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Abstract—This work includes a 3D computational fluid dynamics study on rectangular-shaped micromixers.
Initially, T-shaped micromixer types are considered with various width/height ratios for the inlet and the out-
let channels and the results are presented in terms of velocity profiles, mass fraction distribution, pressure
drop, mixing efficiency and mixing effectiveness. The findings show that the mixers with an outlet channel
aspect ratio (width to height ratio) of 2—2.5 yields better mixing performance. The flow separation at the
entrance of the mixing channel leads to formation of recirculation zones which promotes mixing. The effect
of confluence angle is also examined for a few aspect ratios. The comparison of mixing parameters indicates
that large confluence angles are suitable for the micromixing devices.
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INTRODUCTION

Microfluidic devices have been extensively studied
upon over the past few years because of the promising
and diverse applications it offers in chemical and bio-
logical systems, biomedical devices, environmental
monitoring and non-destructive analytical tech-
niques. Among the various microdevices, micromixer
is a device/component used for many processes such
as crystallization, polymerization, dispersion, emulsi-
fication and DNA purification [1—6]. Mixing greatly
affects vital processing parameters, for example, prod-
uct yield, selectivity, analysis time as well as cost effec-
tiveness, safety and reaction controllability. The char-
acterization and evaluation of mixing performance,
therefore, is of much significance [7—9].

A micromixer includes flow of at least two fluids
which enter through their respective inlets and then
mix in a common channel. Based on the driving force
for mixing, the micromixers can be of an active or a
passive type. The advantages of passive type mixers are
that their fabrication is relatively simple and they do
not require any external means for moving or agitating
the fluids [6, 10, 11]. In passive mixers, laminar flow
conditions usually prevail and the molecular diffusion,
in addition to the mass convection, is an important
mechanism that governs mixing. A limitation of this
type is that the rate of mass transport is low and a suf-
ficient channel length or residence time is required for
mixing. A method that can be adopted to increase the

rate of mixing is to modify the geometry of the micro-
mixer device and generate secondary flow compo-
nents.

Due to the importance of the passive mixer device,
many studies have examined the techniques that can
improve mixing performance through the enhance-
ment of secondary flow motions. For example,
Rahimi et al. [12] compared various mixer shapes such
as T, Y, and oriented Y-spatial. The experiments at
various Reynolds number revealed that suitable spatial
shapes of channels can result in considerable improve-
ment in micromixing. Hsieh et al. [13] experimentally
studied characteristics of Y-type mixers at different
electric field strengths. A major effect was found of
Joule heating on micromixer performance. The CFD
work of Lobasov et al. [14] examined the effect of
channel width and height on mixing efficiency and
pressure drop of T-shaped channels. The experimental
and numerical investigations by Wong et al. [15]
reported that the vortices generated at the junction
enhance mixing. Silva et al. [ 16] showed superior mix-
ing quality through a T-shaped micromixer under
asymmetric flow conditions. Ansari et al. [17] carried
out experimental study and suggested that simple geo-
metrical variations result in vortex flow that enables
the fluid streams to intertwine with each other and
result in high mixing quality. The experimental work
of Calado et al. [18] suggested five different mixing
and flow regimes for micromixing devices. A study by
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Table 1. T-shaped micromixers considered in this study
Micromixer name (type) and dimensions MM-01 MM-02 MM-03 MM-04 | MM-05 MM-06

h, um 200 200 200 200 160 125
Inlet channels

w, Um 200 200 200 200 250 320

H, um 200 200 200 200 160 125
Outlet channel

W, um 200 300 400 500 500 640

You et al. [19] demonstrated that by varying the con-
fluence angle, interaction of vortices and mixing pro-
cess can be facilitated. Chen et al. [20] performed
experiments and finite element simulations for tree-
shaped micromixers. The mixing performance was
found to be increasing with the increase in fractal
level. Soleymani et al. [21] compared different types of
micromixer configurations. At higher flow rate, TT-
mixer was found to be more suitable than the ordinary
T-mixer. A numerical work of Cortes-Quiroz et al.
[22] included comparison of a 3D T-mixer and an
ordinary T-mixer. The 3D mixer resulted in higher
mixing indices. Recently, the present authors [23]
tested the effect of flow rate ratio and confluence
angle in asymmetric mixers with circular microchan-
nels. In addition to relatively less complicated modifi-
cations of microchannels, several studies proposed
complex methods to achieve high mixing efficiency
such as inclusion of obstacles in the mixing channel
[24, 25], varying the internal structure of mixing chan-
nel [26—31] and changing the shape of the microchan-
nels [32, 33].

