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Itis thus a challenging problem for micromixers to mix fluids of different species within
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a desired range of mixing channel length in the absence of enhanced mixing
techniques. This study presents numerical approach that investigates the mixing
performance in microchannel having alternating superhydrophobic grooves and ribs.
A channel that bounded by two parallel walls patterned with alternating
superhydrophobic grooves and ribs is employed throughout the study and the
simulations show that normalized mixing length increases monotonically with the
increase of gas area fraction. The mixing performance is also explored in the bulk
region and region close to the superhydrophobic walls, at y/H = 0.1, 0.5 and 0.9. It is
found that the presence of superhydrophobic wall tends to give rise to a longer mixing
length. Besides that, the influence of flows Reynolds number is also examined and it
show that the mixing length is relatively similar as compared to that of smooth wall at
low Reynolds numbers. This is mainly due to the use of small textured features, i.e.,
superhydrophobic grooves of A = 0.1. With the use of superhydrophobic wall, it could
be potentially beneficial in mixing channel with limited pumping power without
significantly affect the mixing performance.
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1. Introduction

For micromixers, rapid mixing is crucial in Lab-on-a Chip and MEMS applications [1-3]. In order to
further improve the mixing performance, it is important to understand the nature of fluid mixing for
internal flow. Microchannel is defined as narrow channel with dimensions ranging between 1 um and
1 mm. Beyond 1 mm, the fluid flow behaves similar to that of macroscopic flow. In microchannel,
mixing of fluids basically occurs at low Reynolds number due to low flow rate, arising from the low
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pumping power available. Therefore, the fluid flow in the channel is mostly restricted to laminar flow
and it requires mixing techniques to improve the mixing performance. Mixing flow rates are
manipulated by molecular diffusion at low Reynolds number, mixing length (L,,;,) and residence
time could be longer in the absence of enhanced mixing technique [4]. There are several existing
mixing techniques that were recommended and investigated previously. These techniques can be
classified as either active technique or passive technique. For active mixing, it can be accomplished
by microstirrers [5], acoustic mixing [6], periodic fluid pulsation [7], thermal mixing enhancement [8],
electrokinetic mixing enhancement [9], etc. Although the active techniques are mainly user
controllable methods, these techniques often require external power source to operate and it is
extremely strenuous to fabricate and harder to integrate into the microfluidics device for mixing
purposes. However, the passive mixing techniques do not require additional external mechanism to
drive the mixing process. It relies largely on hydrodynamics of the flow [10], alteration of the surface
topology [11] and changes in the channel geometry [12]. Apart from mixing, alteration of surface
topology using groove-rib can be pursued in enhancing heat transfer [13-14]. This surface feature
consists of a series of ridges patterned on the channel wall. A recent study of fabrication of
polydimethylsiloxane (PDMS) microfluidic devices is introduced by Gobbi et al.,, [15] using soft
lithography methods and plasma-based bonding. In addition, different microchannel configuration
like triangular cavities microchannel [16] can be pursued for mixing flow.

For water repellent surface, when a liquid droplet is placed on solid surface, it could retain the
form of a droplet or spread out on the surface to form a thin liquid film [17-18]. The advantage of
water repellent surface is the ability in minimizing the flow resistance in order to gain higher mass
flow rate in narrow medium such as microtube when the external power source is restricted [19-21].
Recently, this water repellent surface is studied and employed in various practical applications such
as lab on chip technology [22] , thermal management [23], condensation [24] and etc. This
physiochemical feature is represented as surface wettability and this surface feature are important
in many different fields such as biology, painting of cars and microsystems engineering [25].

