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Abstract

We investigated hydrodynamic phenomena inside several passive microfluidic mixers using a Lattice Boltzmann method (LBM)
based on particle mesoscopic kinetic equations. Mixing processes were simulated in a Slanted grooved micro-mixer (SGM), a Staggered
herringbone grooved micro-mixer (SHM), and a Bi-layered staggered herringbone grooved micro-mixer (BSHM). Then, the effects of
six geometric mixer parameters (i.e., groove height to channel height ratio, groove width to groove pitch length ratio, groove pitch to
groove height ratio, groove intersection angle, herringbone groove asymmetric ratio and bi-layered groove asymmetric ratio) on mixing
were investigated using computed cross-flow velocity and helicity density distributions in the flow cross-section. We demonstrated that
helicity density provides sufficient information to analyze micro helical motion within a micro-mixer, allowing for micro-mixer design

optimization.
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1. Introduction

Certain rare cells in humans, such as Circulating tumor cells
(CTCs), provide critical information about diseases [1-3].
However, these rare cells are difficult to sort due to their low
concentration (1 CTC per 109 blood cells) [3, 4]. Efficient cell
separation techniques are therefore essential to obtain highly
purified populations of cells for diagnostic and biomedical
applications. Cell sorting techniques have progressed largely
through the development of lab-on-a-chip devices based on
microfluidic systems [5-9]. Multiple batch separation tech-
nologies have also been employed to capture targeted cells [9].
One cell sorting technique, cell affinity chromatography, cap-
tures targeted cells from a heterogeneous cell population
through selective binding to high-affinity ligands immobilized
on a substrate [10, 11]. In cell affinity chromatography, mix-
ing within micro-channels disrupts streamlines and enhances
collisions between target cells and substrates, resulting in im-
proved ability to sort targeted cells from the fluidic specimen
[12].

However, mixing of fluids in microsystems remains a chal-
lenge due to the inherent limitations of small channel dimen-
sions and the limited range of achievable flow rates. The Rey-
nolds number, Re = pvD/u where D is the most relevant length
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scale, p is the density of the fluid, v is the average velocity of
the fluid flow, and u is the dynamic viscosity of fluid, can be
used to determine whether the flow is laminar or turbulent.
Because of the micro-scale dimensions, the Reynolds number
in microsystems is generally less than 100. Under these condi-
tions, flow inside a planar micro-channel is fully laminar, and
uniaxial flow conditions usually dominate. Therefore, cells
follow streamlines and display minimal diffusion across chan-
nels. This limited interaction between cells and substrates
under laminar flow conditions results in sluggish cell separa-
tion.

Numerous micro- mixing devices have been developed, in-
cluding active and passive mixing types [13]. External energy
sources such as hydrodynamic pressure [14], -electro-
hydrodynamic forces [15], magneto-hydrodynamic forces [16],
ultrasound, and acoustic vibrations [17, 18] have been used to
create a stirring effect in active mixing processes. Integration
of external energy sources in a micro-mixer usually requires
complicated fabrication processes. In contrast, passive mixers
are much easier to integrate into microsystems as passive mix-
ing relies on diffusion or chaotic advection and does not re-
quire complicated fabrication processes. Chaotic advection
can be generated by designing micro-channels with specific
geometrical structures. Proper geometric design is the most
important factor for chaotic advection because of its depend-
ence on geometry. Micro-pillars [11], curved-channels [19,
20], converging-diverging channels [21], 3D serpentine chan-
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nels [22], and other designs have been developed to enhance
mixing efficiency.

Because passive micro-mixer performance depends on ge-
ometry, numerical simulations are used for analysis of these
systems. However, numerical simulations have drawbacks
associated with computation time and memory [23]. Ideally,
we must find a method of obtaining appropriate complex ge-
ometry and determining the mixing efficiency with the use of
numerical simulations.

