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Abstract

Passive micromixers are of great importance in biomedical engineering (lab-on-chips) and chemical processing
(microreactors) fields. Various hydrodynamic principles such as lamination, flow separation, and chaotic
advection were employed previously to improve mixing in passive mixers. However, mixing enhancement due to
velocity gradients in the flow, which is known as the Taylor dispersion effect, has been seldom studied. In the
present study, thin rectangular slabs oriented in the flow direction are placed in the mixing channel of a T-
micromixer. The thin rectangular slabs are referred to as Taylor Dispersion Obstructions (TDOs) as they are
designed to create velocity gradients in the flow. The mixing performance of T-micromixer with and without
TDOs is estimated in the Re range of 0 to 350. It is observed that there is no effect on mixing in the presence of
TDOs in the low Re (0 < Re < 100), as the velocity gradients created in the flow are considerably small. The
vortex formed in the flow for Re of 100 to 220 damped the gradients of velocity created in the flow (due to the
presence of TDOs) which resulted in negligible improvement in the quality of mixing. However, considerable
enhancement in mixing performance is obtained at high Re (250 to 350) with the presence of TDOs in the mixer.
The increase in inertial effects at higher Recreated larger gradients of velocity near the walls of TDOs and mixing
channel walls and thereby a significant enhancement in mixing performance is obtained due to Taylor dispersion.
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1. Introduction

Micromixing is an essential function for many important applications in the field of bio-medical
and bio-chemical engineering. The most important advantages of micromixers as compared to
their counterparts (macro batch reactors) are low cost of manufacturing, rapid analysis,
consumption of very small amount of expensive reagents and improved portability. In bio-
medical engineering, micromixers are used in the applications of protein folding studies (Chan et
al., 1997), DNA micro-arrays (Zhang et al., 2007), and cell separation and detection (Lu et al.,
2006). In chemical processing, they are utilized for organic synthesis (Suga et al., 2003),
extraction (Freitas et al., 2005) and chemical production (Bayer et al., 2004). Micromixers are
broadly of two types; active and passive mixers. The active type mixers utilize an external energy
source like magneto hydrodynamic (Bau et al., 2001), ultrasonic (Yaralioglu et al., 2004) or
electro-kinetic (Chen and Cho, 2008) instabilities to induce mixing in the microchannel. The
passive type mixers do not require any external energy source except the pressure force to drive
the samples into mixing microchannel. The flow passages of the passive mixer (Buchegger et al.,
2011; Chung et al., 2010; Nimafar et al., 2012) are designed in such a way that stretching and
folding of samples are generated to decrease the interfacial distance between them and enhance
mixing. The majority of micromixers utilized in various applications belong to passive type
mixers as they are robust, easy to integrate into complex microsystems and cheap compared to
active type mixers.

The efficiency of passive mixers can be very poor if mixing relies solely on the mechanism of
pure diffusion. Mixing of liquids is more challenging due to their low diffusion coefficients
(order of 10°). Therefore, many passive mixers are designed to enhance mixing using various
hydrodynamic principles (Hardt et al., 2004) such as sequential lamination, flow separation, and
chaotic advection. Hessel et al. (2003) constructed three different interdigital micromixers viz.,
slit-type, rectangular and triangular mixers and conducted experiments for different flow rates.
They have optimized the mixers and observed an increase in the yield of nearly 25% with
triangular interdigital micromixer. The flow separation behind triangular obstacles in a passive
mixer with convergent-divergent walls (Heshmatnezhad et al., 2016) considerably enhanced
mixing. The staggered herringbone (Stroock et al., 2002) and Tesla structures (Hong et al., 2004)
of microchannels generated chaotic advection and significantly improved the efficiency of
micromixer. Various studies have also been done to analyze mixing in passive T-micromixer.
Engler et al. (2004), in their experimental and numerical investigations, observed three different
regimes of liquid mixing in T-mixer viz., laminar, vortex and engulfment in the Re of 0 to 200.
They found a considerable enhancement in mixing in the range of 150 < Re < 200 due to the
engulfment regime. Dreher et al. (2009) carried out a study in T-mixer to characterize mixing
phenomenon for different Re of 0.01 to 1000. They observed a considerable drop in the quality of
mixing in T-mixer at higher Re (Re > 500) due to weak chaotic and pulsating flow.

It is found that mixing efficiency of passive mixer is improved using lamination (Hessel et al.,
2003), flow separation (Heshmatnezhad et al., 2016) and chaotic advection (Hong et al., 2004;
Stroock et al., 2002). However, studies on the principle of Taylor dispersion for mixing
enhancement seem to be very limited. Even though the mixing performance of passive T-mixer
improved at higher flow rates (Engler et al., 2004), it is remarkably reduced for Re above 500. In
the present study, thin rectangular slabs referred to as Taylor Dispersion Obstructions (TDOs) are
positioned in random but periodic manner in the outlet channel to create velocity gradients in the
flow. To study the effect of Taylor dispersion, the performance of mixing in T-mixer with TDOs
is estimated for different Re of 0 to 350.
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2. Methodology

2.1 Mathematical Modelling

The equations governing the flow of fluid in the micromixer (continuity and Navier-Stokes) are
given by Eqgs. (1) and (2) respectively,

V.V =0 1)
1

V-VV =—=VP +wW4 (2)
Y2,

where ‘V’ denotes velocity vector, ‘p’ denotes density, ‘p’ denotes pressure and ‘v’ denotes
kinematic viscosity of the fluid.

