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Abstract

This paper focuses on computational and experimental analysis of a simple serpentine microchannel without obstacles and
serpentine microchannel with semicircular obstacles of different sizes. The work has been performed in three phases-
computational analysis, experimentation and flow physics study. The 3D models of a simple serpentine microchannel
(without obstacles) and serpentine microchannels with semicircular obstacles (with radius as 50, 100, 150 and 200 pum)
have been developed using COMSOL Multiphysics software. The effect of obstacle size on pressure drop and mixing
length for achieving index 1 has been analyzed. A simple serpentine qmicrochannel and a serpentine microchannel with
150 pm radius semicircular obstacles have been fabricated with polydimethylsiloxane using soft lithography process. The
experimental analysis for pressure drop as well as mixing index has been performed. A good agreement has been observed
between experimental and computational results. The validated computational model is then used to study the mixing index
for the same microchannels for different flow conditions, i.e. for different Reynolds numbers. The mixing lengths are
observed to be lesser for Re 0.28 and 30. Further, the effect of diffusion and generation of secondary flow due to advection

on mixing length for the considered Reynolds numbers are analyzed through the flow physics study.

1 Introduction

The microfluidic systems are the most growing technology,
and the microfluidics study is significant for implementing
Lab on chips. The Lab on chip systems which are moreover
recognized as micro total analysis systems (LTAS) that can
execute maximum stages of chemical and biological pro-
cesses (Lim et al. 2010). The role of microfluidic chip is
noteworthy in the field of biomedicine and biochemistry.
The performance of many microfluidic devices is depen-
dent on a fast and efficient mixing of the species which is
incorporated through a micromixer. Thus, a micromixer is
the prominent component of a microfluidic system. The
micromixers is classified into two categories as—active
micromixer and passive micromixer (Capretto et al. 2011).
An external energy source is required in active
micromixers for the mixing enhancement, like magneto
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hydrodynamics, acoustic pressure, etc. Active micromixer
generally provides correct mixing, but their fabrication is
cost intensive and integration with different devices is
difficult. For this reason, passive micromixers are favored
in number of situations. In the passive micromixers, dif-
ferent geometric shapes and/or fluid characteristics are
effectively used. The mixing between different species
inside the microchannel might not be superior because of
laminar flow and the mixing depends only upon the mass
diffusion. As a way to enhance the mixing in microchan-
nels, various methods have been developed in recent years
(Lee et al. 2016). There are different approaches to enhance
mixing characteristics of the microchannels using the var-
ious shapes of microchannels or by putting obstacles in the
microchannels. Thus, selecting the microchannel configu-
ration is a notable concern for efficient mixing. Some of the
relevant studies in the recent past are presented below.
Sahu et al. (2012, 2013) have analyzed mixing numer-
ically as well as experimentally for a rectangular
microchannel with Y-type inlet and passive micromixer
with symmetric and staggered obstructions. They reported
that there is significant effect of aspect ratio, Reynolds
Number and diffusion coefficient on the mixing perfor-
mance of microchannel and staggered arrangements is
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more suitable for micromixer. The studies of different
geometries for the microchannels have been reported by
various researchers like rectangular microchannels (Song
et al. 2012), T mixer (Wong et al. 2004), 3-D T-mixer
(Cortes-Quiroz et al. 2014), sinusoidal convergent—diver-
gent cross-section (Parsa et al. 2014), serpentine
microchannels (Das et al. 2017), passive micromixer with
circular and square chambers (Gidde et al. 2017), rhombic
micromixer (Chung et al. 2010), serpentine microchannel
with non-aligned input (Hossain and Kim 2015) etc. The
enhanced mixing characteristics have been reported due to
the change in geometries leading to chaotic advection. The
new designs of microfluidic junctions have been proposed
by Sarkar et al. (2014) for better mixing characteristics.
The comparative study of various channel geometries like
curved, square wave T loop, mouth and zigzag have been
performed (Hossain et al. 2009; Kuo and Jiang 2014; Kuo
et al. 2016; Chen et al. 2016) for the flow characteristics
analysis of microchannels and recommended the square
wave microchannel for better mixing performance.

