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Abstract

The computational fluid dynamics (CFD) study on micromixers in this paper illustrates the effect of confluence angle on
mixing performance at different Reynolds numbers and flow rate ratios. The mixing performance parameters such as mixing
quality and effectiveness increases with the increase in Reynolds number for all the micromixer geometries. For any value
of Reynolds number, the angle of confluence is found to have a significant effect on flow behavior in the mixing channel and
thus on mass transfer. The formation of vortices and the interlacing of fluid streams are identified as the favorable phenom-
ena due to which mass transfer or mixing of fluid streams is enhanced. The mixing effectiveness is mostly observed to be
high in case of unequal flow rates in the two feed/inlet channels. The optimum value of confluence angle depends of flow
rate ratio. When flow rate ratio is high, T-shaped micromixer (= 180°) provides better performance while for other ratios,
micromixers with relatively large angles of confluence are found more suitable.
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List of symbols

A Area
c Concentration/mass fraction (kg/kg)
d Diameter (m)

D,y Diffusion coefficient (m?%/s)
Eu  Euler number

f Friction factor
l Channel length (m)
Iy Mixing length (m)

L Total length of channels (m)
Ap  Pressure drop (Pa)
(0] Volumetric flow rate (m?/s)
Flow rate ratio
e  Reynolds number
x Distance from mixing channel inlet
o Variance of concentration
a Mixing quality
p Density (kg/m?)
u Average velocity (m/s)
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u x-Component of velocity (m/s)
v y-Component of velocity (m/s)
w z-Component of velocity (m/s)
u Viscosity (kg/m-s)

v Kinematic viscosity (m?/s)
Introduction

Due to growing popularity of microfluidic devices in various
applications, extensive research has been carried out for their
development and improvement in the last few decades. Large
surface to volume ratio, efficient heat and mass transfer abil-
ity, high product yield and selectivity and reduced product
analysis times are among the advantages of microfluidic
systems (Kockmann et al. 2006; Jeong et al. 2010; Kothare
2006). The use of these devices is in biological processing,
pharmaceutical industries, chemical reaction engineering,
micro-scale fuel processing and non-destructive analytical
applications. Several papers and articles have discussed fea-
tures of these devices, applications and reviewed research
done in this field (Capretto et al. 2011; Nguyen and Wu
2005; Cai et al. 2017; Nguyen and Wereley 2002).

A type/component of any microfluidic device is a passive
type micromixer in which two (or more) fluids after pass-
ing through their respective inlet channels, enter and flow
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in a common mixing channel. Small dimensions and low
volumetric flowrates often keep the system in the creeping/
low-laminar flow regime and mixing is considerably through
molecular diffusion. The diffusion process requires long resi-
dence time and channel length to provide a homogeneous
mixture. Since efficient mixing is desirable to exploit advan-
tages of microfluidic device, various methods are employed
to increase mixing rate. One method by which the mixing
process can be enhanced in the passive devices is to create
secondary flows by changing the geometry or by modifying
the operating conditions (Garofalo et al. 2010). The sec-
ondary flows result in stretching and reorientation of the
interface layer of the two segregated streams even though
the overall flow system is in the laminar or steady-state
regime. Numerous studies have investigated fluid dynam-
ics and concentration profiles in microchannels of mixing
devices. As examples, Kashid et al. (2011) tested various
microchannel designs and showed that a caterpillar-shaped
channel with structured internal surface yields better mix-
ing performance. Hossain et al. (2009) compared zig-zag;
square-wave; and curved shaped microchannel. Lowest
pressure drops were found in curved-type microchannel.
Ortega-Casanova and Lai (2018) performed a 2D CFD
study and compared mixers with multiple inlets at differ-
ent Reynolds numbers and Schmidt numbers. The results of
Zhendong et al. (2012) showed that both the convergence
region and the mixing channel contribute towards mixing
process. The experimental work by Rahimi et al. (2017)
revealed enhancement of micromixer performance through
modification of micromixer’s spatial shape. Another paper
of Rahimi et al. (2015) indicated that the mixing effective-
ness greatly depends on flow rate ratio and confluence angle.
Soleymani et al. (2008) showed that the development/occur-
rence of vortices is related to the flow rate and the geo-
metrical parameters of the mixer, such as the aspect ratio,
the mixing angle and the throttle size. Engler et al. (2004)
suggested that mixing can be enhanced by vortex forma-
tion even at low Reynolds number in micromixers. Three
sub-regimes namely the stratified regime, the vortex regime
and the engulfment regime within the laminar flow regime
were also indicated. Lobasov et al. (2018) proposed cor-
relations for determining the critical Reynolds number, the
friction factor at different widths and heights of the mix-
ing channel. Y-type symmetrical shaped micromixers were
experimentally studied at different electric field strengths by
Hsieh et al. (2013). Significant effect of Joule heating was
found on mixing length. A CFD study on various types of
1-1 and 1-2 micromixer junctions was performed by Sarkar
et al. (2014). Better mixing was found in the asymmetrical
micromixers when compared to the symmetrical ones. Aoki
et al. (2011, 2013) used the Villermaux/Dushman reaction
method and showed that the channel confluence and bent
improves the micromixer performance. Borgogna et al.
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(2018, 2019) used a novel numerical approach to study mix-
ing in a cross-shaped microfluidic device. The approach was
suggested to result in less false/numerical diffusion effects
that can be present at high Peclet numbers. The study also
showed a non-monotonic variation of mixing parameters
with respect to Reynolds number at low flow rate ratios.
Mouheb et al. (2012) numerically and experimentally stud-
ied flow in T-shaped and cross-shaped micromixers. The
results revealed that when Reynolds number is increased,
flow becomes three-dimensional in the outlet channels. The
review of the papers indicate that the geometrical factors
such as shape of mixer, dimensions and confluence angle
and fluid/flow parameters like Reynolds number, flow rate
ratios and mass diffusivity greatly affect the mixing effi-
ciency of the microfluidic devices. In this paper, we study
the effect of confluence angle which is the angle between
two inlet channels. To the authors’ knowledge, the effect of
this parameter has not been investigated in detail and in the
wide range (30-330°) as considered in this research work.
The flow behavior in terms of velocity and vorticity and con-
centration/mixing patterns has been discussed at different
values of flow rate ratio and Reynolds number. The Reynolds
number in this study is in the regime in which vortex or
engulfment flow exists which is the typical flow regime in
the micromixer devices.