A staggered herringbone-grooved pattern is a representative
geometry among many possible geometries. Stroock et al.
used bas-relief patterned structures as channel structures and
referred to the resulting mixer as a Staggered herringbone
mixer (SHM) [24]. This micro-mixer was constructed with
slanted ridges to induce a steady axial pressure gradient,
which generated transverse flows in the channel. Efficient
mixing was achieved because of the helical flow patterns in-
duced by the bas-relief structures. Stroock et al. experimen-
tally determined the magnitude of the transverse flow using
optical microscopy and compared these experimental results
to analytical results [24]. Hardt et al. presented a helical flow
simulation for an SHM using transverse velocity analysis
based on a solution to the incompressible Navier-Stokes equa-
tion and a convection-diffusion equation [25]. Li et al. investi-
gated the optimized groove width fraction and groove number
for a half cycle using a lattice Boltzmann numerical model
[26]. Dandy et al. reported that mixing in an SHM is highly
dependent on channel aspect ratio, groove depth ratio and
ridge length [27]. Based on an analysis of streamlines in a
SHM, Kralj et al. proposed that the groove depth and groove
width in the channels of an SHM had significant effects on
particle-surface interaction [28].

In order to evaluate the mixing index, various hydrody-
namic properties of the fluid have been studied in micro-
mixers. Wang et al. measured the mean value of helicity
which relies on groove aspect ratio, width of the grooves and
depth of channel in micro-mixer and, especially, high aspect
ratio contributed to the high helicity which improve the mix-
ing performance [29, 30]. Mastrangelo et al. found that helic-
ity dencity is promising in proper vortices detection at low
Reynolds number: A curved microchannel geometry served to
test vortex identification methods and micing performance
[31]. Geyer et al. employed the helicity to quantify and visual-
ize Dean vortex cores in flow which promote fluid mixing
transverse to the main flow direction [32].

In this study, we designed passive mixing systems with a
low Reynolds number (near 1) and simulated flow to optimize
mixing performance. We analyzed transverse flow patterns
and structures of vortices in fluid flow in a Slanted-groove
mixer (SGM), a Staggered-herringbone grooved mixer (SHM),
and a Bi-layered staggered-herringbone grooved mixer
(BSHM) using the D3Q19 incompressible lattice Boltzmann
numerical model. To optimize the performance of the passive
mixing channels, several geometric variations were examined
including the groove-channel height ratio, the aspect ratio of
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Table 1. Numerical values of geometric parameters.
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Fig. 1. Schematic diagram summarizing this study.

the channel, the groove width-pitch ratio, the groove pitch to
groove height ratio, the angle between the channel and the
groove, and the width fraction of the groove in the channel.
We also analyzed the hydrodynamic properties of the fluid
flow inside the micro-channel, namely cross-flow velocity,
helicity density distribution and velocity fluctuation of the
fluid. Overall contents and objectives of this paper are shown
in Fig. 1.

2. Geometric design standard

Micro-channels had a planar rectangular section duct ge-
ometry. The slanted-herringbone geometry we used is shown
in Fig. 2. Uniform streamwise velocity occurs at the channel
inlet. The initial channel dimensions chosen for simulations
were a channel width (w.;,) of 300 um and a channel height
(hy) of 50 um. To study the hydrodynamics of flow inside the
micro-mixers, we choose three basic types of micro-mixers, as
shown in Fig. 3. We simulated flow for the three geometric
designs of a SGM [24], a SHM [24] and a BSHM [33, 34].
We assigned five geometric parameters to the micro-mixer
design. We initially chose three geometric parameters for the
SGM case shown in Fig. 3(a) including groove height (/,) to
channel height (k) ratio (o = hy/h.;), groove intersection an-
gle (0), groove width (/,) to groove pitch length (/,) ratio (x =
ly1,), and groove pitch to groove height ratio (6 = /,/A,). Due
to its simple geometric design, the SGM case was utilized to
study the effects of geometry on the magnitude of the trans-
verse and helical flows. The magnitude of helical flow within
an SGM is closely related to those within an SHM and BSHM
[27]. We chose the herringbone groove asymmetric ratio ( =



S. J. Baik et al. / Journal of Mechanical Science and Technology 30 (8) (2016) 3729~3739 3731

Cyclel

Uniform

Fig. 2. Parameters in slanted grooved micro-mixer in this study.
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Fig. 3. Selection of geometric parameters for (a) a Slanted-grooved mi-
cro-mixer (SGM); (b) a Staggered-herringbone grooved micro-mixer
(SHM); (c) a Bi-layered staggered-herringbone grooved micro-mixer.

Wy¢/Wy) as a geometric parameter for the SHM case shown in
Fig. 3(b). Finally, we added another parameter for the BSHM
case shown in Fig. 3(c), the bi-layered groove asymmetric
ratio (y = l,/l,). We then estimated the helical flow in each
micro-mixer by varying these geometric parameters.