The effects of roughness, fractal dimension, and Rey-
nolds number on mixing in a hexagonal passive micro-
mixer has been studied by Pendharkar et al. (2013) and
reported the significance of surface roughness for superior
mixing efficiency. The obstructions in the microchannels
have been used by some researchers like J-shaped baffles
(Lin et al. 2007), baffles with different heights (Chung
et al. 2008), diamond shaped obstructions (Asgar et al.
2007, 2008), different shaped obstacles (Sarma and Pato-
wari 20164, b) and reported that good mixing performance
even at lower Reynolds number. Tsai and Wu (2012) have
reported the mixing performance analysis of three-stream
curved-straight-curved (CSC) micromixers and reported
that the full three stream CSC micromixer is the preferable
amongst the different configurations considered.

All the above cited works of different researchers
demonstrate the achievement of significant improvement in
the mixing characteristics by changing the shape of the
microchannel and also by wusing obstacles in the
microchannels. In micro-applications like Lab-on-chips,
the serpentine microchannels may further reduce the size of
the device. Although a number of numerical investigations
are reported by different researchers as per the available
literature on mixing behavior of serpentine microchannel
using different types of obstacles, but comparative assess-
ments on numerical and experimental investigations in this
regard are very limited. Thus, studies on the effect of
obstacles size on the mixing performance and prediction of
obstacle shape and optimum dimensions of obstacle size
for a typical microchannel will definitely contribute toward
development in this field. Also the scientific explanation
for mixing behavior in microchannels for varying the
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Reynolds number (Re) is not well established and therefore
further investigations are needed.

In this article, the performance characteristics of a
simple serpentine microchannel (without obstacles) and
microchannel with semicircular obstacles obtained through
numerical and experimental investigations have been pre-
sented. Numerical models for both the microchannel con-
figurations are developed and their performance
characteristics are evaluated. Then both the microchannels
have been fabricated and experiments are conducted to
evaluate their performance characteristics. The numerical
results are validated with the experimental results. Fur-
thermore, the flow physics study has been carried out
numerically for analyzing the effect of Re on the mixing
index.

2 Methodology

This work has been carried out in three phases. In first
phase, the computational models for a simple serpentine
microchannel and serpentine microchannels with four dif-
ferent sizes of semicircular obstacles have been developed.
Simulations of these models are then carried out for
obtaining the pressure drops and mixing lengths. Based on
critical analysis of the simulated results, the most suit-
able semicircular obstacle size for the serpentine
microchannels is finalized. In the second phase, a serpen-
tine microchannel with semicircular obstacle along with a
simple serpentine microchannel have been fabricated with
the same design dimension as that of the computational
model. The experiments are then conducted on an experi-
mental setup developed for evaluating pressure drops and
mixing indices at different flow conditions. The computa-
tional model is then validated with experimental results.
Finally in the last phase, the computational analysis has
been carried out to study the flow physics in the
microchannels using the validated computational model.

2.1 Development of computational model
2.1.1 Microchannel design

The geometries considered for the simple serpentine
microchannel and serpentine microchannel with semicir-
cular obstacles with Y shaped inlet have been presented in
Fig. 1a, b, respectively. The width and height of the
microchannel have been taken same as 380 pum. The five
semi circular obstacles have been placed in the serpentine
microchannel along the length in each segment with equal
adjacent spacing between two obstacles as 1.746 mm. The
length of Y inlet is 3 mm and after that a straight segment
of length 2 mm connecting to the next segment of
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Fig. 1 a Simple serpentine Inlet 1
microchannel. b Serpentine

microchannel with semi circular \
obstacles. ¢ Semicircular
obstacles with different radii

Inlet2

serpentine shape. The total length of the mixing channel is
87.2 mm. Four different cases with semicircular obstacles
in the serpentine microchannels having radius as 50, 100,
150, and 200 pm as shown in Fig. 1c have been consid-
ered. Two different fluids have been fed through Inlet 1 and
Inlet 2. The velocity of both the fluids (mm/s) has been
assumed to be equal.

2.1.2 Governing equations

The steady state condition for the flow of fluid and con-
vection and diffusion of the species have been considered
in the model. The mass and momentum balances for
isothermal, incompressible flow of Newtonian fluids in
microchannels are governed by continuity and Navier—
Stokes equations. From the scaling analysis, it can be
shown that the magnitude of body force term appearing in
the momentum equations for the present problem as out-
lined above are negligibly small as compared to the forces
due to advection and diffusion. Accordingly, the compo-
nents of volume force are not considered in the analysis.
The mass and momentum balance equations used in the
numerical model are

V.i=0 (1)
p(¥- V)i = — Vp + uV, 2)

where p is the density of fluid, V is the velocity vector, p
represents fluid pressure, and p represents dynamic vis-
cosity of fluid.

