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Geometric effects on fluid mixing in passive grooved micromixers
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The effects of geometric parameters on the mixing performance of a staggered herringbone mixer
(SHM) with patterned grooves are numerically investigated. Combining use of the software

package CFD-ACE+ and the Taguchi method provides a powerful and systematic approach for
research on microfluidics. An orthogonal array Lo(3%) is established for parameters introduced by

the groove geometry; in total 9 cases are simulated. Analyses of the mixing phenomena, geometric

parameter, pressure loss and flow rate through grooves are conducted. The modes of fluid motion

and dominant mechanisms of mixing within the SHM are observed and ascertained. Although the
depth ratio and the asymmetry index of the groove are found to be dominant geometric

parameters, the rate of flow within the groove is verified to be the most significant factor that

affects the mixing performance of a SHM. To date, the effects of the parameters are evaluated
within specified ranges, and the true optimum design has yet to be discovered.

1. Introduction

Featuring compactness and ease of fabrication, passive
micromixers are widely utilized in Lab-on-a-Chip systems
and micro total analysis systems (LTAS). Generally, fluids
within the passive micromixer are stretched and folded when
passing the channel, which effectuates mixing. A micromixer
with a three-dimensional serpentine channel was developed by
Liu er al' The serpentine flow passage kept twisting the
interface between the two fluids, which produced chaotic
advection and enhanced mixing at a higher Reynolds number.

Stroock et al.>* developed a novel version of the T-shaped
micromixer; the staggered herringbones were patterned on the
bottom wall, and the helical motions of the fluid driven by the
grooves were observed to result in better mixing. Wang et al.’
conducted numerical investigations into this type of micro-
mixer. Deeper grooves were found to improve the mixing
efficiency and reduce the channel length required for complete
mixing. The flow was also found® to be stretched and folded by
the patterned groove, so that the diffusion path was reduced
noticeably and rapid mixing was made possible.

A slanted well was patterned at the bottom wall of the
T-shaped channel by Johnson er al,”® which realized quick
mixing by introducing transverse transportation of the fluids.
Two counter-rotating vortices were found in the channel of the
staggered herringbone mixer (SHM) by Aubin ez al.,” in which
the CFD software package CFXS was adopted for simula-
tions. Another numerical investigation (CFX 4.2) on the single-
sided base-relief structured channel performed by Schonfeld
and Hardt'® showed a consistent ratio of average velocities
with that of the experiments of Stroock ef al.> On the other
hand, a theoretical analysis utilizing a colored particle tracking
method conducted by Kang et al.!' demonstrated consistent
results with those of Stroock et al.’
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The T-shaped and Y-shaped micromixers are both funda-
mental microfluidics configurations. When the flow field is
scaled down to behave in the microchannels, the surface to
volume ratio increases drastically so that the boundary
conditions become more dominant. Hence the staggered
herringbone mixer (SHM) with patterned grooves is more
effective at microscale due to the significant dominance of the
surface effects. Although there have been many studies
concerning the staggered herringbone mixer, a systematic
investigation into geometric effects on the SHM’s performance
was found to be rare.

The Taguchi method was found to be a powerful tool in the
research field of MEMS.'>!* By adopting this approach,
the number of experimental parameters is reduced and the
sensitivity of each parameter is analyzed. In this study,
influences upon the SHM’s performance of the geometric
parameters that have not yet been studied are investigated
numerically. The work is conducted in a more systematic
manner by introducing the Taguchi method. The orthogonal
array used here is Lo(3%), so that the number of simulations
required for a thorough analysis is reduced from 3* = 81 to 9.
The grid independence is estimated at the very beginning;
the sensitivity of the geometric parameters and the optimum
design considering the mixing index are then obtained
simultaneously.

2. The orthogonal array

Considering the geometric parameters, the intersection angle
of the groove in the SHM developed by Stroock er al? was
fixed to be 90°; an optimization study by Johnson and
Locascio’ showed that better mixing was achieved by
increasing the depth and decreasing the inclination (angle
formed between the groove and the channel) of the groove.
Further, the influence of the number of subsections has
been studied numerically by Jen er al'* The optimal
mixing performance was obtained for a twisted micromixer
with 6 subsections.
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Fig. 1 The geometry of the staggered herringbone mixer (not to
scale).
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Fig. 2 Parameters related to the geometry of the groove.