3. Numerical methods

3.1 Lattice Boltzmann method (LBM)

The numerical model used in this study was the 19-velocity
incompressible lattice Bhathagar-Gross-Krook (BGK) Boltz-
mann model (D3Q19) (Qian at el., 1992) [35] for three-
dimen- sional cases. LBM models a fluid as virtual particles,
where each particle performs consecutive propagation
(streaming step) and collision (collision step) processes over a
discrete lattice domain. In contrast, the traditional Computa-
tional fluid dynamics (CFD) method requires a solution to the
conservation equations for macroscopic properties (Succi,
2001). The isothermal, single-relaxation model is derived
from the following Boltzmann kinetic equation:

LV
e Vi=—7U-1" (M

where fis the density distribution function, ¢ is the local parti-
cle velocity, / is the equilibrium distribution function, and A

is the physical relaxation time. The following equation is de-
rived from discretization of Eq. (1) using velocity sets con-
fined to a finite number of directions:

Yive v Lipopo
5 e V=7 U= A7), @

The right hand side of Eq. (2) is the collision operator, Q.
The D3Q19 BGK model has 19 velocity direction vectors, as
shown in Fig. 3, with the following end point coordinates:

€,(0,0,0);¢,(-1,-1,0);e,(~1,0,-1);¢,(~1,0,0);
e,(=1,0,1);e,(~1,1,0);¢,(0,—1,—1);e,(0,-1,0);
€,(0,—1,1);¢,(0,0,—1);¢,,(1,1,0);¢,,(1,0,1); 3)
e,(1,0,0);e,(1,0,~1);e,(1,-1,0);€,(0,1,1);
€,(0,1,0);e,(0,1,-1);e,(0,0,1).

Eq. (1) can be further discretized in lattice space and time,
leading to the following equation:

flxreduard)-fxn=[fx0- 0] @

The equilibrium distribution function £ is calculated using
the following formula:
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where ¢; = e/0 is the lattice velocity in the i’h—direction,
¢, = ¢/+f3 1is the speed of sound, and w; are weighting fac-
tors for each lattice link.
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The relaxation time, 7, is related to the kinematic viscosity,
v, according to the following formula:

v=(r —%)cfa, . @)

Macroscopic velocity (1) and density (p) can be calculated
from the distribution function as:
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3.2 Simulation setup

Micro-channels had a planar rectangular section duct ge-
ometry. We used a uniform grid (Ax = Ay = 2.5 um) for all
analyses. Boundary conditions for the channel inlet were v, =
constant (= 0.006 m/s), v, = v, = 0, where constant velocity
inlet conditions have no impact on helical flow. We used an
extrapolation outlet condition on the outlet, and a no-slip con-
dition was applied to all surfaces using the bounce-back
method [36]. The Reynolds number (Re = pvDy/u) of the
studied fluids was calculated to be 0.514 assuming that the
fluids were aqueous solutions with a density p=1x
107kg /m’® and a viscosity u=1x10"kg /ms . The hydrau-
lic diameter of the rectangular channel (Dy = 2waha/(Wat
h.;)) was calculated to be 85.71 um.

4. Results

4.1 Factors for analysis

To evaluate passive mixing efficacy, different geometries
were compared in terms of helicity and cross-flow velocity.
Continuous helical motions of fluid flow caused by the bas-
relief structures along the channel floor resulted in stretching
and folding of the interface between the fluids. This further
resulted in an increase in contact area between the fluid and
the transverse flow, which is vertical to the main direction of
the flow. Therefore, we needed to determine the type of fluid
transport from the bas-relief groove that induces large vertical
and small helical motions inside the micro-mixer.

Helicity indicates the degree to which velocity field lines
wrap and coil around each other [37, 38]. Calculation of helic-
ity involves topological analysis in relation to the linkage of
vortex lines of the flow. Helicity of a fluid flow with volume
V' can be expressed as follows:

H:J.v'(va)dV. €))

v

Helicity density per unit volume is given by the inner prod-
uct of the velocity, v, and vorticity, @ =V xv , as follows:

H,=v-(Vxv). (10)

The above equation indicates that, when velocity and vortic-
ity vectors are along the same direction, helicity density has its
maximum value. In contrast, when velocity or vorticity are
zero or when velocity and vorticity vectors are in orthogonal
directions, the helicity density value is zero.