The interest to create artificial superhydrophobic surface was enlightened from the diverse
superhydrophobic surface found in nature such as water-repellent properties of lotus leaf, insect legs
and butterfly wings. Recent synthetic surfaces have been developed that are capable of obtaining
contact angles that can reach 8 = 180° [26]. High water-repelling property can be achieved when
surface is both chemically hydrophobic and physically rough. Superhydrophobic surface can cause
water or oils to roll off leaving little or no residue, and carry away any resting surface contamination
[27]. To mimic the effects of superhydrophobic surface, it can be represented either by imposing an
effective velocity slip length [28] or by having a mixed boundary condition along superhydrophobic
wall. Under laminar flow conditions, rapid mixing is not easily achieved. Recently, apparent slip
effects of water flows in hydrophilic and hydrophobic microchannels was examined by Choi et al.,
[29]. The work of Choi et al., [29] shows that there exists a discernable difference between the
boundary condition between water at a hydrophilic and at a hydrophobic surface. The slip length is
indicated to increase approximately linearly with shear rate over hydrophobic surface whereas the
existence of slip over the hydrophilic surface remains uncertain due to sensitivity of analysis with
nanometer uncertainties in channel height. Besides that, research of flow and mixing in channel with
misaligned superhydrophobic walls was studied by Nizkaya et al., [30] to analyze the mixing
properties of superhydrophobic channels with arbitrary oriented textures. They showed that the
transverse shear leads to complex flow patterns which lead to new mechanism of passive mixing at
low Reynolds number.

However, despite there were some existing studies on mixing flow in channel employing
superhydrophobic surfaces, the influence on mixing length in the superhydrophobic surface is still
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largely unknown. In this paper, superhydrophobic surface with rib-groove periodic structures is
employed in microchannel and the effects of relevant factors, i.e., dimensionless gas area fraction
and flow Reynolds number, on mixing length are investigated.

2. Methodology

Consider fluid flow in a channel that is bounded by two parallel walls patterned with alternating
superhydrophobic grooves and ribs arranged transversely with the flow direction, as illustrated in
Figure 1. Both of the walls are separated by a distance H and it is used as the characteristic length
for this study. The x —, y — and z —direction represents the axial, vertical and horizontal direction,
respectively. There are two different flow inlets, i.e., Inlet A and Inlet B, with equal height that contain
Fluid A and Fluid B, respectively.

Solid
Inlet A Gas | Gas Gas
Fluid A
— H
- Fluid B
Inlet B
Z Gas Gas ‘ Gas

Solid

Fig. 1. Schematic diagram depicting flow in a plane channel having
superhydrophobic transverse grooves and ribs

Under the hydrophobic condition, the gas is assumed to be trapped inside the grooves and this
give rise to liquid-gas interface over the grooves. In this study, the liquid-gas interface is assumed to
be perfectly flat. The groove-rib unit length is represented by E while the width of groove is denoted
by e, as illustrated in Figure 2. In this study, the effects of the size of surface microstructures are
explored via the dimensionless gas area fraction § = e/E and normalized grooves-rib periodic
spacing A =E/H .

A=E/H
) E .
M v § =e/E
l—E |
Fluid A
H
Fluid B
Solid-liquid interface =@~ ————~- Liquid-gas interface

Fig. 2. Schematic of geometry of superhydrophobic transverse grooves
in mixing channel
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The mixing liquid flow problem can be simulated by solving the fluid flow problem coupled with
an advection-diffusion equation for species concentration. In this study, flow of an incompressible
Newtonian fluid is considered. Since the liquid mixing problem doesn’t involve any chemical reaction,
thus it is neglected. The governing equations for this study are thus stated as follow:

Vu=0 (1)
p(Vu)u = —VP + uV?u (2)
u. (Vc) = DV?c (3)

where p is the density of the fluid, i is the dynamic viscosity, P is the pressure field, and u is the
velocity field. In Eq. (3), c is the species concentration and D is the diffusivity. No-slip condition is
implemented along the solid-liquid interface (ribs) which will give rise to zero fluid velocity over the
solid surface. To mimic the vanishing shear stress over the liquid-gas interface, the shear-free
condition is thus applied along the liquid-gas interface. At both inlets (i.e., Inlet A and Inlet B), uniform
velocity based on the flow Reynolds number (Re = pU,,,H/u) is applied where Uy, is the flow
average velocity.