Modeling procedure

CFD simulations are carried out for predicting mixing
characteristics in microchannels with different angles. The
schematic diagram of the geometry constructed for the 3D
simulations is shown in Fig. 1. In consists of two inlet chan-
nels and a mixing/outlet channel. For all the geometries, the
diameter d and the channel lengths [ are equal to 0.5 mm
and 15 mm, respectively. The tracer fluid flows in horizontal
channel A of the micromixer while water flows in channel
B whose inclination/angle is varied. The angle § measured
with respect to +y axis (or channel A) in the counterclock-
wise direction is the confluence angle. € is varied with an
interval of 30° to allow systematic analysis for the effect of
this parameter on the mixing process.

For meshing, the computational region is divided into two
connected volumes as shown in Fig. 2. In the central portion
which is the junction/mixing zone, an unstructured mesh
is created due to the complexity of the geometry while the
remaining portions of the three channels contain the struc-
tured mesh. The mesh is more refined in the mixing zone as
can be seen in Fig. 2, where high gradients of local velocities
and concentrations are expected. A grid containing about
8% 10° control volumes is considered to be sufficient and is
found to provide grid-independent solution. The comparison
for two geometries given in Fig. 3 shows that the mixing



Chemical Papers (2020) 74:1267-1279

1269

Fig. 1 Schematic diagram
of a microchannel device (0:
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Fig.2 Computational mesh for
a microchannel mixer

quality [as defined in Eq. (8)] initially varies when number
of cells is increased. The variation becomes insignificant
when number of cells is greater than 8 X 10°. For a T-shaped
microchannel, the difference of mixing qualities at the outlet
cross section at two grids (8 X 10° cells and 1.4 x 10° cells)
is found less than 1.5% indicating that the created grid is
suitable.

outlet

The two fluids are assumed as Newtonian with identi-
cal physical properties. The value of density p is 998 kg/
m? and viscosity u is 0.001 kg/m-s. The diffusivity D,y of
tracer solution in water is taken as 1.5x 107 m%/s (Fang
etal. 2012).