The review of the literature demonstrates that
numerous studies have been conducted in the recent
past for evaluating the commonly used mixer designs
and proposing improvements so that better mixing
performances can be obtained. From the previous
papers, it is recognized that the geometric parameters
can have an impact on the mixing performance in
microfluidic devices. To the authors’ knowledge,
however, no study exists in which the effect of channel
aspect ratio is examined at different inclination/con-
fluence angles. In the present work, it is shown that
simple geometric adjustments such as aspect ratios of
the rectangular shaped inlet and outlet channels can
have considerable effect on mixing. Suitable channels
height/widths and channel inclination angles which
exhibit superior mixing performance at two different
Reynolds number are also identified.

MODELING PROCEDURE

CFD simulations are carried out firstly for predict-
ing mixing characteristics of a T-shaped (6 = 90°)
microchannel device. In comparison to the earlier
studies, the effect of aspect ratios of both inlet and
outlet channels (w/h and W/H) are examined. The
aspect ratios which result in better mixing quality/effi-
ciency are simulated at different confluence angles.
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Table 1 shows the considered micromixer dimensions.
For all the cases, the inlet cross sectional area is same.
The height of inlet channels equals the height of outlet
channel (i.e. A = H). In MM-01 to MM-04, the w/h
ratio is 1; in MM-05 and MM-06, this ratio is about 1.5
and 2.5, respectively. The W/w ratio varies from 1—2.5.

The schematic diagram of the geometry con-
structed for the 3D investigations is shown in Fig. 1. It
consists of two inlet channels and a mixing/outlet
channel. A tracer solution flows in one inlet channel
while water flows in the other. The inlet and the outlet
channel lengths of the actual microdevices depend on
the type of application. To reduce the size of the compu-
tational domain, the inlet channel lengths (L, and L,,) are
500 um for all the cases. Since mixing of fluids continues
up to a sufficiently large distance, the mixing channel
length is relatively more and set to 3000 um. The angle of
confluence O that is the angle between the vertical
direction (y-axis) and any of the inlet channels is var-
ied for a few aspect ratios.

A structured mesh is used for the computational
region. In the mixing zone/junction and adjacent to
the walls, the mesh density is higher. The mesh cells
sizes gradually increase away from the junction. The
optimal number of cells is obtained by continuous
refinement of the mesh so that the numerical diffusion
is reduced. The plot of mixing efficiency at several
grids in Figure 2 shows that the efficiency varies when
grid contains less number of cells. The difference in
mixing efficiency values reduce and is less than 1%
when cells are increased from 8.7 % 10° to 1.61 x 10°.
Similarly, the mass fraction distribution is same at
these two different grids as shown in Fig. 2b. A grid
containing about 8.7 x 10° control volumes, thus, is
considered to be suitable for minimizing the numerical
errors and providing grid-independent solutions.

The tracer fluid is assumed to have same physical
properties as that of water. The value of density p is
998 kg/m? and viscosity w is 0.001 kg/m s. The diffu-
sivity Dy, of tracer solution in water is taken as 1.5 %

10~ m?/s [34]. The microdevice is assumed to be hor-
izontally placed so that the gravitational effect is
ignored. Velocity inlet and pressure outlet are the
boundary conditions for inlets and outlet, respectively.
Continuity, momentum and concentration equations
are the governing equations solved using CFD code
ANSYS Fluent. Laminar steady flow and species
transport without reaction models are used. Second

No.3 2021



428

UROOJ FATIMA et al.