Cross-flow velocity can be used to quantify transverse fluid
transport. The following equation can be used to calculate the
cross-flow velocity of a cross-section where the x-axis is the
main direction of the flow.

v, = ful (11)

Here, u, is the y-component velocity, and u, is the z-
component velocity.

For a homogeneous fluid and incompressible flow, veloci-
ties can be split into a mean part and a fluctuating part. The
fluctuating part of the velocity can be used to estimate the
mixing efficiency of the flow as follows:

u =u - (12)

where u; is the velocity component, and #, is the mean ve-
locity. We calculated the Root mean square (RMS) value to
evaluate the turbulent intensity which is considered to be the
mixing index.

n=N n=N
2wy Y’
u, == ~ _ n:l]v ) 13)

To evaluate omnidirectional properties, we also determined
the RMS of velocity fluctuations, which is half of the sum of
each velocity fluctuation:

r ’ ’
u, tu, +u,

RMS of velocity fluctuations = — (14)

where u, and u, u are the velocity fluctuations of each
velocity component. The RMS of velocity fluctuations is very
small due to the flow conditions; however, the mixing potency
of each channel can be compared with this physical property.

4.2 Validation

We validated our numerical model through comparison
with the simulation data of Kralj et al. [28]. For SHM simula-
tions, we used a channel width of 500 um, a channel height of
50um, a herringbone groove asymmetric ratio of 0.67 and a
groove intersection angle of 45°. We investigated the surface
contact percentages according to groove width and depth, as
shown in Fig. 4. We assumed that particle motion followed
streamlines. We also reasoned that lift forces on a particle
caused by interaction with the wall were negligible because of
the low Reynolds number (Re = pvDy/u) and low particle
Reynolds number (Re, = Re(ZRp/D,f , R, =9 um) for the con-
sidered flows. Our simulation results showed good agreement
with the results of Kralj and colleagues [28].

For more exact simulation validation, we tried to determine
if our grid size of 2.5 um was a good choice. Generally, the
smaller grid size results more exact simulation. Therefore, we
used four grid sizes (10 ym, 5 um, 2.5 ym and 1.25 ym) dur-
ing simulation of a slanted-grooved micro-mixer with dimen-
sions of A, = 50 um, w., = 300 um, o = 1.0, § =45° and k =
0.500. The results are shown in Fig. 5, illustrating only a small
difference between the results for 2.5 um and 1.25 um grid
sizes. Considering the simulation time, the 2.5 um grid size is
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Fig. 5. The grid test for simulation with slanted-grooved micro-mixer.

the best choice for the simulations.

4.3 Slanted-grooved micro-mixers (SGMs)

We next wanted to determine the optimum specific groove
design that maximizes helical flow for an SGM. To determine
the optimum groove design, fluid flow within several SGMs
was calculated for various groove height to channel height
ratios (a), groove width to groove pitch length ratios (x),
groove pitch to groove height ratios (J), and groove intersec-
tion angles (6), as defined in Sec. 2.

First, we investigated the helical flow patterns obtained by
varying o from 0.2 to 1.6 with dimensions /4., = 50 um, w, =
300 um, 6 =45° and x = 0.625. As the oblique grooves were

a Pressure Crossflow Velocity X-vorticity Z-vorticity Helicity \ )y

SeSpoEE] o |

el

Fig. 6. Pressure contour, cross-flow velocity, x-, z-vorticity and helic-
ity density distribution across the cross-sectional area orthogonal to the
mainstream direction for different values of a.
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Fig. 7. Mean helicity density and mean cross-flow velocity plots for
different values of a. Dotted and dashed lines indicate hyperbolic curve
fitting of mean cross-flow velocity and mean helicity density, respec-
tively.

installed above the bottom wall, an streamwise pressure dif-
ference was observed. Due to this streamwise pressure differ-
ence, a cross-flow velocity was generated and intensified. As
the cross-flow velocity was strengthened, x-vorticity and z-
vorticity were also generated and intensified along the protru-
sion. This indicates that the direction of the vorticity vectors
was twisted, contributing to the helical motion within the fluid
flow. Helicity density has its highest value at the edge of the
protrusion where the x- and z- vorticity showed their maxi-
mum values, as shown in Fig. 6. This demonstrates that the
oblique groove and protrusion affect the helical motion of
fluid flow.

