Evaluation of the Mixing
Performance of the Micromixers
With Grooved or Obstructed
Channels

The mixing flows in microchannels were examined using numerical methods. To speed up
fluid mixing, it is essential to generate lateral transport of mass. In this study, the mixing
flow is disrupted by either placing grooves or block obstacles on the walls of the chan-
nels. Since the grooves or the blocks appear in a periodic configuration, the velocity is
solved only in a section of the channel. With the repeating cycle of flow velocity field, the
Sfluid concentration can be calculated throughout the entire length of the channel. Good
agreement with experiments in the mixing performance justifies the present methodology.
Two different channel configurations are under consideration: grooved channels and
obstructed channels. The results reveal that with straight grooves, a well organized
vortex flow is formed in the vertical plane along the groove, which leads to a helical flow
in the channel. The mixing performance can be enhanced by having grooves on both the
top and the bottom walls arranged in a staggered manner, by which the transversal
velocity is largely increased. It is seen that the strength of the secondary flow and, thus,
the mixing can be improved by suitably choosing geometric parameters of the groove,
such as the depth, the width, and the oblique angle. It is also shown that the efficient
mixing for the staggered herringbone type groove is due to the fluid stratification caused
by the exchange of position of the resulted counter-rotating vortices. As for the obstructed
channels, the flows are in essence two dimensional. Very strong transversal velocity can
be produced by narrowing down the flow passage in the channel. However, the efficient
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mixing is obtained at the cost of large pressure head loss. [DOL: 10.1115/1.2948364]

1 Introduction

Rapid mixing is crucial to the microfluid systems, which are
now widely used in biochemistry analysis, chemical synthesis,
drug delivery, high-throughput screening, among others. In micro-
systems, the small size prohibits turbulent mixing. The Reynolds
number is generally less than 100 and can be as low as 0.01,
which lies in the creeping regime. Hence, the mixing in micro-
channels is predominantly governed by molecular diffusion. If the
thickness of the lamella structure of the fluid is much larger than
the characteristic diffusion length, it is difficult to obtain rapid
mixing.

To enhance fluid mixing, either active or passive methods can
be employed. Active mixing is usually achieved by periodically
perturbing the flow field. A number of fluid actuation methods
have been introduced, including electrokinetic force [1,2], ultra-
sonic actuation [3,4], thermal power [5,6], periodic pressure per-
turbation [7-9], etc. Active mixers have obvious disadvantages
over passive mixers in the requirement of external power sources
and the complexity in terms of fabrication, operation, mainte-
nance, and package. On the other hand, passive mixers utilize no
extra forcing mechanism other than the basic pressure head used
to drive the fluid flow.

In smooth and regular flow fields, efficient mixing can be ob-
tained by creating chaotic advection, which stretches and folds
fluid elements [10,11]. According to chaotic advection theory, the
chaos can arise in a nonlinear dynamic system provided that three
degrees of freedom are present [12]. For two-dimensional flows, a
time-dependent perturbation is usually imposed to provide the
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third degree of freedom to generate chaotic mixing. Under the
condition of steady state, a three-dimensional flow is required.
The active micromixers are of the former type, while the passive
ones usually belong to the latter. Therefore, it is essential for the
passive micromixers to generate strong enough lateral flows such
that the fluid interface can be greatly stretched and folded.

Mengeaud et al. [13] examined a zigzag microchannel. Below a
critical Reynolds number of about 80, the flow remains parabolic
and the mixing is ensured by molecular diffusion. At high Rey-
nolds numbers, a transversal velocity is induced due to the flow
recirculation behind the sharp turning corners, which improves the
mixing process. Similar results were observed in the study of Liu
et al. [14] for square-wave channels. The flow field in these two
types of micromixer is essentially two dimensional because the
channels make sharp turns only on a plane. To create fully three-
dimensional flow, Liu et al. [14] proposed a serpentine design by
which the channel periodically makes sharp turning in a three-
dimensional manner. It was shown that with this kind of micro-
channel the mixing ability is much improved over the square-
wave channel for Reynolds numbers between 6 and 70. As an
example, at a Reynolds of 70, the former produces 1.6 times more
reacted phenolphthalein than the latter. However, the complex
three-dimensional structure of the serpentine channel has posed a
challenge to fabrication.