(@)

—

Tracer inlet

N

Water inlet

A

Fig. 1. Computational domain for micromixers: (a) 3D view and (b) top view.

20

—_—
9]

Mixing efficiency
—
o

r (a)
A
A
A
A
B A A A A A A
1 1 1 1 1 1 1 1 J
2 4 6 8 10 12 14 16 18
Number of cells (x 10°)
(b)

8.7 x 10° cells

-

1.61 x 10° cells

Fig. 2. (a) Mixing efficiency versus number of cells and (b) mass fraction contours at x = 1000 um (MM-03).
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order upwind scheme is used for discretization of the
momentum and the concentration/mass transfer
equations. SIMPLE (Semi-Implicit Method for Pres-
sure Linked Equations) algorithm is used to couple
pressure and velocity fields. The convergence criterion
for the residuals of the continuity, the momentum and
the mass fraction is set as 10~>. Two different Reynolds
numbers Re = 120 and 180 are chosen to investigate
the mixing performance. The Reynolds number is
defined as:

Re = =24, (1)

where u,, is the average velocity in the mixing (outlet)
channel, d, is the hydraulic diameter and v is the kine-
matic viscosity. The hydraulic diameter is determined as:

d, = ZHW )
(H+W)

In order to quantify mixing performance of a
microchannel device, the common relations used are
based on standard deviation or variance of species
mass fraction. In this paper, mixing efficiency (1) is
calculated which is also based on the standard devia-
tion of the local mass fractions. The 1 relation is the
same as used in the various other studies [7, 8, 14] and
is given in equation (3)

n=1-2, 3)
Gy

Where 6, is the maximum standard deviation of tracer
mass fraction and ¢ is the standard deviation of mass
fraction at the outlet section in any mixer. The stan-
dard deviation G can be predicted through weighted
relations such as by including cell face area, volume,
velocity as weighting parameters or unweighted rela-
tion by simply considering the mass fraction values at
different cells. The standard deviation in this work is
obtained using velocity weighted formula [35, 36]. The
mathematical relation is:

o =L [u(c-2)aa 4)

In equation (4), Q, is total volumetric flow rate in
mixing channel

A device geometry which results in enhanced mix-
ing often requires more pressure or energy for the fluid
flow. Thus, for indicating the optimal geometries, in
addition to mixing efficiency, a performance indicator
termed as ‘mixing effectiveness’ (ME) is calculated.
The ME relation as proposed by Kockmann et al. [7]
is as follows:

ME=-% 1
ut., Eu

(%)

where Euler number Eu is Ap/ pujv and 7, is mixing
time.
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Low Euler numbers and mixing times and thus
high mixing effectivenesses are desirable. The devices
are considered superior when both and ME have high
values.

The length of mixing channel should be sufficiently
large for determining the mixing time. As the diffusion
coefficient considered in this paper is low and the out-
let channel length is less due to computational limita-
tions, ¢, cannot be calculated directly. The mixing
time, therefore, is estimated using residence time

t. and efficiency 1 as given in equation (6):

t, ==. (6)

The momentum and mass transport processes are
related and the increase or decrease of mixing rate can

be explained in terms of circulation ,. Circulation

predicts flow rotational movements and is calculated
using equation (7).

_ (9% _dV
W, = I(g - a—zjd)CdZ. )

The present numerical results are compared with
the work of Aoki et al. [8] in terms of pressure drop.
The comparison is reported in terms of friction factor
/f, which is a dimensionless form of pressure drop. f'is
calculated using equation (8)