For low values of a, the flow induced by the groove above
the bottom wall did not increase significantly due to the x-
vorticity, and helicity density only appeared close to the edge
of the groove and did not spread over the cross-sectional area
of the channel, as shown in Fig. 7. As a increased to 1, the x-
and z-vorticity next to the protrusion increased. In other words,
the groove had a significant effect on fluid flow, resulting in
increases in cross-flow velocity and helicity density. The
mean cross-flow velocity and mean helicity density increased
linearly as a increased to 0.8 due to the streamwise pressure
difference. Simultaneously, the x- and z-vorticity along the
protrusion increased. The helicity density was six-fold higher
at o = 1 than at o = 0.2, and the cross-flow velocity was two
times higher.

Meanwhile, when a was larger than 1, the mean cross-flow
velocity changed little with changes in a; however, the mean
helicity density decreased to 86% of its maximum value. In
contrast to the cross-flow velocity distribution within the
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grooves, the helicity density was not fully distributed inside
the grooves at o = 1.4 due to a decrease in z-vorticity along
the protrusion, as shown in Fig. 7. These findings indicate that
fluid flow within the lower side of the groove tended to create
a large eddy motion, while flow within the upper side of the
groove created a small-scale stirring motion.

To further investigate the mixing potency, we calculated the
velocity fluctuation and Root-mean-square (RMS) value of
each velocity component for different values of o. The RMS
of velocity fluctuations showed a distribution similar to that of
the vertical distribution of RMS values of u,. (See Figs. 8(a)
and 9). It is important to note that the scale of u, was 10 times
higher than those of u, and .. Thus, fluctuations in u, had a
greater influence on the RMS of velocity fluctuations. How-
ever, the velocities of diffusion distant from the stream-wise
velocity are important for estimating the mixing potency of
flow in the micro-mixers. RMS values of u, and u, were higher
in areas of large cross-flow velocity change. RMS values of
each velocity component increased as a increased. RMS val-
ues of u, and u, increased drastically as a varied from 0.2 to 1,
showing a trend similar to that of the cross-flow velocity dis-
tribution shown in Figs. 8(b) and (c). RMS values of u. in-
creased as a increased to 1.6, indicating that the increase in
groove depth induced significant fluctuations in the z-velocity.

We also investigated secondary flow patterns in response to
different values of x. For x = 0.125, helicity density and cross-
flow velocity induced by the bas-relief grooves were weak
along the narrow grooves and did not sufficiently spread over
the channel. Due to the narrow width of the groove, the
streamwise pressure difference was very weak and had limited
ability to generate cross-sectional flow motion. Thus, x- and z-
vorticity was not generated within the channel.

As « increased, the streamwise pressure difference in-
creased, resulting in a stronger cross-flow velocity. As cross-
flow velocity increased, x- and z- vorticity along the protru-
sion became stronger. This resulted in a higher helicity density.
Both physical parameters increased rapidly as x reached 0.5.
The maximum mean helicity density was observed at x = 0.5,
while cross-flow velocity reached a maximum value at k =
0.75. When x was greater than 0.625, cross-flow velocity
changed less than did the mean helicity density. This signifies
that transverse migration of flow inside the channel did not
change drastically for x values higher than 0.625. However,
mean helicity density decreased to about 32% of the maxi-
mum value as x increased from 0.5 to 0.875. When « in-
creased from 0.625 to 0.875, z-vorticity along the protrusion
decreased, and x- and z-vorticity were not sufficiently gener-
ated for flow inside the grooves. Thus, the helicity density
distribution within the groove became weak and spread be-
cause the vorticity induced by the protrusion did not affect
flow within the groove, as shown in Fig. 10. For x = 0.875,
fluid flow within the groove tended to create a large eddy
motion, and small scale helical motion decreased.