The pressure-velocity coupling is solved via SIMPLE scheme. The numerical solution for pressure
and momentum are based on second-order and second-order upwind schemes, respectively. The
convergence criteria with scaled residuals of 1071 for continuity, momentum and species transport
equations are employed in this study. The governing equations (i.e., Egs. (1) - (3)) along with the
boundary conditions mentioned are thus solved using ANSYS FLUENT 18.1, a finite volume based
computational fluid dynamics (CFD) software package. The species concentration over the flow
domain is thus obtained to determine the mixing length. The mixing length L,,;, is calculated based
on the length required along the centerline to achieve 1% difference variation in species
concentration as compared to its fully mixed mole fraction.

3. Results and Discussion

Before the scaling effects of the superhydrophobic microstructures were explored, grid
independent test is first performed. It is assumed that Fluid A (flowing through Inlet A) has relative
concentration ¢* = c¢/c, of 1 and Fluid B (flowing through Inlet B) has ¢* = 0. The average
concentration of a perfect mixture is indicated by c,. In this study, constant value for relative density
between Fluid A and Fluid B (i.e., p4/pg = 2) is employed. For grid independent test, simulations
on mixing flow with Reynolds number of Re = 1 and Schmidt number Sc¢ = 100 were carried out
using four different grid resolutions, i.e., Ny X N, = 400 x 20,800 x 40,1600 x 80 and 3200 x
160. Ny and N,, are the number of elements in the axial direction and vertical direction, respectively.
The elements used are uniformly spaced along x — and y — direction. Both upper and lower walls
patterned transverse superhydrophobic grooves of A = 0.1 and § = 0.5 is employed. It is worth to
mention that in this study, a sufficiently long channel length, i.e., 20H, is used to yield the mixing
length.

The relative concentration distribution along the centreline (i.e., y/H = 0.5) is illustrated in
Figure 3. As can be observed from this figure, the relative concentration rises until it become a perfect
mixture with ¢* = 0.5. It is worth to note that the relative concentration distribution for simulations
using Ny X Ny, = 1600 x 80 and Ny x N,, = 3200 X 160 are almost identical. Using the relative
concentration distribution, the normalized mixing length (L,,;,/H) can be calculated as indicated by
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the red dashed line in Figure 3. The normalized mixing length L,,;,/H yielded by different grid
resolutions used are illustrated in Figure 4. As can be observed in Figure 4, simulation with grid
solution of Ny X N,, = 1600 X 80 yields normalized mixing length of 0.326. Doubling the number of
elements in both the axial and vertical direction to Ny X N,, = 3200 X 160 would only results in a
variation of less than 1.7% for Ly,;/H yielded. Therefore, the grid solution (Ny X N,, = 1600 x 80)
is best employed.

0.505
05
*
L)
0.495 |
| = = =N, x N, = 400 x 20
) f— N, x N, = 800 x 40
R - N, x N, = 1600 x 80
| — N, x N, = 3200 x 160
0.49 L1 ' : : ' ' ' ' '

0 0.5 1 1.8 2 2.5 3 3.5 -+ 4.5 5
o) H
Fig. 3. Relative concentration c* distribution along the centerline for
mixing channel having superhydrophobic transverse grooves of A =
0.1 and § = 0.5 using different grid resolutions
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Fig. 4. Normalized mixing length L,,;,./H for mixing flow over
superhydrophobic transverse grooves of A = 0.1 and § = 0.5
using different grid resolutions
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3.1 Effect of Dimensionless Gas Area Fraction on Mixing Length

To explore the effects of dimensionless gas area fraction on mixing flow in plane channel, three
different gas area fractions, i.e. § = 0.25,0.5and 0.75 were employed. Gas area fraction
represents the ratio of area occupied by liquid-gas interface over a groove-rib period. Relatively, a
smaller value of § indicates that the area of liquid-gas interface is smaller and vice versa. For § = 0.5,
the area occupied by liquid-gas interface and solid-liquid interface are equal. As can be observed in
Figure 5, at Re =1 with superhydrophobic transverse grooves of A = 0.1, employing this
superhydrophobic wall would yield a longer mixing length. The increase in normalized mixing length
is monotonic with the increase of gas area fraction. At § = 0, the normalized mixing length is 0.3134.
Employing gas area fraction of 0.25, 0.5 and 0.75 will give rise to 1.98%, 4.7% and 11.77% increase in
the normalized mixing length. This indicates that having this salient surface will yield a higher
required length along the centerline for fluid to reach perfectly mixed fluid, as indicated in Figure
6(b).