The mixing in microchannels has been occurring
because of the convection and diffusion. The mass trans-
port has been governed by the following equation:

V.(=Di.Vci) +u.Vci = Ri, (3)
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where, Di is diffusion coefficient, ci is concentration of the
species, and Ri represents the reaction rate (for diffusive
mixing, it is zero).

A Reynolds number (Re) is given by Eq. (4). The Re has
been set in the range from 0.28 to 30.
, (4)

_ puDy
1

Re

where Dy, is the hydraulic diameter of the microchannel.

For studying the mixing behavior in microchannels, the
mixing index is required to be calculated along the length
at different cross sections. The mixing index of the species
at any cross section in microchannel is calculated using
following equation (Chen et al. 2016):

M:l—\/%'g;(a;cy, (5)

where, M is the mixing index, N is total number of grid
points, Ci is the normalized concentration at any cross
section and C is the average normalized concentration of
the domain. Mixing index ranges from O to 1 (M = 0 for
no mixing and M = 1 for 100% mixing).

2.1.3 Boundary conditions

The simple serpentine microchannel and serpentine
microchannel with semicircular obstacles as shown in
Fig. 1a, b have been designed in COMSOL Multiphysics 5
and simulations have been carried out. Laminar flow and
transport of diluted species are selected in COMSOL for
simulation. Equations (1)—(3) have been solved by using
the appropriate boundary conditions. The same velocities at
the two inlets have been employed as boundary conditions.
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The inlet velocity is varied from 1 to 144 mm/s. At outlet,
atmospheric pressure boundary condition has been used.
No slip boundary conditions at the microchannel walls and
symmetry boundary conditions have been used at the
interface between the fluids. Water and water-KMnO, at
25 °C have been considered as fluid 1 for first inlet and
fluid 2 for the other inlet, respectively. The concentrations
of fluids 1 and 2 at the inlet boundaries are kept at 0 and
0.63278 mol/m?, respectively. The diffusion coefficient of
water-KMnQy, is taken as 4.0 x 107° m%s.

2.1.4 Mesh independence test

The unstructured mesh has been used for the analysis of the
microchannel model. Simulations have been carried out
with different mesh size (domain elements) to avoid the
enhancement of elements in meshing and its effect on the
quality of computational results. The mixing index is
governed by difference in concentration. The results for
pressure drop and difference in concentration has been
compared for different domain elements for both the con-
figurations of microchannels. Figure 2a, b show the grid
independence tests for the pressure drop, while Fig. 3a, b
represents the grid independence test for the difference in
concentration for simple serpentine microchannel and ser-
pentine microchannel with semicircular obstacles,
respectively.

It has been observed that the results for pressure drop
and difference in concentration are observed independent
beyond 118,517 and 235,694 domain elements for simple
serpentine microchannel and serpentine microchannel with
semicircular obstacles as depicted in Figs. 2a, b, 3a, b.
Therefore, the domains containing 276,922 elements for
simple serpentine microchannel and 347,222 that for ser-
pentine microchannel without obstacles have been found
sufficient to predict the mixing characteristics of the
microchannel.
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2.1.5 Validation of computational model

The proposed computational model has been validated by
comparing the simulation results reported by Das et al.
(2017) for serpentine microchannel with Y shaped inlet.
The comparison for the difference in concentration results
is demonstrated in Fig. 4. The simulation results predicted
by the computational model of the present study are in
good agreement with that predicted by Das et al. (2017).
Therefore, the present computation model is carried for-
ward for further analysis.