The governing equation for mass transfer in the micromixer is given by diffusion-convection
equation (Eq. (3)).

(V-V)c=DV? @)
where ‘¢’ denotes concentration and ‘D’ denotes diffusion coefficient.
Mixing quality ‘a’ is evaluated by using Eq. (4)

2

O-max

where o2, denotes maximum variance of concentration in mixture (0.5) and o/ denotes
variance of concentration in mixture at a cross section specified by Eq. (5)

o =236 -5, ©

where, ¢,, denotes mean value of concentration taken over n elements of grid in a given cross
section considered. If mixing quality ‘@’ is ‘zero’, it implies no mixing and ‘one’ implies
complete mixing.

2.2 Numerical Modelling

The geometry of T-mixer with TDOs, grid generation and simulation of mixing in the T-mixer
with TDOs is carried out in ANSYS Fluent 15. The 3D sketch of T-mixer with TDOs with
selected dimensions is shown in Figure 1.

Figure 2 shows hexahedral elements used in meshing whole domain of ‘T’ geometry. These
hexahedral elements line up with the direction of flow which leads to better accuracy. It also
results in fewer elements as compared to the use of tetrahedral elements to mesh the same
geometry. This reduces the computational effort.
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Figure 1. 3-D schematic of T-mixer with TDOs

Figure 2. Grid of T-mixer with TDOs

Two liquid species (‘a’, ‘b’) are selected with properties similar to water at a temperature of 20°C
(dynamic viscosity x = 0.001 Pas, density p = 998.2 kg/m?, and diffusion coefficient D = 2 x 10°
m?/s), to be mixed in the micromixer for all the simulations. The boundary condition is given in
terms of species ‘b’ mass fraction for the value of concentration as ‘one’ on left side inlet, ‘zero’
on right side inlet and ‘zero point five’ on outlet. It is set to ‘zero’ diffusive flux at walls.
Atmospheric pressure is given as the pressure boundary condition on outlet. At inlets, the
boundary condition for pressure is derived from the corresponding input velocities. The velocity
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boundary conditions are provided in Table 1. No slip velocity condition is assumed at walls of
mixing channel and TDOs. Steady laminar flow and species transport models are used in solving
the fluid flow and mass transfer. Table 2 shows different spatial discretization methods and
schemes employed in solving the primary variables of governing equations. The convergence
criterion for the residuals to monitor imbalance in the conserved equations is given as 10° on
continuity equation, 10° on equations of species and momentum.

Table 1. Boundary conditions used in numerical simulations

Case Velocity at left inlet (m/s) Velocity at right inlet (m/s) Reynolds number
| 0.015 0.015 2
] 0.045 0.045
1" 0.08 0.08 10
v 0.25 0.25 33
\% 0.5 0.5 66

VI 0.8 0.8 106

Vil 1 1 133

VI 11 11 146
IX 1.2 1.2 159
X 16 16 212

Xl 2 2 265

Xl 24 24 318

X1 2.6 2.6 345

Table 2. The solution methods of numerical simulation

Pressure-velocity coupling SIMPLEC

Pressure Standard

Momentum Second order Upwind scheme
Species Second order Upwind scheme

2. 3. Grid Independence Test

As mentioned above, a commercial numerical tool, ANSYS Fluent 15 is employed to simulate the
fluid flow and concentration fields in the T-mixer with TDOs. Grid independence test was
conducted to arrive at the required mesh size to carry out accurate simulations of fluid flow and
mass transfer in the micromixer. The variation of axial velocity at the centreline of outlet of T-
micromixer with TDOs at a Re of 320 is shown in Figure 3. The maximum deviation in the axial
velocity obtained for 6 and 5-micron mesh size elements is 1.3 %, whereas, for 5 and 4-micron
mesh size elements, it is only about 0.8 %. Therefore, a uniform grid with 5-micron size element
is selected for the domain with a total of 824000 elements.
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Figure 3. Axial velocity profiles on the outlet centreline of T-mixer with TDOs at Re = 318