Besides the factors mentioned above, there are other
geometric parameters that have not yet been thoroughly
studied. Since the performance of the SHM, or the quantity
“mixing index,” is considered to be dominated by the groove-
driven helical motions of the fluid, the parameters relating to
the groove geometry are focused upon in this investigation.
These factors include the asymmetry index p, the depth ratio of
the groove o, the groove intersection angle 0, and the W/H
ratio. The geometry of the whole SHM is shown in Fig. 1,
where D — oD is equal to 70 um, and the geometric parameters
introduced by the groove are shown in Fig. 2.

Due to the complexity of the microfluidics experiment,
computational fluid dynamics are utilized in this study for a
shorter device design cycle and more physical insight into the
mixing process is given. The numerical value of each parameter
is listed in Table 1, and the established orthogonal array is
shown as Table 2. The Reynolds number is set to be 10 and the
Peclet number is 20 000 in this study.

3. Numerical simulations

The governing equations of the isothermal incompressible
steady-state mixing process in the staggered herringbone mixer
are the continuity equation, the Navier-Stokes equations and
the species convection—diffusion equations (gravity force is
neglected).

Table 1 Numerical values of geometric parameters

No.  Parameter 1 2 3

A Asymmetry index (p) 0.21 0.33 0.45

B Depth ratio of the groove (o) 0.07 0.13 0.18

C Upstream to downstream channel 0.5 1 L5
width ratio (W/H)

D Groove intersection angle (0) 60° 90° 120°

Continuity equation

o ()
Momentum equation
et O
Species equation

The boundary conditions are

inlet: u, = constant, uy = 0, u, = 0, ¢ = constant, p =
constant;
> Ou; Jc
outlet: — =0, — =0, p = 0;
ox, 0x 4

wall: #; = 0 (no slip} condition), where u;: the velocity in the i
direction

p: pressure

p: density of the fluid

w: viscosity of the fluid

D: molecular diffusivity

¢: species concentration.

The numerical simulations of the nine cases in Table 2 are
conducted by utilizing the CFD software package CFD-ACE+
of CFD Research Corp. The SIMPLEC method is adopted for
pressure—velocity coupling. The central differencing scheme
(with blending set to 0.1) and second-order upwind scheme are
adopted for the velocity and concentration calculations,
respectively'® (CFD-ACE 2002 user manual). The coefficients
of viscosity and diffusion are set to be constant. No chemical
reaction is considered to happen between the fluids entering
from the two inlets. The concentration of the species is
normalized to be one for the inlet in the positive-x direction
(right) and zero for the opposite inlet (left). The solution is
considered to be converged when the following criterion
has been met for all dependent variables between the sweeps n
and n + 1:

(anrl _¢n

s 10~ 4)

max

Note that ¢, represents the reference value of the dependent
variable ¢.

The present simulations are performed on a highly variable
mesh, as shown in Fig. 3. The mesh is constructed to capture
not only the large gradients of concentration but also the

Table 2 Lo(3% orthogonal array

Case no. A B C D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1
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Fig. 3 Mesh arrangement of the staggered herringbone mixer channel at the outlet.

boundary layers near the fluid-solid interface. Also, the mesh
is arranged to be capable of providing sufficient resolution at
the grooved surfaces with minimum element distortion.

An analysis of the grid size sensitivity has been conducted at
the very beginning. The latter case has been selected for further
investigation such that the overall mixing index variation
does not exceed 8% in the micromixer (Table 3). In Fig. 4, the
simulated concentration distribution is in agreement qualita-
tively with the previously published experimental result.>

4. Mixing phenomena

By inspecting the results from the numerical simulations, the
fundamental mixing phenomena within the SHM are clarified.
If there are no grooves present, the concentration distribution
at the outlet is anticipated to possess a similar pattern to that
at position Y = 0. However, a comparison between the
concentration distributions at the cross-section Y = 0 and the
outlet ¥ = 1.7 mm (Fig. 5) of the SHM reveals an evident
difference. The bulk advection is then considered to be
significant during the mixing process. The whole mixing
effects in the SHM are considered to be the combined results
of molecular diffusion between the two fluids and the bulk
advection caused by the grooves at the bottom wall.

The streaklines (Lagrangian trajectories) of the flow within
the SHM (Fig. 6a) reveal more details about the bulk
advection. The fluid from the left inlet (in the negative-x

Table 3 Grid sensitivity analysis

Relative
Average  Relative difference
Number Pressure mixing difference in mixing
of nodes  loss’kgm™2  index in pressure (%)  index (%)
37 378 407.0 0.18 — —
455 184 429.9 0.14 5.3 28.6
900 612 427.6 0.13 0.5 7.6

1.0
0.8

0.6
0.4
0.2
0.0/

Fig. 4 Comparison between (a) the simulated concentration distribu-
tion with (b) the previously published result® for Pe = 20 000.