L pu,
RESULTS AND DISCUSSION

The flow behavior in various micromixers is
explained with the help of velocity profiles in Fig. 3.
The velocity plots versus x at a y-location of 0.5 mm
(measured from the inlet section of the mixing chan-
nel) show that the local velocity increases near the
central region and decreases to zero at the walls as
expected. It is noticed that in the geometry with small
outlet channel width or W/H ratio (MM-01), the
velocity profile is almost parabolic. As the aspect ratio
(W/H) increases (MM-02 — MM-04), the profile
changes and more variation in the slope of the velocity
curve is observed. This is due to an increase in the size
of the separation (low velocity) zone near the walls
when the fluids turn into the mixing channel. The
velocity plots of MM-02—MM-04, thus show a point
of inflexion which is attributed to significant flow sep-
aration and rotation. The comparison of MM-04 and
MM-05 indicates that when width W is same but
height H is reduced, the velocity profile again has a
parabolic shape (without point of inflexion). This
means that a decrease in channel height reduces the
flow separation effect. When aspect ratio W/ H is fur-
ther increased (MM-06), a continuous variation in the
velocity curve slope is again observed.
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Fig. 3. Velocity profiles on transversal lines at 500 um of the mixing channel (Re = 180).

Velocity vectors in the six considered microchannel
geometries at a distance y = 500 um are depicted in
Fig. 4. The flow behavior for MM-01 to MM-04
shows that as the width increases, the sizes of the vor-
tices increase. The increase in the size of the vortices
or recirculation regions is anticipated to facilitate the
interfacial contact and mixing of the two fluids. In
mixers MM-05 and MM-06, the strength of vortices
tends to diminish due to decreased height.

From the literature, it is known that three basic
flow regimes namely the stratified, vortex and engulf-
ment regimes exist within the laminar range. At very
low Reynolds numbers, stratified regime exists in
which the two fluids follow a separate and well-
defined path without any noticeable rotational
motion. With the increase of Reynolds number, vortex
regime begins in which flow is symmetric but recircu-
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lation regions are formed at the entrance of the mixing
channel. In the engulfment range, the fluids cross the
geometrical plane of symmetry (yz plane in this paper)
of the mixer. The streamlines of the two fluids in this
case appear to interlace. The critical value at which the
engulfment starts generally is when Re > 150 depend-
ing upon the aspect ratio [7, 21]. The velocity line
plots and vectors in Figs. 3 and 4, although show sig-
nificant vortices formation but the flow patterns seem
to be symmetric. A possible reason is that Re = 180 (a
maximum value considered in this paper) lies in the
beginning of the engulfment flow regime. A relatively
higher of Reynolds number such as Re > 200 might
lead to an asymmetric flow behavior as observed in
previous studies [19, 21, 37].

The circulation values calculated using equation
(7) at the xz cross-sectional plane are also shown
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Fig. 4. (a) Velocity vectors and (b) circulation for different micromixer types at a plane 500 um.

(Fig. 4b). A higher Reynolds number usually results in
a higher value of circulation. The circulation increases
as the width of the channel increases (when height is
constant) as seen for MM-01-MM-04 while it
decreases considerably in MM-05 and MM-06 which
have reduced heights. The circulation results are con-
sistent with the information inferred from vectors plots
(Fig. 4a) in which less rotational flow motion is seen at
small heights.

The mass fraction contours in micromixers in
Fig. 5 indicate that within the mixers of same channel
height (MM-01-MM-04), the region for species dif-
fusion is limited at the fluids interface i.e. central ver-
tical portion when channel width W is small. When
width is increased, in addition to mixing at the inter-
face of the two fluids, the mixing or variation of local
mass fractions is also found in the top and the bottom
portions of the outlet channel. In the cases of MM-03
or MM-04, the local mass fraction varies from 0.3—0.7
in the central plane as well as in the top and bottom
locations. This shows that the convective effects
become significant when width is relatively large. The
decrease in channel height in geometries MM-05 and
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MM-06 hinders the convection mode and confines
the mixing region only at the fluids interface. The dif-
ference in mixing rates can also be linked to the type of
flow regime i.e. vortex or engulfment. In MM-01 and
MM-02, the width of outlet channel is small, whereas
in MM-05 or MM-06 the channel height is reduced.
The flow in these types is expected to be in the vortex
regime. On the other hand, due to increased width or
hydraulic diameter of the outlet channel in MM-03 or
MM-04, the regime is possibly changed from vortex to
engulfment.

