 77/2 and 377/2 [22]. In another
study, Parsa et al. investigated the effect of the amplitude to wavelength (A/A) ratio of sinusoidal
walls and observed the best performance at high A/A ratios [23]. Afzal and Kim used coupling of
pulsatile flow and sinusoidal walled convergent—divergent channel to achieve high mixing efficiency [24].
Asymmetric curvilinear microchannels can show better mixing performance than symmetric channels at
Dean numbers (K) greater than 16.8, whereas symmetric channels achieve a higher mixing index than
asymmetric curvilinear microchannel below the threshold value of K [25]. Fan et al. presented a study on
the use of sharp corners in series to improve mixing efficiency [26]. Alam et al. presented a numerical
study of straight and curved microchannels with circular obstacles that changed the flow pattern to
achieve better performance than channels without obstacles [27].

Apart from achieving high mixing efficiency, micromixers should also process samples without
damaging large biomolecules. Obstacle-based passive designs have high local strains and can damage
biomolecules due to shear. Serpentine-shaped mixers can prevent this damage because, chaotic
advection due to high local strains does not occur in these channels [28]. Therefore serpentine
channels can be employed to achieve high mixing efficiency and damage-free processing of samples.
Modifications, such as the use of non-aligned inputs [29] and three-dimensional serpentine geometries
have been shown to further enhance the mixing performance of serpentine channels [28]. The study
conducted by Alam and Kim showed that modifying the side walls of curved serpentine channels
can also improve mixing performance [30]. They used rectangular grooves at specified locations and
observed increased mixing as groove width expanded. Meanwhile groove depth only slightly affected
the mixing index.

This paper reports the results of a numerical study on the mixing performance of a chaotic-advection-based
serpentine microchannel with sinusoidal side walls. Sinusoidal walled channels have been shown to
achieve better mixing performance than straight channels [22,23], however, the geometries used in the
previous studies on sinusoidal walled channels were made by the modification of a straight channel.
The present study presents a modified geometry that was designed using sinusoidal side walls in a
serpentine channel to increase the secondary flow because of change in Dean number, and attain better
mixing than a simple serpentine channel. The mixing performances of a simple serpentine channel and a
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serpentine channel with sinusoidal walls, with Reynolds numbers ranging from 0.1 to 50, were compared.
A simple serpentine geometry similar to the square wave channel [21] and serpentine microchannel [29]
reported by Hossain et al. was chosen to compare the mixing performance of proposed micromixer.
Two additional cases of sinusoidal walled serpentine channel were considered by increasing the (A/A) ratio
of sinusoids. Micromixers with sinusoidal walls showed better mixing efficiency than a simple serpentine
channel, and the increase in A/ A ratio further enhanced the performance.

2. Micromixer Design

The simple serpentine channel and serpentine channel with sinusoidal walls used in the present
study are shown in Figure 1a,b, respectively. Both designs used two inlets, connected by a T-joint,
that lead the fluids into the mixing channel. Before entering the serpentine-shaped part, fluids passed
through a straight channel of 0.2 mm in length for both geometries. The inlets have a square cross
section, and both planar devices have a width and depth of 0.1 mm. The sinusoidal walls shown in
Figure 1b were generated using the following function:

Y= Asin(?) 1)

where A is the amplitude and A is the wavelength of the sinusoids. Three cases of serpentine channels
with sinusoidal walls with amplitudes of 0.02, 0.03, and 0.04 mm corresponding to A/A ratios of
0.1, 0.15, and 0.2, respectively, were considered in this study. For the serpentine channel with sinusoidal
walls, the sinusoids at the outer turns were joined using quadratic curves. The dimensions for both
geometries used in the present study are shown in Figure 1.

Inlet 1
0.1 mm 54—0,8 mm_“j
=21 [ l ;
: o . : l::>0utlet
A : ¢
f—10.2 mm |
o B
2.9 mm 1mm
Inlet 2
(a)
Inlgel 1
0.1mm 103 mm] 0.8 mm—o|
A - ¢
: L. 2 m : E>Out!ef
A B i} ¢
j—1 0.2 mm
I
2950 1 mm
Inlet2
(b)

Figure 1. Schematics of microchannels. (a) Simple serpentine channel and (b) serpentine channel with
sinusoidal walls.
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3. Numerical Model

The single-phase, incompressible, and steady-state laminar flow in micromixers was solved for
momentum and mass conservation using the Navier—Stokes equations and the continuity equation,
respectively. The equations are expressed as follows:

p(wV)u = V-[—pI+ u(Vu+ (Vu)")] 6)

pV-(u) =0 ®)

Equation (2) represents momentum conservation in which p is the density of fluid (kg-m~3), u is
the velocity vector (m-s~!) p is the pressure (Pa), I is the unit diagonal matrix, and y is the dynamic
viscosity of the fluid (kg-m~!-s~!). Equation (3) is the continuity equation. The solution of these
equations yielded the velocity and pressure fields. The obtained velocity field was used to compute
species concentration field using the convection-diffusion equation expressed as follows:

V-(-DVc¢) +u-Vec=R 4)

where D is the diffusion coefficient (m2-s~1), ¢ is the species concentration (mol-m~3), and R is the
reaction rate, which was assumed to be zero in this case.