(a) (b)

direction) first reaches the front edge of the groove. It is then
divided into two streams. The stream closer to the left side of
the groove front edge enters the shorter left-heading section of
the groove, goes beneath the flow from the right inlet (in the
positive-x direction) in the groove channel, rolls out from
the groove at the side edge, and finally goes back to the
mainstream (Fig. 6b). The action results in the clockwise
rotation of the flow in the mixing channel.

The other stream enters the longer right-heading section of
the groove, goes beneath the flow from the right inlet in the
groove channel, rolls out from the groove at the side edge, and
finally goes back to the mainstream (Fig. 6¢). The action
results in the counter-clockwise rotation of the flow. Besides, a
small scale helical motion is observed (Fig. 6d), which is
similar to the result from Wang et al. 5> However, because of the
similar size of the grid and the helical scale, this flow mode has
yet to be further clarified. Note that minor helical motions of
the flow are also observed at the interface between the groove
and the mixing channel as part of the flow from the left inlet
ripples over.

As far as the fluid coming from the right inlet is concerned,
while some of it flows downstream directly above the groove,
the rest is either trapped into the groove or ripples over the
groove. It is believed that the second and third modes of flow
are beneficial to the effects of mixing, while there is almost no
contribution by the first flow mode.

Contributions to mass transfer and mixing by bulk
advection of the flow are more evidently demonstrated in
Fig. 7. As the flow goes downstream, the fluid coming from the
left inlet is guided beneath the flow coming from the right inlet.
The groove-guided motions of the flow result in increased
contact area between the two fluids and the enlarged velocity
vectors vertical to that of the mainstream in the mixing
channel, which both enhance the degree of mixing. In Fig. 7,
there is a mixed zone at the lower-right side due to the flow
rolling back from the longer right-heading groove section.

1 . -

(a)Y=0 (b)Y=1.7mm

(=R E e e N

1.
0.
0.
Q.-
0.
0.

Fig. 5 Concentration distributions at the two cross-sections (a) ¥ = 0
and (b) ¥ = 1.7 mm.
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Fig. 6 Lagrangian trajectories of the flow within the staggered
herringbone mixer.

A similar situation happens at which the headings of the longer
and the shorter groove sections are changed to the opposite
directions. The fluid in the right, which has been mixed to a
certain extent at the prior stage, starts being transmitted to the
left by the longer left-heading groove section. Since the fluids
within the mixing channel are first turned clockwise and then
counter-clockwise by the flow rolling back from the grooves,
the final interface between the two fluids remains in the middle
of the channel. But two zones with uniformly-distributed

Fig. 7 Simulated concentration distributions at various cross sections
from Case 1.

concentration are also generated at the lower-right and lower-
left side, respectively. The contribution to mixing by the
rolling-back of the flow from the grooves is then verified by the
coincidence between the locations of the well-mixed zones and
those of the vortical flow motions as seen in Fig. 7.

According to the above analysis, at lease two mechanisms
are considered to dominate the mixing process within the
SHM. While the vortical motions of the flow at the side edge
result in the stretching and folding of the interface between the
two fluids, which was proposed by Stroock et al? and
Schénfeld and Hardt,'® the underside fluid transportation by
the grooves is believed to increase the contact area between the
two fluids. In other words, fluid transportation within the
groove induces large vortical and minor helical motions within
the mixing channel. These motions result in an increase of the
contact area between the two fluids and the flow vertical to the
mainstream direction, which both enhance mixing. It is then
reasonable to expect that the flow rate within the groove is one
of the factors dominating the mixing performance of the SHM.
The significant role played by the grooves in the SHM will be
further discussed in the next section.

5. Geometric parameter analysis

Based on the results from the simulations, the square of
standard deviation of the concentration at the end plane
(outlet) is calculated by eqn. (5) for each case. The mixing
index (Mi) and the signal to noise ratio (1) are also evaluated
by eqns. (6) and (7), respectively (Table 4). Better mixing

Table 4 The mixing index, square of standard deviation and signal to
noise ratio of the orthogonal array in Table 2

Mixing Square of standard
Case no. index (Mi) deviation (¢?) SIN (1)
1 0.11 0.20 7.02
2 0.14 0.18 7.33
3 0.14 0.18 7.37
4 0.10 0.20 6.93
5 0.12 0.19 7.10
6 0.15 0.18 7.41
7 0.10 0.20 6.94
8 0.11 0.20 7.07
9 0.10 0.20 6.93

This journal is © The Royal Society of Chemistry 2005

Lab Chip, 2005, 5, 1140-1147 | 1143



Table 5 The influence of each parameter on the signal to noise ratio

LN B nc o
1 7.24 6.96 7.16 7.02
2 7.15 7.17 7.07 7.23
3 6.98 7.23 7.14 7.12
Max—min 0.26 0.27 0.10 0.21

performance is revealed by the larger values of either the
mixing index or the signal to noise ratio.