3. Results and Discussion

3.1 Basic T-mixer

At first, the performance of mixing in T-mixer is estimated and analysed for Re of 0 to 320. In the
lower Re (0 to 66), the flow in T-micromixer exhibits a completely laminar behaviour (Figure 4).
Therefore, mixing takes place only due to diffusion at the little interface available in the contact
of samples along the axis in the flow direction of mixing channel (Figure 5). In the Re range of
100 to 160; the vortices are formed at the confluence where the samples collide in T-mixer
(Figure 6). However, the mixing has further decreased (Figure 7) as the residence time for
samples has reduced. Even though vortices are formed, that is only in the self-rotation of samples
confining them to the same side (left/right) of their entrance in the mixing channel (Figure 6). On
further increase of Re, the break-up of vortices at the confluence of the channels occurred (Figure
8). The engulfment of samples taking place at the confluence has drastically improved the quality
of mixing in T-mixer (Figure 9) and engulfment regime continued for Re between 180 to 320.
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Figure 4. Streamlines at the junction of T-mixer at Re = 66

Outlet spec b mass fraction

1.0
I 0.9

1 0.8
1 0.7
0.6
0.4
0.3
0.2

Figure 5. Mass fraction contour at outlet of T-mixer at Re = 66

Streamlines based on spec b mass fraction

Figure 6. Streamlines at the junction of T-mixer at Re = 160
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Figure 7. Mass fraction contour at outlet of T-mixer at Re = 160
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Figure 8. Streamlines at the junction of T-mixer at Re = 266
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Figure 9. Mass fraction contour at outlet of T-mixer at Re = 266

154



International Journal of Mathematical, Engineering and Management Sciences ﬂ.@m
Vol. 5, No. 1, 147-160, 2020
https://doi.org/10.33889/IIMEMS.2020.5.1.013

3.2 T-Mixer with Taylor Dispersion Obstructions

The performance of mixing in T-mixer with obstructions of Taylor dispersion type was evaluated
in the Re range of 0 to 350. The influence of TDOs in the mixing channel at low Re flows (0 to
150) is considerably small. However, a major influence on the mixing phenomenon has been
observed particularly at high Re flows of 250 to 350, with the existence of TDOs in the mixing
channel.

3.2.1 Low Re Flows

In the Re range of 0 to 66, the presence of TDOs in the mixing channel produced a negligibly
small effect on the performance of mixing in T-mixer (Figure 10). It is found that at lower Re (0
to 100), the velocity gradients created in the flow due to the presence of TDO (Taylor Dispersion
Obstruction) are smaller in amplitude and not significant enough to create axial dispersion and
enhance the mixing. In the Re range of 100 to 150, even though there is some increase in the
inertial effects, only a little increment in the quality of mixing is achieved. This is due to the fact
that the vortices generated in the flow damped the velocity gradients near the surface of TDOs.
Therefore, there is no increment in the quality of mixing in T-mixer with TDOs (Figure 11)
compared to T-mixer without TDOs (Figure 12).
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Figure 10. Variation of mixing quality with Re humber
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Figure 11. Streamlines of T-mixer with TDOs from top view at Re = 133
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Figure 12. Streamlines of T-mixer from top view at Re = 133

3.2.2 High Re Flows

In the Re range of 150 to 220, clearly, the engulfment flow is the most dominating effect of
convective mixing in T-mixer. Therefore, the presence of TDOs in the mixing channel did not
show any substantial increment in the performance of mixing in T-mixer (Figure 13). On further
increase of flow rate (Re > 220), the quality of mixing significantly increased with the existence
of TDOs in the T-mixer (Figure 14) compared to T-mixer without TDOs (Figure 15). At higher
Re (Re > 220), the engulfment effects are slowly reduced in the T-mixer (Figure 16) and the
inertial effects dominated. Hence, the effect of velocity gradients (Taylor dispersion) has a major
influence on the flow (Figure 17) to improve mixing significantly in higher Re flows (250 to
350).
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Figure 13. Variation of mixing quality with Re number

Outlet spec b mass fraction

1.0
. 0.9
108

0.7
0.6
04
03
0.2
0.1
0.0

Figure 14. Outlet mass fraction contour of T-mixer with TDOs at Re = 345
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Figure 15. Outlet mass fraction contour of T-mixer at Re = 345
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Figure 16. Streamlines from top view of T-mixer at Re = 345
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Figure 17. Streamlines from top view of T-mixer with TDOs at Re = 345

4. Conclusion

The effect of Taylor dispersion type obstructions for the creation of velocity gradients in the flow
of T-micromixer to improve its efficiency was investigated in the current study. It is found that at
lower Re (0 to 150), the velocity gradients created in the flow due to the presence of TDO (Taylor
Dispersion Obstruction) are smaller in amplitude and not significant enough to create the axial
dispersion and enhance the mixing. In the Re range of 100 to 150, the vortex nature of the flow in
T-mixer ends up damping the velocity gradients near TDOs and walls of the mixing channel. The
increase in mixing performance with TDOs is negligible for the engulfment regime occurring in
T-mixer for Re of 160 to 220. However, in higher Re (250 to 350), due to the dominant inertial
effects, better velocity gradients are created in the flow and a noteworthy increase in the
performance of mixing is achieved with the presence of TDOs compared to conventional T-
mixer. Therefore, it is concluded that the existence of Taylor Dispersion type obstructions in T-
mixer exercises considerable influence and improves the mixing performance only at higher Re
flows (Re > 250).
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