Another way to induce lateral transport is the use of patterned
grooves on the wall surface of the channel [15]. It was schemati-
cally shown in the experimental study of Stroock et al. [16] that
by placing straight grooves on the floor, a secondary flow is
formed in transversal planes and the flow streamlines in the chan-
nel become helical. Similar transversal flows were also observed
by Johnson et al. [17]. Instead of straight grooves, patterned
grooves with herringbone structure result in a pair of counter-
rotating helical flows. Chaotic advection can be generated by ar-
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ranging the herringbone grooves in a staggered manner: The di-
rection of asymmetry of the herringbones switches with respect to
the centerline of the channel from half a cycle to the other half.
The results obtained by Stroock et al. [16] revealed that efficient
mixing can be achieved for Reynolds numbers from 1072 to 10.

To create corotating transversal flows, Kim et al. [18] placed
barriers along the top surface of a channel while the floor was
formed from ablated walls. The periodic insertion of the barriers
leads to continuous exchange of flow pattern between the single
vortex type and the double vortex type.

In the study of Howell et al. [19], two sets of straight grooves
and two sets of chevron-shaped grooves appeared on both the top
and bottom of the channel. The chevrons on the two walls direct
in opposite directions. It was shown that due to the strengthened
lateral velocities by the double grooves and the resulted complex
vortex flows, the mixing is greatly enhanced.

To look into detailed flow behaviors and evaluate the mixing
performance, it is required to visualize the flow field in the micro-
channel. Computational fluid dynamics is a good approach to ful-
fill this task and has been employed to examine different channel
designs. For quantification of the mixing performance, either the
particle tracking method or the transport equation method has
been adopted. In the former, a number of particles are introduced
into the channel and the positions of all particles are traced by
using the Lagrangian approach. Because of the periodic configu-
ration of the microchannel, the recording of the particle tracking
can be used to generate the Poincare map to check if chaos occurs
[9,20,21]. In the above studies, the particles are released at the
inlet plane. By this means, the distribution of particles cannot be
controlled; some regions in the outflow plane, especially near the
walls, are often poorly covered by the particles seeded at the
inflow plane. Mott et al. [22] developed a backtracking method in
which the trace particles are introduced from the outlet plane. In
this way, a uniform distribution of information across the entire
outflow plane is obtained. A drawback of the Lagrangian approach
is that the molecular diffusion is not taken into account. As for the
other method, the distribution of the mass concentration for the
mixed fluids is obtained by solving a transport equation
[13,23,24]. This method requires that the grids used for calcula-
tion have sufficient resolution and the difference scheme must be
of high order accuracy to avoid numerical diffusion. Comparing
with the transverse dimension, the length of the channel is so long
that most studies restrict their calculations to a short length due to
enormous computational cost.

The present work aims at evaluating the mixing performance of
different micromixers in full length of the channel. To take advan-
tage of the periodic arrangement of the channel geometry, it is not
necessary to solve for the velocity in the entire channel; only a
section covering several periodic units is required to represent the
velocity field. The transport equation for mass concentration is
then solved throughout the full length of the channel by repeatedly
making use of the periodic velocity field. This approach is applied
to two types of micromixers (see Fig. 1). One is that with pat-
terned grooves, including straight grooves and herringbone
grooves, and in the other type the channel is partially obstructed
by block obstacles. The use of block to disturb flow field is com-
mon in large-scale mixers and heat exchangers, but hardly found
in micromixers.

2 Numerical Method

The flow field in the microchannels can be considered as steady
and incompressible. The fluid density p, viscosity u, and mass
diffusivity D are assumed to be uniformly distributed, regardless
of the different fluids used for mixing. The governing equations
for mass, momentum, and concentration can be expressed as

V.V=0 (1)
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1
V- (V®V)=-VP+—V?V (2)
Re

V- (VO)= Pievzc (3)

where V is the velocity vector and C the mass concentration. The
above equations have been nondimensionalized using the mean

velocity U and the channel height & as reference scales. The Rey-
nolds number is defined by pUh/u and the Peclet number by

Uh/D. The Peclet number and the Reynolds number are related
by Pe=ReSc. Here, Sc is the Schmidt number defined by Sc
=v/D, where v is the kinematic viscosity.