1 n
o= ;Z(cﬁcw)z )
i=1
. [ lei—co|dA
ie (1 ©
11=%=—1010g02 @)

where ¢; is the concentration distribution at the end plane of
the ith species, ¢ is the initial concentration at the inlet, c.. is
the concentration of complete mixing, Mi is the mixing index,
o’ is the square of standard deviation, and 7 is the signal to
noise ratio.

To evaluate the mixing performance of the SHM, a static
Taguchi analysis for the problem with the character of “the
smaller the better”” has been performed. Investigating further
the results from Table 4, the influence of each parameter on
the signal to noise ratio is demonstrated in Table 5.

The results from Table 5 are depicted in Fig. 8. The positive
slope of the curve in Fig. 8 indicates that increasing the
corresponding parameter results in a higher mixing index, and
vice versa. The mixing performance is found to be most
sensitive to the depth ratio of the groove o. The relative
effectiveness of the geometric parameters is ranked as:

o ~p>0>WH ®)

—=&— Asymmetry Index

—a&— Depth ratio of the groove

—%— Upstream/Downstream Channel Width Ratio
—»— Groove Intersection Angle

- - - - Average

7.3

=
N
T

Average of SN [db]
-\I
~J] —

ot
©

0.210.33 0.45 0.150.30 0.45
Asymmetry Depth ratio of
index the groave

051015 60° 90° 120°
Upstream to Groove
downstream intersection
channel width
ratio

Fig. 8 Influence of design parameters on signal to noise ratio.

The depth ratio of the groove a

The depth ratio of the groove is found to be one of the most
effective parameters in this analysis. According to the flow
simulation, it is evident that the flow rate increases as the
groove becomes deeper. Also, the large vortical motions of
the fluid at the side edge of the groove are enhanced by the
increased groove depth, so that the mixing is significantly
improved as the depth of the groove increases. This result is
consistent with Johnson and Locascio’s work.” The connection
between the flow rate within the groove and the mixing index is
further verified in the following sections.

The asymmetry index p

The longer section of the asymmetric-V groove in the SHM is
believed to be capable of transporting the fluid to another side
of the channel which was originally occupied by the other
fluid. So, asymmetry is favored for better mixing due to the
more effective transportation capability. If the front edge of
the groove is close to the center plane (X = 0) of the mixing
channel, there is less substantial transportation of the fluid to
the other side of the channel. Thus the improvement on mixing
is poor. From another perspective, since the scales of the two
vortices within the mixing channel are actually determined by
the asymmetry index, two vortices with dissimilar scales are
demonstrated to provide a better mixing performance than
two equally-sized ones. According to Schénfeld and Hardt,'
chaotic advection was introduced by alteration of the flow
motion; and this further verifies the more effective mixing by
asymmetric vortices. However, the result doesn’t imply that
the best mixing performance is achieved when the asymmetry
index is equal to zero; no chaotic advection is introduced in
this case where only one vortex is produced.

The groove intersection angle 0

There is only a mild impact on mixing by changing the groove
intersection angle. Though this result is not explicitly demon-
strated by the flow field within the SHM, the effect of the
intersection angle is further clarified when considering the
pressure loss within the grooves.

The upstream to downstream channel width ratio W/H

Since the effect of the width ratio is restricted to redistribute
the two fluids in the intersection of the inlets and the mixing
channel, there is no significant impact on the overall
mixing performance of the SHM. A more substantial effect
by this parameter is expected for cases with high Reynolds
numbers.

After clarifying the effect of each parameter on mixing, the
optimum design of the SHM is also expected to be discovered.
The optimum geometry obtained from Table 5 is 4,B3C; D>,
and the corresponding signal to noise ratio for the optimum
design according to the Taguchi method is evaluated as:

Noptimum — Al + B3+ Cl +D2 —3x T=1724+723+7.16+
723 =3 x 7.12 =750

where 7' = average signal to noise ratio of all cases.
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Fig. 9 Simulated concentration distributions at various cross sections
from Case 3.