The microchannel device is assumed to be in horizon-
tal position and the effect of gravity is ignored. Boundary
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Fig.3 Mixing quality versus number of cells (Re =260)

conditions for the circular inlets and the outlet are veloc-
ity inlet and pressure outlet, respectively. The curved sur-
faces of the three channels and the mixing/junction zone are
assumed wall. The governing equations are the continuity,
the momentum and the concentration equations for steady
laminar flow and species transport without reaction as given
in Egs. (1-5):
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The equations are solved using CFD code ANSYS Fluent.
Second order upwind scheme is used for discretization of the
momentum and the concentration/mass transfer equations. In
order to couple pressure and velocity fields, SIMPLE (semi-
implicit method for pressure linked equations) algorithm is
used (Patankar and Spalding, 1972). The convergence limit
for the residuals of continuity, velocity components and
mass fraction is set as 107,

The effect of confluence angle is determined on mixing
characteristics at different Reynolds numbers and flow rate
ratios.

The Reynolds number is defined as:

u,,d

Re = , (6)
v
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where u,, is the average velocity in the mixing (outlet)
channel, d is the diameter of the channel and v is kinematic
viscosity. Simulations are carried out at Reynolds number
(Re) of 130, 195 and 260 that are typical values for flow in
micromixing units.

Flow rate ratio R is defined as:

0y
o
where Qj is the flow rate of water and Q, is the flow rate of
tracer solution. The values of R considered are 0.5, 1, 2 or
3 at Re=195.

In order to determine mass transfer performance of mix-
ing devices, several models have been used by researchers
(Vatankhah and Shamloo 2018). A parameter often used to
estimate micromixer efficiency is mixing quality o which is
given in Eq. (8):

R==, (N

2

O ®

a=1-

where ¢ is variance at any plane and oﬁm is the maximum
possible variance in concentration (e.g., in case of symmetri-
cal boundary conditions GIZIMX:O.ZS). In Eq. (8) a=0 (or
o= afnax) means no mixing that is the two fluids are seg-
regated. On the other hand, « =1 means complete mixing
which can be achieved after a sufficiently large distance/
length. Both « and ¢ are functions of x since the concentra-
tion gradients or variance reduces and the mixing quality
increases as the two fluids move in the mixing channel.

The values of variance (o) can be obtained by simply
taking average of the squared differences of mass fraction
at various grid points from the mean mass fraction (e.g.,
Engler et al. 2004; Vatankhah and Shamloo 2018) or can be
weighted using cell areas (Aoki et al. 2011), cell volumes
(Lobasov et al. 2018) or azimuthal velocity (Garofalo et al.
2010). Though the different methods lead to different numer-
ical values of mixing quality or efficiency, for comparison
of the various confluence angles any of the method will be
suitable. In this paper, o is estimated using area weighted
relation given as:

n _\2
o= Zi:lAi(ci - C) . 9)
Atotal

In the above equation c; is the concentration/mass frac-
tion of tracer in the ith cell, ¢ is the average mass fraction
of tracer in the cross-sectional plane, A, is the area of cell i
and A, is the total area of the plane and » is the number of
cells in the cross section.

Though better mixing is desirable, it is usually at the
expense of high pressure drop or power requirement. A
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Fig.4 Contours of velocity and concentration/mass fraction of tracer at different confluence angles (Re=130, R=1)

dimensionless parameter termed as ‘Mixing effectiveness’
ME and given in Eq. (10) can also be used as a performance
indicator for micromixer device (Kockmann et al. 2006):

_d1

ME = — —.
I, Eu

10)

In Eq. (10) Eu is Euler number ((Ap/pu?) and L, is the
mixing length. Because of the geometric similarity, all

microchannels have same diameter and due to short length
of the outlet channel, the mixing length cannot be easily cal-
culated. A modified relation for mixing effectiveness ME/,
therefore, as given in Eq. (11) may be used (Rahimi et al.
2015). A high value of ME’ indicates high mixing rate per
unit (dimensionless) pressure drop:

ME' = —. an
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Fig.5 Velocity profiles and mass fraction contours in micromixers (at x=1 mm) a Re=130 b Re=260
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Fig.6 Mixing quality (at outlet section) versus confluence angle at
different Reynolds number
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For comparison of pressure drop values with previ-
ously published papers, friction factor fis determined using
Eq. (12):

Apd 2

= A pTgv (12)

Results and discussion

The velocity and concentration/mass fraction contours at
different confluence angles 0 are shown in Fig. 4. Reynolds
number is 130 while the flow rate ratio is 1 for all the geom-
etries. The velocity profiles indicate general flow features
such as formation of high and low velocity regions as two
fluids enter into the mixing channel. High-velocity region
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Fig.8 Variation of mixing quality with respect to mixing channel
length (Re=260)

exists as a result of increased mass flux in the mixing chan-
nel, whereas low velocity portion is due to flow separation
and recirculation. The high-velocity zone in some geom-
etries such as with low confluence angles (30-120°) occur
in the left portion of the outlet/mixing channel. The low
velocity (flow recirculation) region is on the opposite side
that is in the right portion. The location and size of the two
different regions (high and low velocity) change with the
confluence angle. In addition to low velocity zone at the
entrance location of mixing channel, a low velocity zone

o
>

6 =180°

08

0 = 240°

6 = 300°

also exists at the top portion of the device which is notice-
able at large values of 6.