To cope with the irregular geometry of the considered micro-
mixers, a fully conservative finite volume method suitable for
unstructured grid computation is utilized. The equations, being of
divergence form as given in the above, are integrated over a con-
trol volume, which, in general, can be a polyhedron with arbitrary
topology. With the use of the divergence theorem, the volume
integrals of the convective and diffusive transports are trans-
formed into surface integrals. The convective flux through the
surface of the control volume is approximated by the second-
order, nondiffusive central difference scheme. The use of central
differencing is essential to the mixing computation because a
scheme such as the upwind differencing possesses an inherent
character of numerical diffusion. The numerical diffusion may
overshadow physical diffusion during flow mixing. However, it is
known that the central difference may result in oscillations in the
solution. This causes serious problems in concentration calcula-
tion because it may exceed the limiting values of 0 and 1. There-
fore, in the approximation of the convective flux for the concen-
tration, we employ a blending strategy by which a weighting of
0.9 is assigned to the central difference and a weighting of 0.1 to
the upwind difference. The diffusive flux is approximated by an
over-relaxed approach [25,26]. This approach is applicable to a
mesh with arbitrary shape and degenerates into the central differ-
ence form when the mesh is rectangular.

The governing equations are solved in a segregated manner.
The nonlinearity of the equations and the coupling between them
are treated in an iterative way. The momentum equation is solved
first. The resulting velocities require adjustment and the pressure
must be upgraded such that the mass is conserved. The enforce-
ment of the continuity constraint brings about a pressure-
correction equation. The pressure correction obtained by solving
this equation is then used to correct the prevailing velocity and
pressure fields. The same procedure is carried out repeatedly until
convergence is achieved. After the velocity field is finalized, the
distribution of fluid concentration is then sought by solving the
corresponding transport equation. More details about the discreti-
zation and the solution method can be found in the studies of Tsui
and Pan [25] and Tsui and Jung [26].

The heights of the microchannels are usually characterized by a
dimension in the order of 100 wm, while the lengths are in the
range of 3—5 cm. As a three-dimensional grid is constructed to
cover these relatively long channels, millions of control volumes
are required. This is an enormous burden to the computer re-
source.

As seen form Fig. 1, the grooves or obstacles appear periodi-
cally in the channel. To take advantage of the periodically varying
geometry, the flow only in a periodic module is needed as the flow
becomes fully developed. For periodic calculations, the same ve-
locities must be imposed at the corresponding periodic bound-
aries. Particularly, a special treatment of the pressure field must be
undertaken. It was first proposed by Patankar et al. [27] to decom-
pose the pressure gradient into a periodic part and a linearly vary-
ing part. For a duct flow with a given mass flow rate, the linearly
varying part of pressure gradient must be determined in an itera-
tive manner [27-29]. Therefore, this procedure is time consuming
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Fig. 1 Schematic drawings of the considered micromixers: (a) SGM, (b)
DSGM, (c¢) SHM, (d) Block Type 1, and (e) Block Type 2

and modification on the existing computer code is required. In the
present study, a simple procedure is used without bother of peri-
odicity conditions. As an illustration, in calculating the velocity
field for the straight groove micromixer (SGM), the computational

Journal of Fluids Engineering

domain comprises 12 grooves together with an entrance section at
the beginning and an outflow section at the end (see Fig. 1(a)). In
the simulation, a uniform velocity profile is prescribed at the inlet
and the zero-gradient condition is imposed at the outlet. The re-
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Table 1 Grid sizes for the meshes considered in the refine-
ment tests for the SGM

Table 2 Grid sizes for the meshes considered in the refine-
ment tests for the SHM

Cell number Main passage Groove Cell number Main passage Groove

Mesh A 42,000 Ax=Ay=Az=0.1 Ax=Ay=Az=0.1 Mesh A 101,700 Ax=Ay=Az=0.1 Ax=Ay=Az=0.1

Mesh B 147,840 Ax=Ay=Az=0.07 Ax=Ay=0.07 Mesh B 219,528 Ax=Ay=Az=0.08 Ax=Ay=0.08
Az=0.03 Az=0.04

Mesh C 235,008 Ax=Ay=Az=0.06 Ax=Ay=0.06 Mesh C 283,842 Ax=Ay=Az=0.07 Ax=Ay=0.07
Az=0.026 Az=0.036

Mesh D 303,264 Ax=Ay=Az=0.055 Ax=Ay=0.055 Mesh D 340,830 Ax=Ay=Az=0.06 Ax=Ay=0.06
Az=0.024 Az=0.03

sulting velocity field in the grooved section becomes periodic and
fully developed quickly. In order to get rid of the effects of the
inlet and outlet, a section of seven grooves in the middle region is
taken as a periodically repeating mixing cycle. The concentration
field is then solved for by using the cyclic velocity field repeatedly
until the required channel length is reached. As for the herring-
bone micromixer, 3 cycles of groove (each cycle comprises 12
grooves, as seen in Fig. 1(b)) are included in the velocity calcu-
lation and the velocity field in the second cycle is then used to
compute mass mixing.