4. Mixing Analysis

Methods based on striation thickness of fluid layers [31] and standard deviation of concentration [32]
have been used in the past to characterize the mixing performance of micromixers. The formula employed
in the present study to calculate mixing index (MI), based on the standard deviation of concentration is
expressed as follows:

Mi=1--Y

©)

OMax

where ¢ is the standard deviation of species concentration in any given cross section and o1,y is the
standard deviation of the completely unmixed state. The value of the mixing index is 0 and 1 for the
unmixed and fully mixed states, respectively. The standard deviation is expressed as follows:

(6)

where N is the number of sampling points, ¢; is the mixing fraction at point i, and c;, is the optimal
mixing fraction.

The power required to drive fluids through the channel should also be taken into account while
characterizing the mixing performance of any design. Usually high mixing efficiency at increased
flow rates results in higher power consumption [33]. So the cost of mixing should also be determined.
This mixing cost is calculated in terms of pressure drop using the mixing index to pressure drop
(MI/AP) ratio [34], or in terms of input power [35]. The formula used to calculate mixing cost (MC) in
terms of input power is expressed as follows:

_ Input Power  AP-Q

MC MI MI

@)
where AP is the pressure drop (Pa) across the channel and Q is the corresponding flow rate (m3-s~1).

5. Model Implementation

Water and a dilute dye solution were considered as working fluids, each with a density of

1000 kg-m~3 and a dynamic viscosity of 0.001 kg-m~!-s~1. The diffusion coefficient of 10710 m2.s~!
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was used for the dye solution in water. Any change in the physical properties of the fluid due to the
presence of solute was ignored. To solve fluid flow, the no-slip boundary condition was set at the walls
along with zero pressure at the outlet, and symmetry in the vertical direction. Velocity was used at the
inlets, and simulations were conducted at various Reynolds numbers ranging from 0.1 to 50. Reynolds

number is defined as follows:
o = PUDy

u

R ®)
where Re is the Reynolds number, p is the fluid density (kg:m~3), U is the fluid velocity (m-s~1),
Dy, is the hydraulic diameter (m), and y is the dynamic viscosity (kg-m*1 s71) of the fluid.
Inlet concentrations of 0 and 1 were used at the two inlets to compute the concentration field.

COMSOL Multiphysics (Version 5.3, COMSOL Inc., Burlington, MA, USA) was used for the
simulations using the laminar flow and transport of diluted species interfaces. The domain was
discretized using tetrahedral elements. Grid independence tests were carried out with different
numbers of mesh elements (Figure 2). Finally to save the computational cost, 990,338 elements
were used for the simple serpentine geometry. For three different cases of serpentine channels with
sinusoidal walls, 710,957, 715,895, and 744,686 elements were used for the geometries with A/ ratios
of 0.1, 0.15, and 0.2, respectively. In numerical simulations, the discretization of convective terms
for determining the concentration distribution causes numerical errors that result in the addition
of numerical diffusion. The extent of numerical diffusion can be minimized using higher order
discretization [36]. To reduce the extent of artificial diffusion, a higher order discretization was used
in the present study. All simulations were conducted on a Windows 7 operated workstation with an
Intel Xeon E5-2620 v3 2.4 GHz processor (Intel Corporation, Santa Clara, CA, USA) and 32 GB random
access memory (RAM).

1.0 - & Simple Serpentine
] @ Serpentine with Sinusoidal Walls (A/A=0.1)
0.9 —A— Serpentine with Sinusoidal Walls (A/A=0.15)
- @ Serpentine with Sinusoidal Walls (A/2=0.2)
0.8 *— o o $—— &
0.7 A
x 06 e S S
_g 4
2] el
c 1 T e———— o — ;‘:‘:\1._ S
< 044
E «
0.3 4
0.2
0.1
0.0 T T T v T v

| T T T T T 1
2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10° 1.2x10° 1.4x10°
Number of Elements

Figure 2. Mesh independence test at Reynolds number (Re) = 40.

