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Mixing performance has been evaluated for planar split and recombine micromixers with asymmetric
sub-channels. The three-dimensional Navier-Stokes equations have been used to analyze fluid flow and
mixing in a Reynolds number range from 1 to 80. The widths of the split channels are kept unequal to
create unbalanced collisions of the fluid streams. Two shapes of the split channel have been considered;
circular and rhombic. In the case of rhombic sub-channels, higher mixing is realized when width of
the major sub-channel is either three or four times as wide as the minor sub-channel unlike the case of
circular sub-channels. The results show the lowest mixing performance for the case of balanced collisions
of fluid streams. The pressure-drop characteristic has been also analyzed at various Reynolds numbers.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Mixing of fluids in channels of sub-millimeter dimensions is a
fundamental operation required on microfluidic devices. The flow
in such devices is laminar which makes it difficult to mix the fluids
in a simple smooth microchannel. A wide variety of micromix-
ers, operating on different mixing principles have been extensively
reported by different researchers [1,2]. Micromixers can be broadly
classified as active and passive micromixers. The active micromix-
ers employ some external sources of energy to agitate the flow
such as electric fields, magnetic fields, and acoustic waves [3-6].
Although active micromixers are effective in rapid mixing of the
fluids, it is more difficult to fabricate, integrate and operate as
compared to passive micromixers. The complex fabrication and
integration of active micromixers with all operating devices is
expensive and renders mass production difficult.

Passive micromixers are based on shape modification of the
microchannels to produce a specific flow pattern which enhances
mixing. The very basic design strategy is to make a series of bends
to microchannels in different shapes, e.g., serpentine [7], zigzag 8],
and curve [9], to create transverse flows to attain rapid mixing. Pat-
terning on the wall floor with grooves to create chaotic flow has also
been demonstrated to be utilized in mixing enhancement [10,11].

One of the important design categories of the passive
micromixer belongs to split and recombine of microchannels
[12-27] where the main channel is split into two or more streams
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and then the sub-channels recombine after certain distance in a
repetitive fashion. The split sub-channels can be three-dimensional
or planar. In three-dimensional split and recombine micromixers,
the fluid streams are directed to create multiple interfaces. In such
design, thus, the interface area increases gradually by directing
the fluid streams in a specific pattern through the split channels
and the length of diffusion for the molecules decreases which are
favorable for effectively enhancing mixing [13-22]. However, the
three-dimensional structure is difficult to fabricate and demands
multiple steps in the microfabrication process as compared to pla-
nar split and recombine micromixers.

Planar split and recombine micromixers have been studied from
simplest design with multiple streams [23-28]. Bessoth et al. [23]
reported a design of planar split and recombine micromixer with
a total of 32 streams, which showed efficient mixing. The major
reason in attaining rapid mixing was the large number of streams.
Jeon et al. [24] reported a micromixer with three sub-channels that
explored the idea on recycle flow from two side channels joining
the main central channel.

The simple split and recombine micromixers have been stud-
ied with some design modification to attain improved mixing. The
design of the split and recombine micromixers with two channels
has been modified by some researchers in order to attain rapid
mixing [25-27]. Hong et al. [25] applied an innovative idea using
modified Tesla structure for mixing in a wide range of flow rates.
The design shows diffusive mixing at low flow rates and convec-
tive mixing at high flow rates. The main principle in mixing is
Coanda effect which increases the transverse dispersion. The mix-
ing efficiency was increased by providing constriction to the flow
in the zone of split and recombine with the sub-channels of rhom-
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bic shape [26,27]. The design of the split channels was modified to
butterfly shaped with sharp folded channels for providing stirring
action to mix the fluids with equal width of the two split chan-
nels [28]. These were few reported techniques to enhance mixing
performance of the planar split and recombine micromixers.