3 Results and Discussion

The simulated channels have a cross section with a height &
=70 wm and a width w=200 um (w/h=2.86). The total length of
the channels is 3 cm (//h=428.6). The width is the length scale in
the y-direction and the height that in the z-direction. The x-, y- and
z-axes are in the streamwise, spanwise, and cross stream (vertical)
directions, respectively, which are defined in Fig. 1 for each type
of microchannel considered. The Schmidt number used in the
simulations is fixed at a value of 2 X 10°. Thus, for a case with
Pe=2X 10, the Reynolds number is 1, while for Pe=2 X 103, the
corresponding Reynolds number is 0.01.

The mixing performance is represented by the mixing index

defined as
1 _
0=/ ZE (C;i- C)zAi 4)

where C; is the concentration at a computational cell with a cross-

sectional area A;, C an average of the concentration over the two
fluids (=0.5 for the present study), and A the cross-sectional area
of the channel. The summation is taken over all the cells in the
cross section. The mixing index is 0.5 for completely segregated
fluids and O for fully mixed fluids.

Grooved Micromixers. In order to validate the methodology
described above, computations have been conducted to simulate
the flows in a SGM and a staggered herringbone micromixer
(SHM). The geometric configurations of the channels are taken
from the study of Stroock et al. [16] Grid refinement tests were
carried out to ensure the obtained solution being grid independent.
Four different meshes, ranging from 96,900 cells to 621,108 cells
for the SGM and from 319,200 cells to 1,053,360 cells for the
SHM, were adopted in the tests. It is noteworthy that, as described
previously, only a section in the middle is considered as a periodic
cycle for concentration calculation. The numbers of cells for the
meshes in 1 cycle are in the range of 42,000-303,264 for the
SGM and in the range 101,700-340,830 for the SHM. The corre-
sponding grid size is 0.1 h for the coarsest grid and about
0.024—0.06 h for the finest grid. The grid sizes for the different
levels of mesh are given in Tables 1 and 2 for the SGM and SHM,
respectively. Typical grid layouts used for the two types of mixer
are shown in Fig. 2. Comparison with the experimental data of
Stroock et al. for the flow with Pe=2 X 10°, as shown in Fig. 3,
indicates close resemblance between the two results. It can be
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seen that with the use of coarse meshes, the mixing rate is faster
than that for the finer meshes and deviates more from the mea-
surements. This result is not unexpected, based on the understand-
ing that numerical diffusion is proportional to the grid size.

The groove-induced secondary velocity is usually weak, but is
important to the mixing performance. Figure 4 presents the sec-
ondary flows in a cross section for the SGM and SHM. Also
included is that for a double straight groove micromixer (DSGM)
in which the grooves appear on both the bottom wall and the top
wall in a staggered way to each other (see Fig. 1(b)). In the
grooves, the flow field is characterized by a lateral flow from the
right to the left in Fig. 4(a) for the SGM. More important is that
there exists a transversal velocity flowing in the opposite direction

(a)SGM

(b)SHM

Fig. 2 Typical grid layouts used for (a) SGM and (b) SHM
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Fig. 3 Comparison of the predicted mixing indices with ex-
periments using different meshes for (a) SGM and (b) SHM
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Fig. 4 Secondary velocity fields in cross sections for (a) SGM, (b) DSGM, and (c¢) SHM. The Planes

A and A’ are referred to Fig. 1.

above the ridges. It is this secondary velocity resulting in helical
streamlines in the channel [16]. It is evidenced from Fig. 5(a) that
the two fluids, represented by two colors in blue and red, rotate in
a clockwise sense during mixing evolution due to the transport by
the helical flow. While the interface between the two fluids is
twisted and, thus, elongated by the rotating flow, the sharp gradi-
ent in the interface is gradually smeared out by the molecular
diffusion. To look into the mechanism causing the secondary flow,
the projection of the velocity field onto the midplanes of a groove

0 cycle

0 cycle

-

and a ridge (Planes B and C in Fig. 1) is given in Fig. 6. It appears
that the flow in the floor region in Plane B is directed by the
groove, followed by a returning flow along the top wall to form a
perfect vortex flow rotating in the clockwise direction. The return-
ing flow prevails in Plane C, which is located in the main passage
of the channel.