The comparison in terms of pressure drop and mix-
ing parameters is shown in Figure 6. The increase in
width at constant height decreases pressure drops as
can be seen for mixers MM-01-MM-04. The
decrease in height increases pressure drop such as in
MM-05 and MM-06 due to increased viscous drag.
The mixing efficiency m is found relatively high for
micromixers MM-03 and MM-04 and significantly
low for MM-05 and MM-06. The results of pressure
drop and mixing efficiency of various mixers can be
considered important findings of the paper as it can be
suggested that the mixers with appropriate aspect

No.3 2021



432

1.00
. '

-0.74

Moo

-

MM-01

-0.21

.

MM-04

MM-02

UROOJ FATIMA et al.

MM-03

MM-05

MM-06

Fig. 5. Mass fraction contours at outlet of a mixing channel in a T-shaped device with different aspect ratios.

ratios can considerably increase the mixing perfor-
mance. Further, the increase of aspect ratio is advan-
tageous up to a certain value. The reduction in height
to increase aspect ratios stabilizes the flow which
decreases mixing efficiency n. The drop in 1 is directly
related to the velocity distribution and the circulation
obtained in Fig. 4. The high mixing efficiencies in
MM-03 or MM-04 are due to significant flow circu-
lation that decrease local velocities at certain locations
and provide more residence time for the species to
mix. The mixers with small height (e.g. MM-06), on
the other hand, have more axial flow which reduces
vorticity or circulation and hence the mixing rate. The
comparison of mixing effectiveness indicates that for
the mixers with same channel height, increase in out-
let width increases the effectiveness about 2—3 times.
The reason is that the geometries with large widths
result in reduced frictional loss and provide more free-
dom for fluids to mix. The decrease in the height of the
microchannel, for example in the cases of MM-05 or
MM-06, however, significantly increases viscous
losses and decreases interaction of the two fluids.

Based on the results of mixing effectiveness (ME),
MM-03 and MM-04 are selected to investigate the
effect of the inclination of inlet channel (or conflu-
ence angle) on mixing performance. The effect of con-
fluence angles on flow pattern is shown in Fig. 7. The
general flow features, similar to the standard T-shaped
geometry, are, a high velocity region in the center of
the mixing channel and a low velocity region at the
corners due to separation of flow. When angle is small,
the high velocity zone is thicker whereas the size of low
velocity region is less. The increase in angle 6 not only
increases the size of low velocity recirculation region
at the corner/inlet of mixing channel section but also
creates an additional low velocity region at the junc-
tion of the two inlet channels. The fluid behavior in xz
(transverse) plane given in Fig. 8 shows that when
angles are small such as 0 = 45° or 60°, the flow direc-
tion is mostly axial as it appears from the size of veloc-
ity vector. The increase in angle 0 increases flow
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motion in the non-axial direction. The flow move-
ments in transverse direction are found more obvious
when 0 is 90°—135°.

The mass fraction contours in Fig. 9 reveal that at
small confluence angles, the two fluids pass through
the outlet channel as isolated streams without any
appreciable mixing. The mixed fluid layers exist only
at the contact surface of the two fluids. When the angle
is increased, the two fluids intertwine at the junction
of the inlet channels before they enter into the outlet
channel. This develops a low-velocity flow circulation
region (as was seen in Fig. 7) which augments mixing.
The mixed zone, that is the zone which has average
values of concentrations, thus, is found to be thick in
the devices with large angles (e.g. 6 = 120°). The con-
tours of mass fraction of tracer versus y distance are
shown in Fig. 10. The variation in mass fraction distri-
bution is mostly up to about 1000 um. After this
length, the mixing is less significant. The comparison
of the three angles shows that in the case of angle 60°,
the mixed fluids layer (with concentration/mass frac-
tion close to 0.5) initially is thin at the interface. As the
fluid moves ahead, the thickness of this layer
increases. The mixing effect also starts appearing near
the top and bottom surfaces when y = 500 um. In the
90° geometry, the mixed fluids layer is relatively thick
in the center, particularly, when y < 700 um. The
mixed fluids layer i.e. the region of average concentra-
tion then shifts from center to the side walls as can
clearly be noticed when y = 1000 um. In the 120°
micromixer, when y < 500 wm, the mixed fluids region
is relatively thick at the top and the bottom walls. At
700 and 1000 um, spots or small regions of low con-
centration in tracer fluid and spots of relatively high
tracer concentration in water are also seen. This indi-
cates a disturbed flow pattern which is probably due to
the presence of engulfment flow regime in the mixer
with 6 = 120°.