Fig. 11 shows that the maximum transverse migration of the
flow was obtained when x was larger than one; however,

(@)
120
100
S 80
F L Grooved
E L Groove
T g0 i Area
H i
£ i
2 1
© 40 |
i
20 | ! .
I
:
0 4=
0.00E+00
(b)
O AD
120 -+
100
T 80
= L(irm\'cd
= Area
Z 60 !
H e
z 1
S 40
|
20 !
!
|
0 -
0.00E+00
©
®
120 @
+ om
100
g
= 80
= -
= i
-
= 60 o
2 o)
H ]
E 1
© 40
20 o
*!__ Grooved
ol Area
0 s
0.00E+00

5.00E-04

3.00E-04

S. J. Baik et al. / Journal of Mechanical Science and Technology 30 (8) (2016) 3729~3739

U_rms

+0AX
+0 AX
04X

o
+0.2
©0.6

1
X 1.4
01.6

1.00E-03 1.50E-03
Velocity Fluctuation (m/s)

2.00E-03 2.50E-03

V_rms

o
+0.2
0 0.6

1
% 1.4
016

6.00E-04
Velocity Fluctuation (m/s)

9.00E-04 1.20E-03

W_rms

+0.2
00.6

x 1.4
J1.6

3.00E-04 6.00E-04

Velocity Fluctuation (m/s)

9.00E-04 120E-0.

Fig. 8. Vertical profiles of the velocity fluctuation of (a) uy; (b) uy;
(c) u, for different values of a.

100

o

Channel Height (um)
o

|
|
|
|
I
i
20
b Grooved
| Arca
0 =

0.00E+00  6.00E-07

RMS of velocity fluctuations

1.20E-06 2 40E-06
RMS of velocity fluctuations (m?/s”)

1.80E-06 3.00E-06 3.60E-06

Fig. 9. Vertical profiles of the RMS of velocity fluctuations for differ-

ent values of a.



S. J. Baik et al. / Journal of Mechanical Science and Technology 30 (8) (2016) 3729~3739 3735

K Pressure Crossflow Velocity X-vorticity Z-vorticity

Helicity L :

= M| =

ap=T2kgm

Fig. 10. Pressure contour, cross-flow velocity, x-,z-vorticity and helic-
ity density distribution across the cross-sectional area orthogonal to the
mainstream direction for different values of «.

TE0 120E-07
.,
—- .
L] 'S a
6.00E-04 P o ~ " LODE-0?
~
s » .
o SOEO! ‘ RS
£ F - 8.000-08
2
2 L0004 ,' ¥ =
z A 6.00E08
= ‘
% 300E04 2 =
4 /
5 ; 4 Crossflow Velocity S 00B08
2.00E-04 A ® Helicity

- Crossflow Velocity e
1.00E-04 — . Helici -
! Helicity

Q.00FE+00 0.00E+00
0 1

0.125 025 0375 s 0.625 0.75 0.875
Kappa(x)

Fig. 11. Mean helicity density and mean cross-flow velocity plots for
different values of k. Dotted and dashed lines indicate hyperbolic curve
fitting of mean cross-flow velocity and mean helicity density, respec-
tively.

small-scale helical motion was maximized at a specific x
value. At x = 0.125, RMS values of u, were very low due to
the absence of transverse migration of fluid. RMS values of
each velocity component increased as x increased. RMS values
of u, significantly increased due to the lateral migration in the
z-direction as a result of the effects of the grooves, as shown in
Fig. 12(c). However, RMS values of u, showed a different
distribution. Like RMS values of u., RMS values of u, within
the non-grooved area increased as x increased. RMS values of
u, within the grooved area increased until x reached 0.500 and
decreased as x increased to 0.875, as shown in Fig. 12(b). In
other words, for x values smaller than 0.500, RMS values of u,
within the grooved area were higher than those within the
non-grooved area. In contrast, RMS values of u, within the
grooved area were lower than those within the non-grooved
area for x values higher than 0.500. These results indicate that
y-velocity fluctuations were induced where the grooved area
changed to a non-grooved area.

We also investigated helical flow patterns for groove inter-
section angles ranging from 1.0 to 4.0 degrees with dimen-
sions of 4, =50 um, w,, = 300 um, & = 1.0 and x = 0.500.