6. Results and Discussion

The numerical model was validated by comparing its results with experimental results of
Fan et al. [26]. Simulations were conducted using the reported geometric parameters and fluid
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properties. The results shown in Figure 3 validate the numerical model by showing close agreement of
the simulation results with the experimental results.
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Figure 3. Comparison of the simulation and experimental results.

Four cases, namely, simple serpentine channel (Case 1), serpentine channel with sinusoidal walls
and A/ A ratio of 0.1 (Case 2), serpentine channel with sinusoidal walls and A/ ratio of 0.15 (Case 3),
and serpentine channel with sinusoidal walls and A/A ratio of 0.2 (Case 4), were considered in the
present study. In curvilinear channels, the fluid motion towards the outer wall due to centrifugal forces
creates velocity and pressure gradients that cause vortical flows. The magnitude of these secondary
flows increases with the increase in Dean number (K) which is defined as follows:

K= %Re )
where D), is the hydraulic diameter (m), Re is the Reynolds number, and r is the radius of curvature (m).
The serpentine shape considered in the present study has sinusoidal walls as well as turns of the
serpentine. Determination of radius of curvature and calculation of Dean number is difficult because
of this geometric complexity. Equation (9) shows that for a geometry with fixed hydraulic diameter,
the Dean number can be increased by increasing the Reynolds number or decreasing the radius.
From this we can say that the Dean number in sinusoidal walled channels with a higher A/A ratio
would be greater because of increased curvature.

Streamline plots at Reynolds numbers of 0.1, 20, and 50 are shown in Figure 4 to understand
the effect of secondary flows and the mixing phenomenon at different flow rates. An increase in
Reynolds number will cause an increase in Dean number and as a result a change in streamlines
trajectories for all cases can be seen because of increased secondary flow. At Reynolds number of 0.1,
streamlines in all four cases move downstream of the channel with negligible path crossing (Figure 4a).
Any mixing at low Reynolds numbers is dominated by diffusion because crossing of streams does
not occur. Some crossing is observed at a Reynolds number of 20 (Figure 4b) and becomes dominant
when the Reynolds number is increased to 50 (Figure 4c). Secondary flows start developing with the
increase in the flow rate, thereby promoting fluid mixing. The mixing of streamlines also depends
on channel geometry, as evident from the crossing of streamlines in different geometries at the same
Reynolds number. This is because an increase in curvature also causes a rise in the Dean number.
High mixing can be observed in the serpentine channel with sinusoidal walls compared to the simple
serpentine channel because of more secondary flow, which becomes prominent as the amplitude of
side walls increased. Flow separation also starts with the increase in the fluid velocity and amplitude
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of side walls. This phenomenon can be observed by the development of separation vortices, which are
most effective in the sinusoidal walled channel with A/ A ratio of 0.2 (Figure 4c(iv)). This increased
effect of secondary flows with the increase in curvature is consistent with previously reported results
on curvilinear channels [22,23,25].

ii

iii

iv

(a)

Figure 4. Streamline plots in first U-shaped region of all geometries: (i) Case 1; (ii) Case 2; (iii) Case 3;
and (iv) Case 4 at (a) Re = 0.1; (b) Re = 20; and (c) Re = 50.

The mixing index variation with the Reynolds number for all geometries is shown in Figure 5.
The mixing index is high at Reynolds number of 0.1 despite strictly laminar flow and the absence of
streamlines crossing because, at low flow rate, a long residence time of fluids in the channel allows
more time for diffusion to occur, which is the dominant factor that causes mixing in this case. At a
Reynolds number of 1, the mixing index sharply declines because the residence time decreases with
increasing velocity and is insufficient for diffusion. From Reynolds numbers 10 to 30, the mixing index
is steady and does not increase with rise in flow rate because secondary flows are in the development
stage and are not fully effective in enhancing the mixing of fluids. From Reynolds numbers 1 to 10,
the largest increase in the mixing index is observed for sinusoidal walled channels with A/A = 0.15 and
0.2 because of secondary flows, that are not fully developed yet, but are still more effective than the
other two geometries because of the high amplitude of the sinusoidal walls that would result in a higher
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Dean number. The dominant role of secondary flows is evident at Reynolds numbers higher than 30,
which increase the mixing index. The mixing index trend with the increase in the Reynolds number
for the simple serpentine channel is similar to the previously reported results on simple serpentine
geometry [21,29]. Here it is also important to note that the use of sinusoidal walls also increased the
total length of the sinusoidal walled serpentine channel compared to the simple serpentine channel.
An equal length of both geometries will cause a difference in serpentine shape. Comparison of both
geometric shapes with the same total length and the same parameters of serpentine-shaped waves at
the same time is not possible. The effect of increased length on mixing performance will be minimal
and the enhanced mixing performance of the sinusoidal walled channel is due to the increase in Dean
number and secondary flows as explained previously.