The mixing performance is also explored in the region close to the superhydrophobic walls, at
y/H = 0.1 as depicted in Figure 6(a) and at y/H = 0.9 as depicted in Figure 6(c). Aty/H = 0.1, c*
tends to increase, starting with zero as prescribed at the inlet. At y/H = 0.9, the trend is vice versa.
With superhydrophobic wall, it tends to give rise to a relatively slower mixing. This can be due to the
increase in the fluid flow close to the wall as it allows more fluid flow in that region, especially when
a larger value of § is employed. However, the increase in the velocity magnitude is dominantly in the
axial direction. With the increase in the initial force in the bulk of the flow and a delaying effect is
caused to exhibits a longer mixing length for fluid to achieve complete mixing.
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Fig. 5. Normalized mixing length L,,,;,./H for mixing flow over

superhydrophobic transverse grooves of A = 0.1at Re = 1
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3.2 Effect of Flow Reynolds Number

Apart from investigating the influence of gas area fraction, the influence of flow Reynolds number
is also explored. Employing superhydrophobic transverse grooves of A = 0.1 and § = 0.5, the fluid
flow scenarios with Reynolds number ranging between Re = 1 to Re = 50 were simulated. As
depicted in Figure 7, having higher Reynolds number (fluid flow), this will increase the normalized
mixing length. The increasing trend is found to be consistent with the increase in the normalized
mixing length for flow scenarios with smooth wall. For smooth wall, at Re = 50, the mixing length is
expected to be 4.66 times of the channel height. Having superhydrophobic grooves of A = 0.1 and
6 = 0.5, it will only give rise to additional mixing length of 1.8%.

5 T T T T T T T T T

45 5

4t |

¥ Smooth wall
&R O SHS(A =0.1,6 =0.5)

O 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Reynolds number
Fig. 7. Comparison on L,y,;,./H for mixing flow over smooth wall and
superhydrophobic transverse grooves of A = 0.1 and § = 0.5 at
different flow Reynolds number

At lower Reynolds numbers, the differences are deemed small and thus not significant. This is
mainly arising from the use of superhydrophobic grooves of A = 0.1. With this surface configuration,
the size of the surface texture is relatively small as compared to the channel height, thus inducing a
weaker flow enhancement over the bulk of the flow. In spite of the need for small additional mixing
length, the use of superhydrophobic wall can be potentially beneficial in mixing channel with limited
pumping power without significantly affect the mixing performance.

4. Conclusions

In this study, mixing flow in channel having superhydrophobic transverse grooves have been
investigated. At low Reynold number, the laminar flow is mainly relied on molecular diffusion and
can be influenced by implementing superhydrophobic surface. In this study, the effects of
dimensionless gas area fraction on mixing length in microchannel at Re = 1 with superhydrophobic
transverse grooves of A = 0.1 was studied with a series of numerical simulations. At § = 0, the
normalized mixing length is 0.3134. Employing gas area fraction of 0.25, 0.5 and 0.75 will give rise to
1.98%, 4.7% and 11.77% increase in the normalized mixing length, respectively. It indicates that the
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normalized mixing length increases monotonically with the increase of gas area fraction. Apart from
that, the effect of flow Reynolds number for superhydrophobic wall was investigated. The flow
Reynolds number was simulated in the range between Re = 1to Re = 50. It shows that mixing
length is relatively similar as compared to that of smooth wall at low Reynolds numbers due to the
use of superhydrophobic grooves of A = 0.1. From this study, it indicates that superhydrophobic wall
could be potentially beneficial in mixing channel with limited pumping power without significantly
affect the mixing performance.
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