The optimum geometry is examined again by performing
simulations on CFDRC-ACE+. The results show that the
square of standard deviation ¢ is 0.19, which implies that
the signal to noise ratio 5 is only 7.22. The deviation from the
result of the Taguchi method is considered to be caused by
crosstalk effects among the selected geometric parameters,
which means that these parameters are not independent
from each other. Though the Taguchi method is capable of
providing a thorough analysis of the geometric parameters, it
is still limited by the selection of the parameters. So, according
to the results from the nine simulated cases, the optimum
design in this study is considered to be that of Case 6.

Since parameters o and p are considered to be dominant, the
major difference between Cases 1 and 3 is the depth of the
groove. The concentration distributions at several cross
sections within the SHM in Case 3 are shown in Fig. 9. It is
evident that the mixing performance in Case 3 is much better
than that in Case 1. The reason for that is considered to be the
deeper groove in Case 3, which is capable of transporting more
fluid for mixing. The vortical motions of the fluid induced by
the groove are also enhanced, which is demonstrated by the
large well-mixed zone at the lower-right side of Fig. 9.

6. Pressure loss analysis

As far as the micromixer is concerned, pressure loss through
the mixing channel is critical to its practicability and must be
evaluated during the design phase. Pressure loss across the
SHM for all cases are plotted in Fig. 10. No significant
connection between pressure loss and the mixing index is
observed. The higher pressure loss is considered to be a
consequence of the smaller width of the inlet channel. Such as
in Cases 1, 6 and 8, the channel width of the inlet is only 50 pm
and the pressure loss achieves a maximum of 1000 Pa. No
substantial effects on the pressure loss are observed for the
other three parameters (p, o and ). A SHM with good mixing
performance and low pressure loss is then considered to be
realizable.

However, since the flow rate within the groove is expected to
be the dominant factor affecting mixing performance, we
focused on pressure loss within the groove instead. Based on
the uniform pressure distribution at each X-Z plane in the

2000

1500

1000% =y 2

pressure loss (Nimzl

s00f g o ™

0 1 1 1 1 1 1 1
1 2 3 4 5 6 7 =] =)

case number

Fig. 10 Pressure loss across the SHM.

350

340

330
326

Fig. 11 Pressure distribution within a groove.

mixing channel, the pressure at the front edge of the groove is
always larger than that at the rear end. The pressure generally
decreases along the side wall of the groove (Fig. 11). So the
fluid is pushed into the groove and results in enhanced mixing
as discussed before.

The relationships between pressure loss along the groove
and the geometric parameters are considered to be relevant to
the flow rate within the groove. Since one of the groove
sections shrinks as parameter p decreases, the flow rate is
increased due to the enlarged pressure difference along the
longer section of the groove. On the other hand, increasing
parameter o actually increases the cross-sectional area of the
groove, thus the flow resistance is reduced and the flow rate is
raised. The trend is consistent with the results from the
Taguchi method, that is, decreasing the asymmetry index p or
increasing the depth ratio of the groove o both increase the
flow rate within the groove and uplift the mixing performance.

The effect of parameter 0 on the flow rate is not explicit.
While increasing 6 reduces both pressure difference and flow
resistance, decreasing it actually results in a larger pressure
difference and flow resistance. As a result of the offsets, the
impact on mixing by parameter 0 is less significant than
parameters p and o. The character is again in agreement with
analysis based on the Taguchi method.

7. Groove flow rate analysis

According to previous analyses (flow field, geometric para-
meters, pressure loss), the flow rate in the groove is one of the
most important factors dominating the mixing performance of
the SHM. To further clarify this connection, the flow rate
within the grooves of the SHM is directly evaluated by

This journal is © The Royal Society of Chemistry 2005
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Fig. 12 Volume flow rate ratio of each groove.

integrating the velocity field over the center plane (X = 0) in
the mixing channel. A total of twelve grooves are divided into
two mixing half-cycles; while the longer section of the groove
is left-heading in the first half-cycle (groove numbers 1-6),
it orients to the right in the second half-cycle (groove
numbers 7-12). The total groove flow rate in the first half-
cycle is considered as the “positive” flow rate, and that of the
second half-cycle is viewed as a “‘negative” value. For the
nine simulated cases, the ratio of the flow rate in each
single groove to the total flow rate within the mixing channel
is demonstrated in Fig. 12. The ratio is in the range from
0.18 to 1.56%.