Helicity density distribution and cross-flow velocity distri-
bution of the cross-sectional area are illustrated in Fig. 13(a).
Maximum helicity density was observed near the edge of the
bas-relief grooves, and helicity density was concentrated be-
tween groove patterns. Mean helicity density and cross-flow
velocity were computed numerically along the channel in a
longitudinal direction for different § values, and the results are
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Fig. 13. (a) Helicity density distribution and cross-flow velocity distri-
bution across the cross-sectional area orthogonal to the mainstream
direction; (b) mean helicity density and mean cross-flow velocity plots
for varying values of d.
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Fig. 14. (a) Helicity density distribution and cross-flow distribution
across the cross-sectional area orthogonal to the mainstream direction;
(b) mean helicity density and mean across-flow velocity plots for vary-
ing values of 0.

shown in Fig. 13(b). Mean helicity density increased for
higher values of J. Maximum cross-flow velocity was ob-
served when ¢ was 4.0 and then decreased until an J value of
5.0.

We also investigated helical flow patterns for groove inter-
section angles ranging from 30 to 75 degrees with dimensions
hg, = 50 um, w,, = 300 um and x = 0.625. Helicity density
distribution and cross-flow velocity distribution of the cross-
sectional area are illustrated in Fig. 14(a). Maximum helicity
density was observed near the edge of the bas-relief grooves,
and helicity density was spread over the channel. Mean helic-
ity density and cross-flow velocity were computed numeri-
cally along the channel in a longitudinal direction for different
6 values, and these results are shown in Fig. 14(b). A maxi-
mum mean helicity density was observed when 6 was 30 de-
grees and decreased smoothly until 6 reached 45 degrees.
Mean helicity density decreased faster for 6 values larger than
45 degrees. Finally, when 6 was 60 degrees, the mean helicity
density decreased to 50% of its maximum value. In contrast,
the maximum cross-flow velocity was observed when 6 was
45 degrees, and it decreased by 33% when 0 was 30 degrees.

4.4 Staggered-herringbone micro-mixers (SHMs)

The SHM can be thought of as two SGM devices adjacent
to each other. The herringbone groove asymmetric ratio, #,
determines the relationship between the long grooves and the
short grooves. Previous results confirmed that asymmetric
vortices generated by the asymmetric herringbone shape re-
sulted in more effective mixing than symmetric herringbone
shape; specifically, chaotic advection was introduced by
changeover of flow motion due to changes in the location of
asymmetric grooves [25, 39]. The helical flow within each
groove of an SHM adheres to the same mechanism of fluid
mixing as in a SGM; thus, the base values of 8, a, k were cho-
sen based on the results of the SGM experiments.

We investigated secondary flow patterns for # values rang-
ing from 0.5 (herringbone grooves installed symmetrically) to
0.8 with dimensions 4., = 50 um, w,, = 300 um, o = 1.0, @
=45°, k = 0.625. Fig. 15(a) shows that the helicity density
value changed from positive to negative, which means that the
rotation direction of helical motion was overturned by the bas-
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Fig. 15. (a) Helicity density distribution along the micro-mixer; (b)
pressure contour, cross-flow velocity, x-vorticity and helicity density
distribution across the cross-sectional area orthogonal to the main-
stream direction for different values of 1.
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Fig. 16. Mean helicity density and mean cross-flow velocity plots for
different values of 1.

relief grooves. Cross-flow velocity within the channel was
generated by the pressure difference between the groove and
the protrusion along the channel direction; this behavior is
similar to that of the SGM. We calculated the mean absolute
helicity density (H,, = |H | ) and the mean cross-flow velocity
for different values of #, as shown in Fig. 16. Unlike the re-
sults with different values of 6, a and x, the mean absolute
helicity density did not change notably with different values of
n. This indicates that the flow patterns that produced helical
motion do not have a significant effect on fluid flow with
varying values of #.

The mean cross-flow velocity gradually increased as # in-
creased. At n = 0.8, the mean cross-flow velocity was about
7% higher than that observed when # = 0.5. This means that n
did not have a significant effect on the transverse migration of
flow, in contrast to &, a and . The pressure differences that
drove fluid flow inside the micro-mixers did not change sig-
nificantly as # changed, in contrast to the SGM results shown
in Fig. 17. Furthermore, because the a, x and 8 of the grooved
channel were the same as those of the SGM, the values of x-
and z- vorticity induced by grooves and the protrusion were
almost the same. Thus, the mean absolute helicity density and
the mean cross-flow velocity did not vary significantly for
different values of #. Therefore, # is not a major factor influ-
encing helical motion. Helicity and crossflow velocity distri-
butions alone cannot fully explain the chaotic advection effect.