For the DSGM, the staggered arrangement of the grooves on
both walls induces a stronger secondary velocity in the channel
core than that for the SGM, as shown in Fig. 4(b). The flow

o ol

2 cycles

=
[\
4 cycles

6 cycles
(a) SGM

2 cycles

=
—

4 cycles

6 cycles
(b) DSGM

0.5 cycle 2.5 cycles
A i
1 cycle 3cycles

1.5 cycle

L&

2 cycles

(c) SHM

Fig. 5 Visualization of the concentration distribution in the y-z plane at
different cycles for (a) SGM, (b) DSGM, and (¢) SHM. Note that the length of

a cycle for a SHM is longer than that for the SGM and DSGM.
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(b) Plane C

Fig. 6 Secondary velocity vectors in Planes B and C for the
SGM. Plane B is a transversal plane in the middle of a groove
and Plane C is located in the middle of a ridge. The locations of
the planes are referred to Fig. 1. These planes are projected
onto the y-z plane

rotates around both the upper and the lower ridges. The concen-
tration plots given in Fig. 5(b) illustrate that in the beginning the
fluid in blue is transported from the left to the right in the core
region, while that in red fills up the grooves. It is followed by
quick exchanges of the relative positions of the two fluids in the
latter stage due to the secondary flow transportation. As a result,
the mixing performance is enhanced when comparing with the
SGM.

In the SHM, the asymmetry of the herringbone grooves with
respect to the centerline brings about two circulating flows in
different sizes, rotating in opposite directions. It is evident in Fig.
4(c) (Plane A) that the two flows merge at about y/h=1.92, which
is the bending location of the herringbone grooves. In the second
half of the cycle, the bending location together with the merging
line shifts to y/h=0.96 (Plane A’) and the velocity field in the
corresponding cross section changes accordingly to mirror the
flow in the first half cycle. The mixing process is illustrated in Fig.
5(c) by presenting the concentration field every half a cycle until
3 cycles are completed. It is worthwhile to note that the mixing
patterns shown have a strong resemblance to the fluorescent con-
focal micrographs of Stroock et al. [16]. The exchange of the two
circulation patterns in each cycle causes the position change of the
two fluids from one side of the cross section to the other side.
After each exchange, part of one fluid is left to form an island
being surrounded by the other fluid. The effects of this process
can be more clearly identified by viewing the transversal plane at
mid height of the channel. As seen in Fig. 7, the SHM functions
like a lamination mixer [30,31], which constantly separates the
flow into partial streams to form more and more laminae. Differ-
ent from lamination mixers, the stratification of fluid is generated
by the exchange of the circulation patterns in the SHM.

The mixing index shown in Fig. 8 implies that the SGM is a
rather poor mixer. It could be seen from the Poincare map [20,21]
that the flow behavior in the SGM is not really chaotic. The per-
formance of this type of micromixer can be improved by using
double grooves, as shown in the figure for the DSGM. Chaotic
advection occurs in the SHM and its superiority is reflected in the
plot.

The flow in the grooved microchannel and its performance de-
pend strongly on the geometry of the groove. In the following, the

071102-6 / Vol. 130, JULY 2008

Fig. 7 Concentration filed in the x-y plane at mid height of the
channel for the SHM

effects of the parameters such as the groove depth G, the groove
width G, and the oblique angle of the groove « are examined for
the SGM. The reference case has a groove depth of 0.44h, a
groove width of 0.72h, and a groove angle of 45 deg. Totally,
there are three kinds of depth (G,=0.2h, 0.44h, and 0.86h) and
three kinds of width (G,,=0.36k, 0.72h, and 1.44h) under consid-
eration. Figures 9(a) and 9(b) reveal that the performance is en-
hanced with increasing values of groove depth and groove width.
However, it does not mean that both can be enlarged without
limits. There exist optimum values to maximize the mixing rate.
This point can be demonstrated in Fig. 9(c). The mixing is en-
hanced by increasing the oblique angle from 30 deg through
45-60 deg. It is followed by a quick decline in performance when
the angle is further increased to 75 deg. The improvement of the
mixing is ascribed to the strengthening of the secondary flow. For
demonstration, the transversal velocity along the channel height in
the center of Planes B and C is presented in Fig. 10. It can be
identified that a much stronger vortex flow is seen in the Groove
Plane B for the oblique angles 45 deg and 60 deg. In the Ridge
Plane C, the case with a=60 deg has the greatest transversal ve-
locity, which, in turn, leads to the fastest mixing.