2.2 Experimentation
2.2.1 Fabrication of microchannels

The soft lithography process has been employed for fab-
rication of serpentine microchannels. The master mold has
been generated using photochemical machining (PCM)
(Wangikar et al. 2017, 2018a, b). The photo tool has been
prepared and transferred on a transparent film using offset
printing. The PCM has been used to fabricate the brass
master molds for simple serpentine microchannel and ser-
pentine microchannel with 150 pm radius semicircular
obstacle from material. After that the polydimethylsiloxane
(PDMS) solution has been prepared by mixing the base
material and curing agent at 10:1 (Sylgard 184), and then
the solution is kept in a vacuum desiccator to remove the
trapped air bubbles. The PDMS is then poured on the mold
to achieve approximate 3 mm thickness. It is then cured on
a leveled hotplate for approximately 2.5 h at 80 °C (Asgar
et al. 2007). The PDMS is then cut and peeled off cau-
tiously from the master mold of brass. The fabricated
PDMS simple serpentine microchannel and serpentine
microchannel with 150 pm radius semicircular obstacle are
shown in Fig. 5a, c and their magnified views are depicted
in Fig. 5b, d, respectively. The scanning electron
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g. 2 Grid independence test for pressure drop. a Simple serpentine microchannel. b Serpentine microchannel with semicircular obstacles
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Fig. 3 Grid independence test for difference in concentration. a Simple serpentine microchannel. b Serpentine microchannel with semicircular
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Fig. 4 Validation of computational model for results of concentration
(with Das et al. 2017)

microscopy (SEM) images of semicircular obstacle are
illustrated in Fig. 5e, f. Using the biopsy punches, the
outlet and inlet holes are made in PDMS microchannels
from reverse face of a fabricated microchannels. The fab-
ricated PDMS microchannel is then bonded with another
similarly fabricated PDMS layer for sealing and testing

purpose.
2.2.2 Experimental procedure

The experimental setup has been developed for the inten-
ded experimentation with the fabricated serpentine PDMS
microchannels and is shown in Fig. 6. The properties of the
two considered fluids are shown in Table 1. The twin
syringe pump (Make: Yashtech India) has been used for
feeding the fluids to the inlets at required velocities. Micro

connectors are used to connect the tubings to the PDMS
microchannel. The images for quantifying mixing in the
microchannel are captured with Rapid I Vision 5 micro-
scope. The intensity of color of fluid changes as it pro-
gresses through the microchannel. Therefore, the images
are taken at various locations along the lengths of the
serpentine microchannel. The pressure sensor with data
logger is incorporated for measurement the pressure drop.
The experiments are conducted on the developed experi-
mental setup to evaluate the pressure drops and mixing
behavior through the fabricated serpentine PDMS
microchannels.

2.2.3 Method for quantification of mixing index

The mixing index has been quantified by using statistical
approach. The level of mixing within the microchannel can
be assessed by the homogeneity and even appropriation of
the intensity values of the pixels of an image. A code has
been developed for determination of mixing index. At first,
the captured RGB image has been converted to a grey scale
image. At the grey scale level, O represents black and 255
represents white. At the inlet of the microchannel, both the
fluids are in unmixed condition and colors of both
appears—dark purple for KMnOy-water solution and col-
orless for water. At this stage, the average pixel intensity of
the image is approximately 130. This is treated as 0%
mixing (i.e. M = 0). Again at fully mixed stage, the color
is mostly blackish on grey scale having average pixel
intensity below 10 and this is considered as 100% mixing
(M = 1). Based on this, different images have been cap-
tured at different mixing lengths in the direction of flow
through microchannel to analyze their mixing index.

2.3 Flow physics study

The results obtained from computational model for dif-
ferent flow conditions are validated with the experimental
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Fig. 5 a PDMS simple serpentine microchannel. b Magnified view of simple serpentine microchannel. ¢ PDMS serpentine microchannel with
150 pm radius semicircular obstacle. d Magnified view of semicircular obstacle. e, f SEM images of semicircular obstacles

Fig. 6 Experimental set up for micro mixing in microchannels

results. The computational analysis is then extended with
the same computational model in order to study the effect
of increasing Re on flow characteristics and mixing length
in serpentine microchannel with obstacles. At lower Re
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flow is laminar and the mixing is due to diffusion only. As
Re increases, the effect of secondary flows plays a note-
worthy role in mixing characteristics within microchannel.
To evaluate the mixing characteristics with increasing Re,
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Table 1 Properties of considered fluids

Fluids Viscosity (Pa s) Diffusion coefficient (m*/s) Density (kg/mS) Concentration (mol/m?)
Water 0.001 1 x107° 1000 0
Water-KMnOy, 0.00126 4 x107° 1020 0.63278

the computational analysis has been carried out for
Re = 0.28, 5, 10, 15, 20, 25, and 30 through a study on the
flow physics in these cases.