In case of the split and recombine microchannel with two
symmetric split sub-channels, it is difficult to mix the fluids at
lower Reynolds numbers, where the mixing is mainly governed
by molecular diffusion. In that case, the fluid streams will split
and recombine without creating any perturbation to the interface
of the fluid streams. The flow structure at a junction of split and
recombine resembles to the flow in simple T-mixers where the two
streams from the inlet channels come into contact at the T-junction.
The design is effective in mixing of fluids only at higher Reynolds
numbers [29,30]. At higher Reynolds numbers, collision of the fluid
streams due to the effect of split and recombine improves mixing
performance.

However, in the above mentioned planar split and recombine
micromixers, the mixing is mainly due to constrictions to the flow
[26,27]. The rhombic micromixer has constriction in the recombine
zone and at the end of the micromixer. The idea of providing con-
striction to the flow is not novel as it can be applied to any design
of microchannel in order to harness the reduced length of the dif-
fusion for the fluid molecules for increasing mixing. Also, providing
constriction to the flow will require higher pumping power due to
higher pressure drop. However, in a planar micromixer with two
splits without any constriction, the mixing will not be effective as it
will create straight interface similar to T-mixers. The zone of recom-
bination of the fluid streams can be the point of focus to convert
simple recombination into collisions of the fluid streams to increase
mixing. A basic concept of unbalanced collisions of fluid streams for
enhancing mixing in planar split and recombine micromixers was
proposed in a previous work [31] with numerical and experimental
results for circular sub-channels. In this work, the remarkable effec-
tiveness of the unbalanced collisions was verified by evaluating the
mixing performance in comparison with the balanced collisions
with symmetric sub-channels.

In the present work, the mixing performances of planar split and
recombine micromixers with rhombic and circular sub-channels
are evaluated numerically when the design of unbalanced collisions
[31] is introduced. The analyses of the flow and mixing have been
performed by solving three-dimensional Navier-Stokes equations
in a range of Reynolds number from 1 to 80. The main channel of
the micromixers is split into two subchannels (rhombic or circular
shape) of unequal widths in a repeating manner. The micromixer
has been analyzed by fixing the flow area in the sub-channels for
different levels of unbalance in the collisions controlled by varying
the width ratio of the split subchannels.

2. Micromixer model and numerical analysis

Fig. 1 shows the schematic models of the micromixer with the
main channel splitting into two sub-channels of unequal widths for
circular (Fig. 1(a)) and rhombic (Fig. 1(b)) shapes. The micromixers
have total four units of split and recombination. The sub-channels
with wider width has been named as major sub-channels while the
other as minor sub-channels. The main idea of asymmetric sub-
channels is to create unbalance collisions due to the difference in
the inertia of the fluid streams from two sub-channels to enhance
mixing.

The various dimensions of the micromixer are w = 300 pwm,
Lo=500 wm, Le=2.95m, and d, =900 pm. The pitch, Pi (=1.2 mm),
is fixed and the same in both cases (circular and rhombic sub-
channels). The widths of the sub-channels are varied with fixed
total width which equals to the width of the main channel (w; +

w, = w = 300 wm) in order to maintain constant area of flow. The
widths of the main channel, major and minor sub-channels are
denoted by w, wy and wy, respectively. In varying the widths of the
sub-channels, the outer wall is shifted keeping the inner wall fixed
for both circular and rhombic shapes. The height of the micromixer
model has been kept constant at 200 wm for both circular and
rhombic shapes.

The steady, incompressible flows in the micromixers are ana-
lyzed by solving three-dimensional continuity and Navier-Stokes
equations:

V.V=0 (1)
o(V -V =Vp+ uvv 2)

Computational domain has been discretized by structured grids.
The mesh density was kept high near the zone of split and collision
of the fluid streams. The details of the numerical methods includ-
ing numerical schemes and discretization methods can be found
in the previous paper [32]. Ethanol and water have been selected
as the working fluids for mixing analysis. The two inlets have been
assigned with 100% water and 100% ethanol, respectively, which
come into contact at the T-junction and the pass through a series
of the split and recombine mixing segments. The inlets and outlet
have been assigned uniform velocity profile and zero static pres-
sure as boundary conditions. The Walls have been assigned no slip
boundary condition. The properties of the water and ethanol are
measured at 20 °C. The diffusivity of water and ethanol is commonly
taken as 1.2 x 1079 m?2 s~!. The densities of water and ethanol are
9.97 x 102 and 7.89 x 102 kg/m3, respectively.