Obstructed Micromixers. Another means to induce transversal
flow is the use of obstacles to partly obstruct the microchannel. In
grooved mixers, the grooves are carved on the bottom and/or top
walls of the channel. Thus, the height of the channel is enlarged in
the groove region. For obstructed mixers, block obstacles are in-
serted into the channel such that the width of the channel passage
is reduced. Wang et al. [32] used a 2D numerical method to in-
vestigate the micromixer with cylindrical blocks placed in the
channel. It was found that the asymmetric layouts of the obstacle
are favored rather than the symmetric arrangements. The calcula-
tions of Wang et al. [33] showed that the mixing in a straight
channel can be greatly enhanced by incorporating rectangular
blocks within the micromixer. Bhagat et al. [34] examined the
design of diamond-shaped blocks within a micromixer experimen-
tally. They also reported simulated results for the flows with
circular-shaped, triangular-shaped, diamond-shaped, and stepped-
diamond-shaped blocks. Among them, the stepped-diamond-
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Fig. 8 Comparison of mixing performance for the SGM,
DSGM, and SHM
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Fig. 9 Comparison of mixing performance for (a) different
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oblique angles for the SGM

shaped obstructions yield the best mixing.

In the above studies, the obstacles are placed in the core of the
channel, away from the walls. An alternative way is to have ob-
stacles intruding from the walls. In the following, we consider the
micromixers with blocks being placed on the two side walls, ar-
ranged in a staggered manner, as shown in Figs. 1(d) and 1(e).
The channel geometry of Fig. 1(d) is similar to the square-wave
channel considered by Liu et al. [14]. The difference lies in the
entrance and the outlet sections, which are of the same dimension
as the wavy passage in the square-wave channel. In Fig. 1(e), the
blocks are skew to the sidewalls, similar to the sawtooth structure
investigated by Nichols et al. [35]. However, the sawtooth struc-
ture appeared only on one sidewall in their study. There are four
types of arrangement in the present study (see Fig. 11). Types 1
and 3 are of rectangular type and the blocks of Types 2 and 4 are
skew type with an oblique angle 45 deg to the walls. The block
widths for Types 3 and 4 are half of those for Types 1 and 2 and
the spaces between blocks are also reduced. The resulted mixing
indices for Peclet numbers 2 X 10° and 2X 10% are presented in
Fig. 12. The results for the SGM and SHM are also included in the
plots for comparison. For Pe=2X 10°, the performance of the
block Type 1 is rather poor, being even worse than the SGM. The
situation is much more improved in Type 2. The mixing perfor-
mance is further enhanced by Types 3 and 4. Comparing with
Type 3, Type 4 mixes the fluids a little faster in the initial stage.
However, its mixing efficiency becomes slower for x>0.5 cm. As
the Peclet number is reduced to 2 X 103 by decreasing the Rey-
nolds number from 1 to 1072, the mixing rates for Types 1 and 3
are very similar to those for Types 2 and 4, respectively. It is of
interest to note that at this extremely low Reynolds number even
Types 1 and 2 perform better than the SHM.

The flow structure is illustrated in Fig. 13 for Types 1 and 2.
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Fig. 10 Comparison of the transversal velocity along the ver-
tical line in the center of Plane B and Plane C for different ob-
lique angles. This transversal velocity is the component in the

groove direction and is normalized by the inlet velocity U.

Owing to the low velocity, flow separations are not detected at the
sharp turnings and the corners formed by the blocks and the walls.
It is noted that the two transversal passages in one period are not
of the same width in the Type 2 channel. The narrower one has a
width w/2, which is identical to that of the Type 1. However, the
45 deg oblique angle of Type 2 block results in higher flow ve-
locity than Type 1. This explains the observation of higher mixing
performance for the Type 2 at Pe=2 X 10°. This advantage is lost
when the importance of diffusion transport in the mixing process
becomes more apparent as the Peclet number is reduced to 2
% 10%. The evolution of the fluid mixing is illustrated in Fig. 14
for the four channel types. These obstructed channel flows are in
essence two dimensional and, thus, nonchaotic because the verti-
cal velocity component in the direction of the height is negligible.
However, the great transversal velocity induced by the narrow
passages in Types 3 and 4 leads to fast flow mixing. It may be
claimed that the elongated passage length plays a more important
role than the increased transversal velocity in the improvement of
the mixing. In fact, the residence time of the fluid in these chan-
nels is not increased because the flow velocity is also greatly
enlarged.