1.0 5 —8&— Simple Serpentine

1 —@— Serpentine with Sinusoidal Walls (A/2=0.1)
0.9 1 —&— Serpentine with Sinusoidal Walls (A/A=0.15)
—®&— Serpentine with Sinusoidal Walls (A/A=0.2)

0.8—-
07-
0.6—-
0.5—-

0.4+

Mixing Index

0.3 1

0.2

0.1+

00 1 ¥ 1 ¥ 1 L 1 L ) L ) "
Reynolds Number

Figure 5. Mixing index vs Reynolds number at the exit.

The concentration distribution of two species at three locations (i.e., planes A-A, B-B, and C-C shown
in Figure 1) in all of the geometries at a Reynolds number of 50 is shown in Figure 6. Figure 6a exhibits
that both fluid streams are parallel before entering the serpentine region in all geometries with negligible
mixing. As fluids move downstream of the channel, secondary flows start developing in the transverse
direction, because of turns in the serpentine, and sinusoidal-shaped side walls, thereby enhancing mixing.
The concentration distribution becomes more uniform, showing more mixing as the geometric shape
changes from simple to sinusoidal walled serpentine and approaches optimal mixing fraction of 0.5 in major
portions of the cross section for the maximum amplitude of sinusoidal walls (Figure 6¢(iv)). To compare the
mixing performance at same total length, the mixing index for fixed stream wise length of 6.2 mm is shown
in Figure 7. The mixing trend with same total length for all cases is similar to the mixing trend with the
same number of serpentine units but a different total length. The difference occurred at Reynolds numbers
after 30 where simple serpentine channel achieved higher mixing index than a sinusoidal walled channel
with A/A ratio of 0.1. This is because the sharp turns of a simple serpentine caused more secondary flow
than the curved turns of the sinusoidal walled channel with low amplitude as illustrated in Figure 4c.
This effect is dominated by the high amplitude of sinusoids; thus, the two other cases of sinusoidal walled
channels demonstrated better performance.
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Figure 6. Concentration contours at Reynolds number of 50 at three planes (shown in Figure 1): (a) A-A;
(b) B-B; and (c) C-C; for (i) Case 1; (ii) Case 2; (iii) Case 3; and (iv) Case 4.
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Figure 7. Mixing Index at stream wise length of 6.2 mm.
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Velocity arrow plots to show the secondary flow in the transverse direction at Reynolds numbers
of 20 and 50 are shown in Figure 8. The cross section showing arrow plots is located at the Plane
B-B shown in Figure 1. No secondary flow is observed in the simple serpentine channel at Reynolds
number 20; thus, less mixing enhancement is expected, which corroborates the results shown in
Figure 5. For the same geometry, two counter rotating vortices appeared in the central region of
the cross section at Reynolds number 50, which explain better mixing for this case. For sinusoidal
walled serpentine channels, one vortex with its axis near the side wall appears at Reynolds number 20,
as shown in Figure 8a. The axis of the vortex moves toward the central region as the amplitude
increased. At a Reynolds number of 50, secondary flow is more prominent in the sinusoidal walled
channels with two overlapping counter vortical flows, as shown in Figure 8b. The overlapped area
spreads across the cross section with the increase in amplitude; thus, a high mixing efficiency of 86.9%
is achieved by sinusoidal walled serpentine channel at Reynolds number of 50.

-
=24
=4

A=~

Figure 8. Velocity arrow plots at Plane B-B for all geometries: (i) Case 1; (ii) Case 2; (iii) Case 3; and (iv)
Case 4 at (a) Re = 20 and (b) Re = 50.

12



Micromachines 2018, 9, 8

Figure 9 shows the pressure drop across all channels, which is proportional to the flow rate
and increases with the increase in Reynolds number. Given that the pressure at the outlet is zero,
the pressure drop shows the pumping pressure required at the inlet to drive the fluids through the
channel. The sinusoidal walled channel with maximum amplitude has the highest pressure drop,
followed by the channel with A/A ratio of 0.15 because sinusoidal walls with high amplitude are more
resistant to flow than the other cases. The simple serpentine channel has a slightly higher pressure
drop than the sinusoidal walled serpentine channel with A/A ratio of 0.1 because of a lower resistance
to flow from the sinusoidal walls with small amplitude compared to the sharp turns of the simple
serpentine channel.

25+
—&— Simple Serpentine
—@— Serpentine with Sinusoidal Walls (A/A=0.1)

204 —A— Serpentine with Sinusoidal Walls (A/A=0.15) /.
—®— Serpentine with Sinusoidal Walls (A/A=0.2) /

15 1

Pressure Drop (kPa)
=
1

0 10 20 30 40 50
Reynolds Number

Figure 9. Pressure drop variation with the Reynolds number.