It is noted that the volume flow rate ratio of the first groove
is the maximum among all the grooves. Also, the flow rate
ratios of the first and last grooves within each half-cycle are
larger than those of the other grooves. The descending of the
flow rate ratio is actually caused by “interference” among
the grooves. The cross-sectional area is increased due to the
existence of the groove, and the flow rate ratio of the groove is
reduced as a result of the decreased pressure drop through the
groove. Since the direction of the grooves changes as the fluids
travel downstream to another half-cycle, it is evident that the
flow rates of the first and last grooves in each half-cycle are less
affected by pressure reduction than the other grooves. It
should also be noted that while the fluid transported to the
right in the first half-cycle is basically “pure,” the groove-
delivered fluid in the second half-cycle has been pre-mixed to a
certain extent. This is demonstrated in both Fig. 7 and Fig. 9,
in which the fluid is arriving at the leading edge of the second
half-cycle. And, it is obvious that the fluid transported by the
grooves then is already partially mixed.

A comparison among the mixing index, the sum of
the groove volume flow rate ratio within the first half-cycle
(Qy/Or), and the ratio of the total groove volume in the first
half-cycle (V) to the total volume of the mixing channel (V},,)
for the nine simulated cases is shown in Table 6. Though there
is only a three-times difference for Vy/V,, the resulting
difference for Qu/QOn, is as large as eight-times. Considering
the top four rankings of the mixing index and the volume flow
rate ratio Q,/QOn, it is found that the two rankings completely
agree with each other. The coincidence evidently verifies a

Table 6 Comparison among the mixing index, the groove flow rate
ratio, and the groove volume ratio

Case no. Mi Oyl O (%0) Vel Vin
1 0.11 1.5 0.05
2 0.14 5.7 0.11
3 0.14 8.9 0.16
4 0.10 1.5 0.05
5 0.12 35 0.11
6 0.15 8.1 0.16
7 0.10 1.1 0.05
8 0.11 2.2 0.11
9 0.10 2.8 0.16

direct connection between the mixing index of the SHM and
the groove volume flow rate ratio. And the flow rate within the
grooves of the SHM is substantiated as the most critical
geometric parameter. The significance of the other parameters
is revealed only if the flow rates within the groove between two
micromixers are close.

It is worth noticing that the volume occupied by the grooves
is critical to the design concept of reducing the “dead volume™
for a biochemical or biomedical device. Although the groove
volume ratio in the first half-cycle is as much as 16%, the
groove flow rate ratio achieves merely 8.9% in the optimized
case (Case 3). Other appropriate parameters must be sought
for practical and optimum design as far as the biochemical or
biomedical applications are concerned.

8. Conclusions

The effects of geometric parameters on the mixing perfor-
mance of the staggered herringbone mixer (SHM) are
numerically investigated in a systematic manner. The compu-
tational fluid dynamics software package CFD-ACE+ is
utilized in combination with the Taguchi method. Four
parameters introduced by the geometry of the patterned
grooves are focused upon. A Lo(3*) orthogonal array is
established to reduce the number of simulations required for
complete analysis. A total of nine cases (Re = 10, Pe = 20 000)
are evaluated by a mixing phenomena study, geometric
parameter analysis, pressure loss analysis, and groove flow
rate analysis.

Three different modes of fluid motion are observed in the
mixing phenomena study. The fluid either goes into the
groove, or flows directly downstream. The motion modes
result in at least two dominant mechanisms of mixing in the
SHM. While the vortical motions of flow at the groove’s side
edge result in the stretching and folding of the interface
between the two fluids, the underside fluid transportation by
the grooves increases the contact area between the two fluids.
Since the groove is involved with all of the substantial mixing
mechanisms, the flow rate within the groove is then expected
to play one of the most significant roles considering the mixing
performance of the SHM.

Geometric parameter analysis, based on both the simulation
results and the Taguchi method, reveal the relative effective-
ness as: depth ratio of the groove ~ asymmetry index >
groove intersection angle > upstream to downstream channel
width ratio. Only the first two parameters are considered to be

1146 | Lab Chip, 2005, 5, 1140-1147
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essential. While both of them are directly relevant to the flow
rate within the groove, the results from pressure loss analysis
also support the possible significance of the groove flow rate.
At last, the total flow rate within the grooves in the first mixing
half-cycle is directly evaluated for each simulation case. The
ranking of the groove flow rate and that of the mixing index
are in agreement in the top four cases. The groove flow rate is
verified as the most important factor affecting the mixing
performance of the SHM.
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