In the following, we compare the head losses for the considered
micromixers. The variation of the mean pressure averaged over
the cross section along the channel is shown in Fig. 15. The pres-

sure shown is nondimensionalized by pU?. It is evident that in the
macroscopic view, the pressure drops in a linear fashion along the
channel. Note that there is a short intake duct at the inlet and an
outlet duct at the exit, resulting in a piecewise linear variation of
the curves. The grooved channels have almost the same pressure
loss. The pressure gradients for SGM, SHM, and DSHM are
—14.48, —14.35, and —13.65, respectively, for Re=1 (Pe=2
X 10%). The head loss is smaller for the DSHM because of the
enlarged space by the double grooves. When the Reynolds num-
ber is reduced to 0.01 (Pe=2 X 103), the corresponding pressure
gradients are increased by almost two orders. This result simply
reflects the fact that the dimensionless head loss is inversely pro-
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Fig. 11 Four types of block obstacles used in the obstructed
microchannels

portional to the Reynolds number (AP/pU?~ 1/Re), which is ex-

pected in fully developed laminar flow. It can be identified from o5k
the figure that the blockage of the channel causes a large head ' —8— ggm
loss. The slopes of the curves for Types 1-4 are —43.5, —41.1, x 05§ — &5 Block Type 1
-98.6, —90.5, respectively, which are about three to seven times as 'E 04f —4—— Block Type 2
large as those for the grooved channels. It is interesting to note > —_— g:::ﬂg:g
that the losses for Types 2 and 4 are slightly less than those for = 03f
Types 1 and 3, respectively. This is attributed to that in a repeating 2,0t .
period the second transversal passage between the blocks is much W S 5 e g NNNNR
wider than the first one, which brings about a lower flow velocity Qe )
and, thus, makes a pressure recovery. 0

x'h
4 Conclusions (a) Pe=2*10"

A computational methodology has been developed to investi- 06
gate the fluid mixing in microchannels. To make use of the peri-

. . . . . ; —8— SGM

odic flow behavior, the calculation of velocity field is undertaken g 05 A SHM

only in a part of the channel. With this cyclic velocity field, the £ 044 —+—— Block Type 1

evolution of the flow mixing throughout the channel can be moni- 2 W <—— BlockType2
. . . - = 03 —<—— Block Type 3

tored. Several mircomixers with either grooved channels or par- g | Block Type 4

tially obstructed channels have been examined. Main findings are 02H 4
summarized in the following. )

(1) For the microchannel with straight grooves (SGM), a well 0 Ko P~/ -1 1= Y SR
organized secondary vortex is induced in the groove plane. xh
As a result, the flow in the channel features helical stream- (b) Pe=2%10’
lines. Due to the helical flow, the interface between the
fluids is distorted. Fig. 12 Comparison of mixing performance for different block

(2) By having grooves on both the top and the bottom walls, types: (a) Pe=2X10% and (b) Pe=2X103
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Fig. 13 Velocity field in the x-y plane at mid height of the chan-
nel for Block Types 1 and 2 at Pe=2X10°

arranged in a staggered manner, the helical flow is greatly
strengthened, leading to enhancement of the flow mixing.

(3) For the staggered herringbone microchannel, a pair of
countervortices is created. The position exchange of the
vortices results in stratification of the fluids. Consequently,
a number of laminae are formed in the channel.

(4) The performance of the grooved micromixers can be im-
proved by optimizing the geometric configuration of the
groove. It was demonstrated for the SGM that with larger
groove depths, groove widths, or oblique angles, the mix-
ing is enhanced.

(5) The channel flows obstructed by blocks are indeed two di-
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TN
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T (NN
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Fig. 14 Concentration field in the x-y plane at mid height of
the channel for the four block types
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Fig. 15 Dimensionless pressure loss along the channel for all
considered micromixers at Re=1 (Pe=2X10%)

Journal of Fluids Engineering

mensional. However, very strong transversal velocities can
be produced via controlling the passage between the blocks
to yield high mixing performance. However, this achieve-
ment is accompanied with a large pressure head loss.
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