The increase in pumping pressure results in an increased mixing cost because of higher energy
consumption. Figure 10a,b show the mixing cost variation with Reynolds number in terms of pressure
drop and input power, respectively. A high value of MI/AP ratio represents low mixing cost and better
performance. At a Reynolds number of 0.1 mixing cost is low because of diffusion dominated mixing
with minimum pressure drop but this is not favorable because of the slow processing time. Rapid mixing
can be achieved at high flow rates that cause secondary flows. The increase in flow rate also results in
increased pressure drop and thus a rise in energy consumption rate is inevitable. So, for any design,
mixing cost will always go up with increased flow rate. High MI/AP ratios of sinusoidal walled
channels in Figure 10a show relatively improved mixing performance compared to simple serpentine
channels. In the case of mixing cost in terms of input power, a low value represents better mixing
performance. The comparison of all cases show that the mixing cost for the three sinusoidal walled cases
is similar and comparatively less than the simple serpentine channel except for Reynolds number 50,
where geometry with A/ A ratio of 0.2 achieved a high mixing index at a relatively higher mixing cost
(Figure 10b). Below a Reynolds number of 40, the mixing cost of sinusoidal walled channels is relatively
lower than the simple serpentine channel.

13
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Figure 10. Mixing cost in terms of (a) pressure drop and (b) input power.

To characterize rapid mixing, the time required to attain full mixing should also be considered.
Although full mixing was not achieved for the number of serpentine waves used in the present study,
a comparison based on the mixing index to residence time ratio at different Reynolds numbers is presented
in Table 1. A higher mixing index to residence time ratio shows good performance. The residence time was
calculated using the length of the serpentine part and average velocity through the channel. Sinusoidal
walled channels showed better performance except for a Reynolds number of 40, where simple serpentine
showed better performance than sinusoidal walled serpentine with A/A ratio of 0.1 because of sharp turns.
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Table 1. Comparison of mixing index to residence time ratio.

Mixing Index/Time (s~1)

Geometry
Re=1 Re=20 Re =40
Simple serpentine 0.2984 6.87 31.12
Sinusoidal walled (A/A =0.1) 0.3380 10.70 28.43
Sinusoidal walled (A/A = 0.15) 0.3395 14.71 36.06
Sinusoidal walled (A/A =0.2) 0.3495 17.11 43.98

7. Conclusions

A chaotic-advection-based serpentine-shaped passive micromixer with sinusoidal side walls was
presented in this study, and its mixing performance was evaluated. Numerical simulations were
conducted using the Navier-Stokes equations to solve the fluid flow. The resulting velocity field was
used to compute the species concentration field using the convection—diffusion equation. The effect
of the A/ A ratio of sinusoidal walls on the mixing efficiency of microchannels was also considered.
The mixing performance of the proposed sinusoidal walled serpentine design was compared with a
simple serpentine channel at Reynolds numbers ranging from 0.1 to 50. At low Reynolds numbers of
0.1 and 1, mixing occurred because of molecular diffusion and depends on the residence time of fluids
in the device. Secondary flows started developing with the increase in Reynolds number and showed
more effect in the sinusoidal walled serpentine channels. The dominant effect of secondary flow on
mixing was observed at Reynolds numbers higher than 30 in all of the geometries. Apart from the
increase in flow rate, the increase in A/ A ratio of sinusoidal walls also contributed to the growth of
secondary flows because of increase in curvature. The proposed design of serpentine channel with
sinusoidal walls achieved a comparatively higher mixing index than the simple serpentine channel
with a relatively lower or similar mixing cost.
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Abstract: In this numerical study, a new type of serpentine micromixer involving mixing units with
anon-rectangular cross-section is investigated. Similar to other serpentine/spiral shaped micromixers,
the design exploits the formation of transversal vortices (Dean flows) in pressure-driven systems,
associated with the centrifugal forces experienced by the fluid as it is confined to move along curved
geometries. In contrast with other previous designs, though, the use of non-rectangular cross-sections
that change orientation between mixing units is exploited to control the center of rotation of the
transversal flows formed. The associated extensional flows that thus develop between the mixing
segments complement the existent rotational flows, leading to a more complex fluid motion. The fluid
flow characteristics and associated mixing are determined numerically from computational solutions
to Navier—Stokes equations and the concentration-diffusion equation. It is found that the performance
of the investigated mixers exceeds that of simple serpentine channels with a more consistent behavior
at low and high Reynolds numbers. An analysis of the mixing quality using an entropic mixing index
indicates that maximum mixing can be achieved at Reynolds numbers as small as 20 in less than four
serpentine mixing units.