RMS values of each velocity component are shown in Fig.
18. At the groove, the RMS values of u, increased slightly as #
increased. As the asymmetry of the herringbone groove in-
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Fig. 17. Pressure contours across the cross-sectional area orthogonal to
the mainstream direction for various values of a, k and 7.
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Fig. 18. Mean helicity density and mean cross-flow velocity plots for
different values of 1.

creased, RMS values of u, increased through the whole chan-
nel, while those of u.decreased. This indicates that the direc-
tion and amount of transverse migration in the fluid slightly
shifted from the y-direction to the z-direction as # increased.

4.5 Bi-layered staggered-herringbone micro-mixers (BSHMs)

BSHM has patterned grooves not only on the bottom wall,
but also on the upper wall of the channel. Research groups
have used both conventional and novel methods to enhance
the mixing efficiency of BSHMs and ensure that they provide
better mixing than SHMs [29, 30]. However, staggered her-
ringbone grooves were created symmetrically on both sides.
Therefore, we investigated the helical motion of flow with
asymmetric installation of grooves on both sides. We varied
the bi-layered groove asymmetric ratio, y, from 0 (herringbone
grooves installed symmetrically) to 0.5 with dimensions 4., =
50 um, wy, =300 um o = 1.0, x = 0.500 and 7 =2/3; this is
the same herringbone groove asymmetric ratio used by
Choudhary et al. [29]. When y was 0, four transverse flow
patterns were observed, and two small and two large vortices
were generated, as shown in Fig. 19. Helicity density was
distributed symmetrically on the upper and lower sides of the
channel, with opposite signs.

As y increased, pressure difference patterns significantly
changed, resulting in a cross-flow velocity. Thus, the symme-
try of both properties was disrupted, and the layer that divided
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Fig. 19. Pressure contour, cross-flow velocity, x-, z-vorticity and helic-

ity density distribution across the cross-sectional area orthogonal to the

mainstream direction for different values of y.
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Fig. 20. Mean helicity density and mean cross-flow velocity plots for
different values of y.

the upper and the lower sides experienced stirring. This signi-
fies that the lateral migration along the z-direction proceeded
within the whole channel. As shown in Figs. 21(b) and (c), the
RMS value of u. increased as y increased to 0.5. This result
explains the increase in fluid migration along the z-direction.
In contrast, the RMS value of u, decreased within the non-
grooved area as y increased. This indicates that the direction
and amount of transverse migration of the fluid shifted from
the y-direction to the z-direction as the asymmetry of the bi-
layered grooves increased. We calculated the mean absolute
helicity density and the mean cross-flow velocity for different
values of y, and the results are shown in Fig. 20. Mean abso-
lute helicity density increased gradually by about 23% as y
was varied from 0 to 0.5, while the mean cross-flow velocity
increased gradually by about 14%. Asymmetric installation of
grooves on both sides enhanced helical motion.

5. Conclusions

We performed hydrodynamic analyses to investigate the
helical motion of the fluid flow of water with a low Reynolds
number by varying several geometric parameters for SGM,
SHM and BSHM mixers. Numerical simulations using
D3Q19 lattice Boltzmann methods revealed that helical mo-
tion and transverse migration were maximized by changing
the bas-relief groove designs and bi-layered asymmetric struc-
tures. We focused on five geometric parameters and per-
formed geometric parameter analysis through simulation to
determine the effect of each parameter on fluid flow. Oblique
groove patterns played a significant role in generating the
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helical flow inside the channel due to their ability to generate
x- and z-vorticity. Groove height to channel height ratio, a,
and groove width to groove pitch length ratio, x, had the
greatest effect on helical flow motion over grooved surfaces.
The herringbone groove asymmetric ratio, #, was also an
important parameter related to chaotic advection. However, its
influence on helicity density and cross-flow velocity was rela-
tively small because it contributed to pressure differences in
the cross-sectional area and generation of x- and z-vorticity
along the protrusion. Asymmetry of the bi-layered grooves
also enhanced helical motion and transverse migration of the
fluid. Using velocity fluctuation analysis, we confirmed that
asymmetry of the bi-layered grooves disrupted the layer struc-
ture between the upper and lower areas and induced fluid
transportation. On the other hand, flow with a low Reynolds
number was affected by the viscosity of fluid; thus, the geo-
metric effects on the fluid mixing within the micro-channel

vary for fluids of different viscosity.
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