The pressure drop, mixing efficiency 1 and effec-
tiveness (ME) are determined for various confluence
angles and are shown in Fig. 11. In the cases of small
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Fig. 6. Pressure drop, mixing efficiency and mixing effectiveness in various micromixers.

angles, the pressure drop is low since the flow path is
smooth. When angle is large, the two fluids collide
with each other from opposite direction. This
increases the form drag and hence the pressure drop.
The increase in pressure drop continues up to 120° for
MM-03 and 105° for MM-04. At further increased
angles e.g. 135° in MM-03, since the flow path again
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tends to become relatively smooth, the pressure loss
reduces. MM-04 results in low pressure drop when
compared to MM-03 for all angles as it has more
width. The mixing efficiency is also found to be low in
the microchannel devices which have small angles.
This is a result of a relatively streamlined flow of the
two fluids in the mixing channel. The mixing improves
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at large angles due to fluids collision/contact directly
from opposite directions and their rapid turning at the
entrance of the mixing channel. The effect of channel
aspect ratios can also be observed on the mixing effi-
ciency. At large angles, MM-03 is slightly better than
MM-04 in terms of mixing efficiency. The optimal
angle for MM-03 and MM-04 both is found to be
120°. At further large value of angle i.e. 6 = 135°, the
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two fluids although take a sharp turn but they are not
perfectly in opposite direction. The interaction is
therefore relatively weak which decreases mixing. The
mixing effectiveness, similar to the mixing efficiency,
has a maximum value when 6 = 120°.

The results of CFD modelling in this paper are also
compared with the other studies. The friction factors f
are calculated for T-shaped MM-01 using equation (8)
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and compared with the results obtained by Aoki et al.
[8] in an experimental study. The f values in Fig. 12
show reasonable agreement as the difference is within
the acceptable range (less than 20%).

CONCLUSIONS

The computational study in this paper analyzes
mixing performance of the micromixers with varying
channel dimensions. The analysis reveals that the
micromixer geometry significantly affects the flow
distribution, circulation, pressure losses and the mix-
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ing characteristics of the device. The geometries with
small width to height ratios for outlet channel gener-
ally have low mixing efficiency. The increase in width
at constant height increases vortex flow motion or cir-
culation which improves mixing rate. An important
finding is that the increase in width along with the
decrease in height significantly declines micromixer
performance even though the cross-sectional area is
kept constant. The confluence angle is also varied in
the range of 45°—135°. At small angles, the flow path
is organized and well-defined and there is no rapid
change in fluid direction while at large angles, the two
fluids almost hit from opposite directions and the flow
behavior is relatively irregular. The disorga-
nized/irregular fluid structure enhances the mixing
process. The overall comparison indicates an optimal
confluence angle of 120° for the micromixer device
since the mixing efficiency is almost twice when com-
pared to small angles. The CFD results are also com-
pared with the results of previous studies and a satis-
factory agreement is found.
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NOTATION
c mean mass fraction of tracer
c mass fraction of tracer
dy hydraulic diameter (m)
Dpg diffusion coefficient (m?/s)
Eu Euler number
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EFFECT OF CHANNEL ASPECT RATIO AND INCLINATION ANGLE

friction factor

height of inlet channel
height of outlet channel
length of mixing channel
length of tracer inlet channel
length of water inlet channel
pressure drop (Pa)

total flow rate

Reynolds number

mixing time (s)

residence time (s)

average velocity (m/s)
y-component of velocity (m/s)
width of inlet channel

width of outlet channel
mixing efficiency

density (kg/m?3)

standard deviation of mass fraction of tracer
viscosity (kg/(ms))
kinematic viscosity (m2/s)
circulation
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