3 Results and discussion
3.1 Computational analysis

The 3D models of the simple serpentine microchannel and
serpentine microchannels with semicircular obstacles have
been developed in COMSOL Multiphysics software and
simulations have been carried out. Using appropriate
boundary conditions, the governing Eqgs. (1)—(3) have been
solved. Water and KMnQO,-water at 25 °C have been used
as the primary and secondary fluids respectively.

3.1.1 Effect of obstacle size

The size of semicircular obstacles in serpentine
microchannels has been varied by considering the radius as
50, 100, 150, and 200 pum (refer Fig. 1c) to study the effect
on the mixing performance of the microchannels. The
performance is generally governed by the mixing length
and consequently the mixing index. The pressure drop also
greatly influences the performance of the microchannels.
Thus, the pressure drops and mixing lengths for achieving
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8000 ——R150 ym

—#—R200 pm
6000

—u— Without obstacles

4000

Pressure Drop (Pa)
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mixing index 1 (i.e. 100% mixing) for serpentine
microchannels with various obstacle sizes against increas-
ing Re have been evaluated through simulations and
illustrated in Fig. 7a, b, respectively.

It has been observed that the pressure drop increases
with an increase in Re. The pressure drop has been found to
be the highest for a serpentine microchannel with 200 pm
obstacle and the least for a microchannel without obstacles.
The obstacles in the microchannels are creating restrictions
along the flow. This causes the increase in pressure drop
with increase in the obstacle size. Hence, higher pressure
drop has been observed for semicircular obstacle with
radius 200 pm and is gradually decreased from 200 to
50 um radius obstacles. The mixing length has been
observed least for serpentine microchannel with 200 pm
radius and highest for simple serpentine microchannel i.e.
without obstacles. The minimum mixing length is observed
at Re 0.28 as the mixing is due to diffusion only. Further,
as Re increases from 0.28 to 10, the mixing length is found
to be increasing for all configurations of microchannels.
For this range, the fluid is getting lesser time for diffusion
and also there is no significant advection and growth of
secondary flows. Then, with further increase in Re from 10
to 30, the mixing length gradually decreases. In this
increasing span of Re, advection takes place in the direc-
tion of flow and thereby secondary flows are generated for
the serpentine microchannel with semicircular obstacles.
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Fig. 7 Effect of Re for serpentine microchannels on a pressure drop, b mixing length
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3.2 Experimental analysis

The mixing behavior study has been performed by ana-
lyzing the images captured at different locations for a
simple serpentine microchannel and a serpentine
microchannel with 150 um radius semicircular obstacles.
Figures 8 and 9 demonstrates the comparative mixing
behavior analysis based on computational and experimen-
tal images at Re 0.28 and Re 15, respectively. The flow is
laminar at lower Re (Re = 0.28) and the mixing in the
microchannels happens due to diffusion. Therefore it is
observed that mixing at Re 0.28 (Fig. 8a, ¢) occurs in
shorter length as compared to that for Re 15 (Fig. 9a, c).
The mixing at the entrance after Y junction (enlarged view)

(a) Computational (b) Enlarged view at

entrance

is depicted in Fig. 8b, d and the enlarged view of the turn in
a serpentine microchannel is presented in Fig. 9b, d from
computational model and experimentation.

The mixing behavior analysis based on computational
model and experimentation for a serpentine microchannel
with 150 pm radius semicircular obstacles is demonstrated
in Fig. 10. The mixing images at Re 0.28 and Re 15 are
shown in Fig. 10a, b and Fig. 10c, d respectively. For Re
0.28, at the interface between the two fluids, a diffusive
mixing layer has been developed as shown in Fig. 10e, f
through simulation model and during experimentation,
respectively. These images clearly depict that mixing gets
intensified as the flow encounters obstacle in the direction
of flow.

(d) Enlarged view

at entrance

Fig. 8 Mixing images for a simple serpentine microchannel at Re = 0.28

(a) Computational (b) Enlarged view at

turn

i §

B

(c) Experimental (d) Enlarged view at
turn

Fig. 9 Mixing images for a simple serpentine microchannel at Re = 15
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(a) Computational (b) Experimental (¢) Computational (d) Experimental

Enlarged view at turn for Re 0.28
(e) Computational (f) Experimental

= At

P

Enlarged view at turn forRe 15
(g) Computational (h) Experimental

(i) Computational , f’ﬁh\

(j) Experimental

Enlarged view along the length of microchannel

Fig. 10 Mixing images for a serpentine microchannel with 150 um radius semicircular obstacles
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Advection has been induced in the fluid due to the
obstacles, resulting in better penetration of fluids into one
another and consequently improves mixing as shown in
Fig. 10g, h obtained from the computational model and
experimentation, respectively. Figure 10i, j depicts
enlarged views along the length of microchannel using
computational model and experimentation, which reveal
the effect of obstacles in the direction flow leading to the
advection.