The concentration profiles show that at 8 =30°, the
tracer concentration is high in the center of the mix-
ing channel while water fills the outer portion. With the
increase of angle, water tends to flow in the left portion
while the tracer fills the right portion of the mixing chan-
nel. In some geometries such as when 6 =120° or 180°,
water and tracer appear to flow as separate streams with
little mixing. When the angle is greater than 180°, water
fluid moves upwards in inlet channel and then downwards
into the mixing tube. This major turn in flow path can
enhance the rotational movement in the mixing region.
When 0=240-330° local concentration values vary sig-
nificantly in horizontal/transverse plane (y-direction). This
is due to increased size of low velocity/recirculation zone
seen in velocity contours. The formation of large-sized
recirculation zones in the mixing channel causes the two
fluids to move slowly while they come in contact and also
increases the contact surface area of the two fluids. The
flow recirculation also increases the residence time of flu-
ids which ultimately leads to high mixing rates.

The flow behavior and concentration variation in xy plane
are shown in Fig. 4. To determine the 3D flow character-
istics, the velocity vectors and mass fraction contours are
shown in Fig. 5 in yz direction at a plane 1 mm from the
entrance of the mixing channel. Although the main flow is
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in the axial direction, the plot of velocity vectors in the fig-
ure shows considerable fluid movement in transverse cross-
sectional plane and formation of vortices. As expected, the
geometry with angle of 180° results in symmetrical flow
and concentration patterns. The comparison of mass fraction
contours shows that when Reynolds number is low, relatively
distinct regions of water and tracer fluids are present in most
of the geometries. The variation in mass fraction is only
seen at the interface/contact surface of the two fluids which
means less mixing. When Reynolds number is increased,
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the variation of concentration is fairly continuous due to
more mixing. In cases of confluence angles of 240° or 300°,
it appears from mass fraction contours that the tracer fluid
encloses the water stream. This indicates better diffusion of
one fluid into the other. At small angles (8=60° or 120°)
the two fluids flow as isolated streams with less mixing. In
some regions, velocity vectors are not visible, for example,
at angles of 120° and 240°, meaning that flow direction is
axial at that particular location.
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Table 1 Magnitude of x-vorticity at x=1 mm in different micromixers

a(°) Re=130,R=1 Re=195,R=0.5 Re=195,R=1 Re=195,R=2 Re=195,R=3 Re=260,R=1
30 294.9 752.9 630.2 751.7 695.8 1013.8

60 236.5 723.8 5234 409.5 430.0 856.0

90 199.1 742.8 455.3 1914 116.7 757.3

120 160.3 752.6 401.1 2774 358.5 701.4

150 153.2 778.3 436.8 561.9 781.8 805.0

180 177.8 862.9 5234 855.6 1014.7 973.8

210 243.1 954.6 651.2 1028.3 1169.8 1090.5

240 667.2 775.7 1239.0 2166.3 2486.6 2118.1

300 916.2 1438.9 2015.4 2442.1 2668.3 3443.9

330 407.8 874.0 876.1 952.5 1032.3 1470.9

Mixing quality as calculated from Eq. (8) is shown in Fig. 6
for the three Reynolds number. The mass transfer is found to
be a direct function of Reynolds number as the mixing quality
increases with the increase in Reynolds number at all conflu-
ence angles. When confluence angle 8 is between 60° and
150°, low mixing qualities are obtained. High mixing qualities
are seen when 6 is 240-330°. The possible reason is that at
small angles, the fluid elements rotation is not significant in
the mixing region. When the value of angle 6 is large, rela-
tively strong flow circulation in the junction region enhances
the mixing. On the overall basis, the micromixers with large
angles can thus be considered better in terms of mass trans-
fer performance. At high Reynolds number, rapid increase in
mixing rate can be due to change of flow regime from vortex
to engulfment. In engulfment regime, the rotational movement
of fluids plays a major role in enhancing the mixing process.