Keywords: passive micromixers; Dean flows; serpentine-shaped channels; mixing index

1. Introduction

The use of microfluidic devices in applications ranging from chemical analysis and reaction
engineering to biological assays and bioengineering has progressed dramatically in recent years [1-3].
This progress has been fueled by the perceived benefits of employing microfluidic devices; such benefits
include reduced reactant consumption, superior heat and mass transfer efficiency enabling increased
flexibility in reactor or assay design, field deployability, and scalability [1,4-6]. Their potential for parallel
processing has led to new applications in molecular diagnosis [7] and single cell biology [8-12]. Together
with the availability of new methodologies for device fabrication, ranging from soft-lithography [13]
to 3D printing [14], laser-assisted chemical etching [15], and even paper-based materials [16], this has
encouraged an increasing number of researchers to explore this platform and seek new applications.

One of the fundamental operations that microfluidic devices have to achieve as part of their
functionality is mixing. Virtually all their applications, including biological/chemical assays,
as well as chemical and particulate analysis, require the mixing of two or more component pairs
such as analyte/assay or chemical reactants [17]. Since microfluidic devices operate in the low
Reynolds number regime, the typical flow characteristics are laminar, with turbulence being absent;
thus, the mixing has to rely on diffusional transport. However, this is too slow for many of the
envisioned practical applications. The challenge of achieving efficient mixing in microfluidic devices
has spurred a large body of research focused on the theoretical, implementation, and fabrication
aspects associated with mixing on the microscale. Nguyen [18], Nguyen and Wu [19], Cai et al. [20],
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and Lee et al. [17] have provided comprehensive reviews of the various strategies employed to address
the mixing bottleneck in the development of microfluidic platforms. In brief, micromixers are
generally classified as active or passive. The active micromixers use external energy sources such as
ultrasonic [21] or acoustic [22-26] vibration, electric fields [27], magnetic stirrers [28], or mechanical
actuators [29] in order to stir the fluids of interest. Configurations such as acoustic-based micromixers
have been successfully used to achieve rapid mixing, even when highly viscous solutions are
involved [25]. Passive micromixers, on the other hand, use only the interaction between the fluid
flow and geometrical structures to sequentially laminate and braid the fluids to be mixed or generate
cross-sectional mass transport. The first approach relies on increasing the area of contact between the
different fluid components and thus on increasing the efficiency of the molecular diffusion mechanism
for mixing [30]. The second approach uses an array of geometrical features, such as ridge/groove
systems [31-33], obstacles [34], barriers [35], and 2D [36] or 3D [37] turns, to induce transversal
advection. It has been shown that, in this case, if the advection induced is chaotic, very fast intermixing
between different components can be achieved [18].

While active micromixers can achieve high mixing efficiencies and mixing control over a broad
range of Reynolds numbers, they are harder to fabricate, are more difficult to integrate with other
microfluidic components, and more importantly require external power sources [20]. Even though
in some cases employing complex 3D geometrical structures for mixing control can pose fabrication
challenges, for the most part passive micromixers do not suffer from the drawbacks of the
active micromixers mentioned above. The absence of an external energy source, aside from the
pressure-driven flow, makes them easier to integrate within complex microfluidic systems with
standard fabrication methodologies. Moreover, the absence of complex multi-physics interactions that
need to be accounted for makes them much more amenable to theoretical or computational modeling.
This allows for a more straightforward and efficient optimization process of the various geometrical
and flow parameters needed to maximize mixing within various designs [32,38].

A popular design strategy used in passive micromixers to generate cross-sectional flows and induce
chaotic advection capable of enhancing the mixing of fluid components, has been the use of channels
with repeating curved sections or turns [18]. These systems exploit the centrifugal forces experienced by
the fluid as it is guided by the geometry of the channels to move along a curved trajectory. An analysis,
first performed by Dean [39], has shown that the flow field that develops inside such a system is consistent
with the formation of transversal vortices, also known as Dean flows. These provide a geometrically
simple way of promoting advective transport in microchannels using serpentine or spiral-shaped designs.
Beside the easy implementation of these designs, additional advantages include the absence of high local
shears compared to obstacle-based micromixers as well as the lack of complex 3D surface structures.
The first makes them attractive for biological applications targeted at handling without damage to
large biomolecules [40]. The second one allows the potential reuse of the devices, as it enables easier
cleaning [41]. It has to be noted though that rapid mixing in simple serpentine/spiral designs is achieved
typically at large fluid speeds associated with the formation of secondary Dean vortices, leading to the
transition to a chaotic advection regime [18]. This corresponds though to Reynolds numbers typically
too high for practical settings [42]. In order to achieve more efficient mixing at intermediate and low
Reynolds numbers in serpentine micromixers, the effect of various geometrical modifications has been
explored. These include the use of grooves on the side or bottom walls of the channel to produce more
complex transversal flows [43,44], modulation of the surface of the side walls [45], misaligned inlets for
the fluid components to be mixed [46], and three-dimensional turns [47].