The mixing index for all the fabricated serpentine
microchannels have been experimentally evaluated by cap-
turing images at different prefixed mixing lengths in the
direction of flow and using developed code for the intended
purpose. The same mixing indices are also generated from
the computational model using Eq. (5). The experimentally
obtained mixing indices are compared with those generated
from computational model at Re 0.28 and 15 for simple
serpentine microchannel and serpentine microchannels with
semicircular obstacles 150 pm radius and are depicted in
Fig. 11a, b, respectively. The pressure drop has been recor-
ded experimentally for simple serpentine microchannel and
serpentine microchannel with semicircular obstacles with
radius of 150 pm, at six different Re ranging from 0.28 to 30.
The variation in pressure drop against Re is presented in
Fig. 11c. It is observed that the pressure drop increases with

increase in the Re. The pressure drop for microchannel with
obstacles is observed higher than that for a simple
microchannel. This is due to the obstacles, creating restric-
tions along the direction of flow leads to increased pressure
drop. The experimental results for pressure drop and mixing
index for simple serpentine microchannel and serpentine
microchannel with semicircular obstacles with radius of
150 um are found to be in good agreement with the com-
putational results. Thus, the computational model is vali-
dated and can be used for further flow physics study.

3.3 Flow physics study

In flow physics study, the mixing characteristics have been
analyzed considering the mixing index. The analysis for
mixing index has been performed for a simple serpentine
microchannel and serpentine microchannel with semicir-
cular obstacles. The mixing index is calculated using
Eq. (5) based on the simulation results for different Re.
The mixing index for increasing mixing length (ML) for
the simple serpentine microchannel and serpentine
microchannel with semicircular obstacles at different Re is
shown in Fig. 12. The flow patterns developed along the
direction of flow near the obstacles for different Re is
demonstrated in Fig. 13.
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Fig. 11 Validation of computational results with experimental results
for a mixing index for simple serpentine microchannel, b mixing
index for serpentine microchannel with 150 pm radius semicircular
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obstacles, and ¢ pressure drop for simple serpentine microchannel
(without obstacles—WO) and for serpentine microchannel with
150 pum radius semicircular obstacles (WSCO 150 pm)
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Fig. 12 Mixing Index along mixing lengths for a Re = 0.28,
bRe =5,cRe =10,d Re = 15, e Re = 20, and f Re = 30

The 100% mixing is represented as mixing index 1 (i.e.
M = 1). Figure 12a shows the mixing index performance
of the microchannels at Re = 0.28. The mixing index 1 is
achieved for simple serpentine microchannel in 19.8 mm
ML, while that for the serpentine microchannel with
semicircular obstacles is achieved in 12.4, 13.4, 14.4 and
15.4 mm for obstacles with radius 50, 100, 150, and
200 pm, respectively, which are shown by dotted line in
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Fig. 12 continued

Fig. 12a. At Re 0.28, the mixing is due to diffusion only.
Also at Re 0.28, due to very less velocity, no secondary
flows or vortices are generated near the obstacle in the flow
as depicted in Fig. 13a.

Increase in Re is due to increased velocities of the fluids.
With increase in Re up to 5 and further up to 10, the time
for diffusion of fluids is getting reduced and at these
velocities, no advection and thus no secondary flows are
developed. Thus, increased MLs have been observed for
attaining mixing index 1 at Re 5 and Re 10 for all the
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Fig. 13 Flow patterns along the
direction of flow at various Re
for serpentine microchannel

Microchannel with
50 pm radius
semicircular obstacle
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200 um radius
semicircular obstacle
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150 pm radius
semicircular obstacle
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100 um radius
semicircular obstacle

with obstacles
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Fig. 14 Vortices generation Re Computational Experimental
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(computational and No Vortices
experimental) at various Re for
serpentine microchannel with 0.28
150 pm radius obstacles ’
15
Generation
of Vortices
TR TR
30

configurations of serpentine microchannels as shown in
Fig. 12b, c respectively.