In order to explain how the flow behavior changes in
the mixing channel, contours of velocity component in yz
plane (u,, = (V2 +w?) '/2) are obtained and shown at dif-
ferent cross-sectional planes in Fig. 7. Due to presence of
recirculation regions as seen in Fig. 5, non-axial velocity
component is noticed to be significant at certain locations
at x=1 mm. As the fluid proceeds, the strength of recircu-
lation reduces and the direction becomes more axial which
reduces the magnitude of u,_ . In micromixers with large
values of 0, the u,, component of velocity is high which
means significant rotational flow at the entrance plane of
the mixing channel. From the contours in Fig. 7, if can be
inferred that the radial/transverse components of velocity
(or u,,) considerably reduce after 2-3 mm depending upon
the confluence angle. The flow can therefore be assumed
axial after this distance.

The variation of mixing quality versus length can be seen
in Fig. 8. It shows that mixing mainly occurs at the entrance
of outlet channel where two fluids come in contact. Approxi-
mately after 3 mm, the rise in mixing quality becomes grad-
ual and the fluids continue to flow in remaining portion of
channel without any major change in local concentrations.

The effect of flow rate ratio (R) is also studied and the
mass fraction contours at different confluence angles are
shown in Fig. 9. The comparison for angle 60° shows that
when flow ratio is 1, water fills the outer portion of the chan-
nel while tracer is in center. The increase in water flow rate
(or ratio), causes the tracer fluid to shift towards the right
wall of the channel. A similar effect of R is found when
0=120°. Water fills mostly the left and central portion at
high flow rate ratio while tracer sticks to right and the outer
portion. When angle is 180° or 240°, at R =3, water (which
is initially in the left inlet channel) occupies right portion
of the mixing channel. This means considerable mixing
of the two fluids. The mass fraction profiles for geometry
with 8=300° also appear to be suitable at high flow ratio as
continuous variation in local mass fraction values are found
indicating high mixing rates.

The mixing quality a calculated at the outlet section is
shown for the micromixers in Fig. 10. On overall basis, when
angle 6 is between 90° and 150°, low mixing qualities are
obtained. The comparison of mixing qualities at different
flow ratios show that mixing improves due to unequal flow
ratios. The fluids layers intertwine more when flow rates are
unequal. The figure also suggests that the optimal value of
confluence angle also depends on the flow rate ratio. The
optimal angles are 240°, 300°, 210° and 180° at flow rate
ratios of 0.5, 1, 2 and 3, respectively.

The increase/decrease of the mixing qualities can also be
related to x-vorticity values as given in Table 1. The vorticity
increases with the increase in Reynolds number due to high
local velocities. As seen for mixing qualities in Fig. 10, vor-
ticity values are generally found low when confluence angles
0 are small and unequal flow rates increases vorticity in most
of the cases. In some geometries, however, increase in flow
rate ratio decrease vorticity (e.g., §=90° or 120°) due to
better streamlining of flow in these cases at high values of R.

The flow patterns are shown in Fig. 11 with the help
of velocity vectors to explain further the mixing process.
The figure shows that when Reynolds number is low
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6 =180°, Re = 130 (R =1) 6 =180°, Re = 260 (R =1

8 =120°. R=1(Re = 195) 8=120°, R =3(Re = 195)

Fig. 11 Flow pattern for different values of R and Re (red: tracer,
blue: water)

(Re=130), water and tracer follow well-defined separate
paths. At high Reynolds number, the flow paths of two
fluids interlace with each other. The mixing quality, thus,
increases at high Reynolds number (as observed in Fig. 6).
The increase in flow rate ratio can improve the mixing
phenomenon such as in a T-shaped geometry (6= 180°)
or can reduce like in the case of angle 8=120°. In the
T-shaped micromixer, when flow rates are equal, the flu-
ids appear to maintain the vertical/axial direction in the
outlet channel. When R =3, water follows a curved path
and interacts with the tracer fluid layers. In the micromixer
with #=120°, at a high flow rate ratio (i.e., R=3), the
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Fig. 12 Pressure drop at different a Reynolds number (R=1), b flow
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high-velocity water stream squeezes the tracer fluid layers
without any major mixing.

A desired feature for any flow device is that it results
in less pressure loss (Ap). The various geometries are
therefore compared based on inlet pressure requirement as
depicted in Fig. 12. As can be anticipated, Ap increases with
the increase in Reynolds number. The effect of confluence
angle on pressure drop is not much significant when Reyn-
olds number or flow rate ratio is low. The Ap values vary
less than 5% at various angles in these cases. When R> 1 or
Re =260, pressure drops are found to be 10-15% higher in
geometries with 8> 180°. The reason is that when 6> 180°,
water takes a sharp turn to move into the mixing channel.
This requires more pressure force particularly when water
flow rate is high.