In this computational work, we report on the effect on mixing when non-rectangular cross-sections
are used for the curved sections forming a simple serpentine channel. The use of this type of section as
its orientation along the channel is changed allows for the centers of rotation of the primary Dean
vortexes that form to be shifted between the mixing units. The effect is akin to that achieved in
Stroock micromixers [31,48], where the use on the floor of the straight channels of asymmetric ridges
with variable apex positions is exploited to achieve extensional flows and induce chaotic advection.
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From an implementation point of view, the designs proposed retain the benefits associated with serpentine
micromixers such as simple fabrication, easy cleaning, and potentially damage-free processing of biological
samples containing large molecules. The numerical work discussed is performed for a range of Reynolds
numbers from Re =1 to 100 for both the new design and the design of the standard serpentine micromixer.

2. Geometrical Design of the Micromixer

The basic designs of serpentine micromixers used in this computational study are shown in
Figures 1 and 2. The fluids to be mixed are fed into the mixer through a T-shaped inlet structure.
The shape of both inlets is square with a size of 50 um. For both designs, each mixing unit consists of
two semicircular sections connected by a straight one. For all the channels investigated, the total height
of the main channels is H = 100 um, while its total width is W = 200 pm. The length of the straight
sections connecting subsequent turns is set to be equal with W. For the non-rectangular cross-section
designs, the height of the thinner part is maintained constant at H/2 = 50 um, while its width is set
at W/2 =100 pm. As shown in Figure 2, between each turn of the serpentine, the orientation of the
non-rectangular cross-section is changed so that the thicker part of the channels is always on the
outside of the turns. For this study, the fluid flow and mixing performance have been analyzed for
values of the inner turn radius R;,, corresponding to 0.5 W for both the standard rectangular section
micromixer as well as for the newly investigated design.
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Figure 1. 3D and top views of the standard serpentine micromixer with a rectangular cross-section
defined by W =200 um and H = 100 pm.
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Figure 2. 3D and top views of the new serpentine micromixer design employing non-rectangular
cross-sections. As shown above, the orientation of the cross-section of the mixer is changed after each
turn of the serpentine.
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3. Numerical Model and Mixing Assessment

The flow fields for each channel are obtained by solving the Navier—Stokes equations of motion
for an incompressible Newtonian fluid in steady state pressure-driven flow:

14 ET’: + (u~V)u} = -Vp+nViu (1)

Vu=0 ()

where u (m-s~1) is the velocity vector, p (kg-m?) is the fluid density, 77 (kg:m~'-s71) is the fluid viscosity,
t (s) is the time, and p (Pa) is the pressure. The flow field equations are solved using a generalized
minimal residual method (GMRES) iterative solver with a geometrical multigrid pre-conditioner and
a Vanka algorithm for the pre- and post-smoothing. No-slip boundary conditions were set for the
walls of the micromixer. A free tetrahedral mesh is used for the entire microchannel with no less than
~200,000 elements for all the geometries studied.

The fluid speeds and pressures thus obtained are then used to compute the species concentration
throughout the micromixers using the convection-diffusion equation:

& _ DV?c—u-Ve (3)
ot

where ¢ (mol-m~3) is the concentration of the species of interest, and D (m?-s~1) is its diffusion constant,
respectively. The same iterative numerical solver as for the Navier-Stokes equations is used, but the
maximum element size in the mesh is constrained to less than 10 um through the whole geometry
to avoid the possible numerical errors that can be associated with this type of solution. Thus, for all
the concentration simulations, the number of mesh elements in the numerical model has never been
less than ~1,900,000. For all the simulations described in this work, we used the computational
package COMSOL Multiphysics 5.1 (COMSOL Inc., Stockholm, Sweden) and its computational fluid
dynamics/chemical engineering module. The accuracy of the numerical work employed for this type
of flow has been previously validated against data obtained from other microfluidic devices [49,50].
In particular, when comparing model data with measured data on similar planar curved microchannels,
as presented by Jiang et al. [50], we find mixing times to be less than 0.05 s for Dean numbers equal to
or above 140, in agreement with the experimental results.