The fluid at the inside corner accelerates while fluid at
the outside corner decelerates when the fluid experiences
turning. The degree of acceleration is depends upon to the
degree of turning (the reciprocal of the radius of rotation),
variation of the cross section, and the flow velocity (Yang
and Lin 2006; Gidde et al. 2017). As well, the degree of
acceleration decides the strength and scale of the induced
vortex which deforms and enhances an interface between
the fluids. The fluid at the inner corner represses the outer
corner fluid and then flows back along the wall. Two fluids
thereby become agitated. This agitation of circulation is
advances with increase in Re and consequently, the inter-
facial area of fluids gets distorted and increased. Taken as a
whole, the positive outcome of growing the flow velocity in

@ Springer

fluid mixing is the amplified interfacial area, while the
negative influence is the decreased period of residence. The
generation of vortices at the turn in the serpentine channels
play a significant role in mixing for all considered five
cases of serpentine microchannels, especially for
microchannel without obstacles. This vortices generation
may takes place from Re 15 to 30, due to which
enhancement in mixing with decreasing mixing lengths are

observed.
However, at Re = 15, the development of secondary
flows (vortices generation) starts for serpentine

microchannel with 100 um radius obstacle and these are
found to be higher with increase in obstacle sizes (150 and
200 um) as clearly visible in Fig. 13b. This leads to
enhanced mixing results in comparatively shorter ML for
achieving mixing index 1, as depicted in Fig. 12d. This
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trend continues for Re 20 and due to increased advection
and secondary flows, further decreased MLs are observed
for all configurations of microchannels, as shown in
Fig. 12e.

The mixing index achieved for different MLs at Re 30
has been presented in Fig. 12f. The secondary flows
developed along the flow direction near the obstacles is
shown in Fig. 12¢c. The intensity of vortices generated for
serpentine microchannel with 100, 150 and 200 pm radius
obstacle is more (Fig. 13c) as compared to previous cases
and continues to be increasing. This leads improved mixing
characteristics and reduced ML for serpentine microchan-
nel with 200 pm radius semicircular obstacles.

In case of microchannels with obstacles, the growth in
the mixing layer along the direction of flow is much better
and accordingly uniform mixing has been observed in less
mixing length. Figure 14 shows the images for vortices
generation in serpentine microchannel with 150 pm radius
obtained through experimentation which complement the
computational images. As the size of semicircular obstacles
increases from radius 50 pum to radius 200 pum, advection
has also been increasing along with generation of sec-
ondary flows resulting in better growth in the mixing layer
along the direction of flow and in turn better mixing is
observed in shorter MLs. Thus, ML in serpentine
microchannels is observed to be least for 200 pm radius
semicircular obstacle, followed by 150 and 100 pm radius
semicircular obstacle and is the higher for 50 pm radius
semicircular obstacle for all the considered Re. For all
serpentine microchannels with semicircular obstacles, MLs
required to achieve mixing index 1 are observed to be
lesser in comparison to that for simple serpentine
microchannels. This is due to advection and secondary
flows developed near the obstacles as shown in Fig. 13.

4 Conclusions

The mixing performance of a simple serpentine
microchannel and serpentine microchannel with semicir-
cular obstacles having radius 150 um has been studied
using computational analysis with COMSOL Multiphysics
software and experimental analysis. Further in the com-
putational analysis, the semicircular obstacles size has been
varied by considering the radius as 50, 100, 150, and
200 pm. The pressure drop is observed to be lesser for a
simple serpentine microchannel and then for serpentine
microchannel with 50 pm radius obstacle microchannel
and the lower mixing length for attaining mixing index 1 is
obtained with 200 pum obstacle in serpentine microchannel.
The experiments are conducted by fabricating a simple
serpentine microchannel and a serpentine microchannel
with 150 pm semicircular obstacles. The mixing index and

pressure drop analysis has been performed at Re = 0.28, 5,
10, 15, 20, and 30 and a good agreement has been observed
between the computational and experimental results. The
pressure drop for both the configurations is seen increasing
with increase in the Re. The mixing lengths are observed to
be lesser for Re = 0.28 and 30 and higher for Re = 10 for
all the configurations of considered serpentine microchan-
nels. The flow physics study clearly demonstrates the effect
of diffusion at lower Re and generation of secondary flows
due to advection at higher Re. Thus, this study justifies
obtained results through experimentation as well as com-
putational models.
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