Mixing effectiveness (ME') is calculated using Eq. (11)
and plotted in Fig. 13. Similar to the mixing quality, the
effectiveness ME' increases with the increase in Reynolds
number. The appropriate geometries/confluence angles
depend on flow rate ratio and Reynolds number. When flow
rate ratio is 0.5, high effectiveness values are found when
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Fig. 13 Mixing effectiveness at different a Reynolds number (R=1),
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6 is 210-240°. For flow rate ratio of 1, the peak value of
ME’ is seen in range 240-330°. When flow ratios are 2 or 3,
mixing effectiveness initially decreases and then increases
with the increase in confluence angle. This is due to low
mixing qualities seen for angles in the range of 60—150° in
Fig. 10. The peak values of ME’ are achieved at 210° and
180°, respectively. The geometries with 8> 180°, hence, are
found better for micromixer devices due to superior mass
transfer performance.

To assess the reliability of the present CFD study, the
results are compared qualitatively and quantitatively with
the findings in other papers. Engler et al. (2004) studied
a T-shaped micromixer at different Reynolds number and
determined mixing quality at a location of 1.8 mm down
the mixing channel. The comparison at a Reynolds number
of 195 shows that in present work, mixing quality is 22.2%,
whereas in the work of Engler et al. this value was around

28% at the same location. Similarly, Mouheb et al. (2012)
calculated mixing quality at a distance of x=5.5 d for a
T-shaped microchannel. The reported mixing quality at this
plane was 23% while in the present research this value is
24.7%. A comparison of mass fraction contours obtained
through simulations is done with the work of Rahimi et al.
(2015) in which dye spreading was observed through visu-
alization experiments at different flow rate ratios. The mass
fraction contours and experimental images are shown in
Fig. 14. The comparison shows similarity of mass fraction
profile of tracer predicted through CFD with the dye flow
pattern for various flow rate ratios. The reasonable agree-
ment in qualitative terms also indicates accuracy of present
numerical results. A comparison is also done in terms of
pressure drop/friction factor. Friction factors are calculated
using Eq. (12) for T-type micromixer at different Reynolds
numbers. The friction factors obtained in this paper and fric-
tion factors determined experimentally by Aoki et al. (2013)
are given in Fig. 15. The figure shows that the present results
over-predict the friction factors. However, the differences
are less than 20% which can again be considered acceptable.

Conclusion

The fluid flow and mass transfer analysis in this work
shows considerable influence of confluence angle 6 on
velocity, mass fraction/concentration distribution thereby
affecting the performance of micromixers. The angle 8
alters the fluid dynamics in mixing zone which in turn
affects the mixing performance. The formation of recir-
culation zones and increase in magnitude of transverse/
radial components of velocity leads to high mixing rates.
The flow pattern and thus the mixing, in addition to angle
0, also depend on Reynolds number and flow rate ratio.
The results of mixing parameters do not indicate sim-
ple increasing and decreasing trend with 8 and R as flow
structure in the mixing zone modifies with variation of
any of these parameters. Usually low mixing qualities are
observed when @ is in range of 90-150° and high mix-
ing performance is found when 0 is greater than 180°.
For many of the micromixers, high flow rate ratio results
in high mixing rates as water pathlines/vectors interlace
more with the tracer fluid layers. The T-shaped micro-
mixer which has an angle of 180° gives maximum mix-
ing quality when flow rate ratio is 3. The geometrical and
flow parameters considered also affect the pressure losses
in the microchannel device. When Reynolds number is
increased from 130 to 260, pressure drop increases about
100%. With the variation of flow rate ratio for a given
Reynolds number and for a given geometry, the pressure
drop values remain within 15%. Pressure drop is found
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Fig. 14 Comparison of mass
fraction contours with dye
spreading experimental results
by Rahimi et al. (2015)
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Fig. 15 Comparison of friction factor with the work of Aoki et al.
(2013) for a T-shaped microchannel

to be high in micromixers with large confluence angles
particularly at high values of flow rate ratio. The mixing
effectiveness also increases with Reynolds number. The
optimum confluence angles based on mixing effectiveness
are identified in the range of 180-330°. Finally, the present
simulation results fairly agree with previous computational
and experimental studies.
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