To quantify the mixing quality, we use a mixing index based on calculating the Shannon entropy
associated with the distribution of the various components across sections perpendicular to the
microchannels. Previous work has shown this type of measure to be consistent with other mixing
measures and, at the same time, to be more mathematically rigorous and easily adaptable to the
various formats in which computational and experimental data is presented, such as concentration
distributions, particle tracer Poincaré maps, or fluorescent intensity images [51,52]. In all of these cases,
the data of interest is converted to image data, and the informational complexity of these images is
then analyzed to quantify the level of segregation or mixing of the components of interest.

In brief, to quantify the mixing, the obtained cross-sectional concentration distributions at different
positions along the channel are first converted to 8-bit grayscale intensity maps [53]. These images
are divided into a number Nj;,; of equal size regions. For a system with two components, the mixing
index is defined as

where py/; and p,; are the conditional probabilities for Components 1 and 2, respectively, to be located
in bin j. They represent the fraction of Components 1 and 2, respectively, in each bin relative to the
total. They are calculated as the ratio of the average bin grayscale intensity from the corresponding
concentration image, normalized by the maximum intensity, i.e., 255 for grayscale image data. In this
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particular study, since we have two chemical species and the fluids used are incompressible the two
conditional probabilities are related as pp/; =1 — py ;. As shown in Equation (4), the mixing index M is
normalized by a factor of [n2, where 2 corresponds to the number of components. Thus, the mixing
index will take the value M = 0 for completely segregated components, while it will assume the value
M =1 for the completely mixed case.

4. Results and Discussion

For the analysis of all the mixers, water solutions have been considered as the working fluids,
each with a density p of 1000 kg:m~2 and a viscosity # of 0.001 kg-m~'-s~1. The diffusion coefficient
D was fixed to 1.0 x 10~° m?:s~! corresponding to the diffusion values for most ions in aqueous
solutions. For all the simulations, the working solutions were considered to be pure water introduced
through one of the inlets and dyed water with a concentration ¢ = 1 moL-m~2 introduced through the
opposite inlet. The flow rates are maintained for both fluid components, with the same mean fluid
velocity at both inlets. This means fluid velocity is varied from 0.0075 to 0.75 m-s~! to span a range of
Reynolds numbers corresponding to Re = 1-100.

Representative results for the flow fields and concentration distributions for the designs
investigated are shown in Figures 3 and 4. From the evolution of the concentration along the length of
the micromixer, it is immediately apparent that its distribution is distinct between the two designs.
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Figure 3. Velocity magnitude (cross-sectional maps) (top) and concentration distribution (surface map)
(bottom) along the channel of a standard serpentine micromixer (R;;, = W/2 = 100 um, and Re = 20).
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Figure 4. Velocity magnitude (cross-sectional maps) (top) and concentration distribution (surface map)
(bottom) along the channel of a non-rectangular cross-section serpentine micromixer (R;, = W/2 =100 pm,
and Re = 20).
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As shown in the figures above, in the standard design, the two fluids, which are introduced in
the system through the opposite ends of the T-joint inlet, remain on distinctive sides of the serpentine
through the length of the device, for Reynolds numbers as high as Re = 30. On the other hand,
for the serpentine with non-rectangular cross-sections, that change orientation between the serpentine
sections, the concentration distribution starts to homogenize after the first mixing unit. This conclusion
from the concentration surface maps is supported by the cross-sectional concentration maps. As shown
in Figures 5 and 6, the concentration distribution transversal to the flow illustrate different behaviors in
the two designs. While, in both microchannel types, fluid motion does occur transversally as expected
under the presence of Dean flows in curved geometries [18], in the regular serpentine channel, the
two fluids remain mostly separated. The interface between the fluid streams does deform, which
increases the contact area between them, but the mixing remains limited to the molecular diffusion
at the boundary. In contrast to the modified design, aside from the interface stretching, sizable
segmentation of the fluid streams also occurs, at Reynolds numbers as low as Re = 20. In fact, based on
the evolution of the concentration along the channel (Figures 5 and 6), as soon as the third mixing cycle
occurs, there are virtually no pockets of low (c =0 mol-m~3%) and high (c=1 moL-m~3) concentration,
respectively, left in the dyed fluid distribution map.

This visual assessment of the concentration distribution in the two types of micromixers is also
confirmed by the quantitative analysis of the mixing achieved in them. Graphs of the mixing index
(Figure 7) indicated that, as the fluids flow along the channel, their intermixing increases. Additionally,
increasing the fluid rates (Reynolds number) is associated with better mixing performance. The mixing
increase with Re is consistent with previous analyses of Dean flow micromixers [18,52], which showed
that the Dean vortices that formed in curved microchannels become increasingly complex and undergo
bifurcations at high Reynolds numbers, which are associated with the onset of chaotic advection.
However, while, in the regular serpentine micromixer, full mixing (M = 1) 