Along with investigating the mixing and flow field in the
micromixer, it is critical to quantify mixing in order to compare
the mixing performance of different designs. The mixing perfor-
mance of the micromixer has been measured by calculating the
mixing index from the variance of the mass fraction on planes
perpendicular to x-axis defined as follows:

0% = %Z(q_am)z (3)
02
M=1- . (4)

where o2 is the variance, 02,,, is maximum variance of the fluid
mixture, ¢; is the mass fraction at ith sampling point on the plane.
Cm is the optimal mixing mass fraction and M is the mixing index. N
represents the number of the sampling points for the concentration
on the plane. M, denotes the value of the mixing index at 5.5 mm
downstream of the end of the last sub-channels.

3. Results and discussion

The mixing performance and fluid flow in the design of the
micromixers based on unbalanced spits and collisions of the fluid
streams [31] has been analyzed numerically. Fig. 2 shows the
samples of structured grid systems for circular and rhombic sub-
channels, respectively. The mesh density is adjusted so that it
becomes higher near the regions where the split and cross-collision
of fluid streams take place. Fig. 3 shows the results of the grid
independency test with five different grid systems wherein the
number of nodes ranges from 320 x 103 to 2250 x 103 for cir-
cular sub-channels with wq/w, =2.0. From the results of this
test, the grid system with 1560 x 103 nodes has been selected
as the optimum grid system on which further analyses are per-
formed.

Fig. 4 shows the contour-plot of the velocity field on the xy-plane
for circular sub-channels with w; /w, = 2.0 at Re =60. Throughout
the micromixer that is comprised of four segments, the velocity in
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Fig. 1. Schematic diagrams of unbalanced splits and cross-collisions: (a) circular sub-channels [31]; (b) rhombic sub-channels.

the major sub-channel is higher than thatin the minor sub-channel.
The difference in the velocity between the major and minor sub-
channels is the key feature that creates an unbalanced collision of
the fluid streams.

Fig. 5(a) and (b) respectively show the mass-fraction distri-
butions of ethanol for circular and rhombic sub-channels on the
xy-plane in the cross-section that is midway along the channel-
height of the micromixer. The effect of the ratio of widths on
mixing is shown for three values of w;/w,, namely, 1.0, and 2.0,
at Re=60. w;/w, = 1.0 corresponds to the case of balanced col-
lision of the fluid streams. The flows from the two sub-channels
undergo splitting and collision in the sub-channels. In the case of
equal widths, the interface of the two fluids almost coincides with
the plane of symmetry of the micromixer. Thus, the area of the
interface is restricted to only the splitting-collision zones. On the
other hand, the contour-plots for w; /w, = 2.0 correspond to unbal-
anced collisions of fluid streams, as shown in Fig. 5(a) and (b). In
this case, the interface of the two fluids is not restricted to the small
regions of splitting and collision, but extends to the full length of
the sub-channels of the micromixer. This is attributed to unbal-
anced cross-collisions. Unlike the case of balanced collision, the
interface of the two fluids is clearly seen in the circular or rhom-
bic sub-channels; the increased area of the interface enhances the
mixing.

Fig. 6 shows the effect of w; /w, on the mixing index for rhombic
sub-channels from Re=1 to Re=80. The mixing index as a func-
tion of wy/w; ratio for circular sub-channels has been reported in
the previous paper [31] which shows gradual increase in the mix-
ing index to reach its maximum at wq/wy = 2.0. Till wy/w, = 2.0,
the trend of variation of the mixing index with w;/w; is almost
the same as for circular sub-channels [31] at all Reynolds numbers.
However, unlike the case of circular sub-channels, the highest value
of the mixing index is not realized at wy /w, = 2.0. Rather, the mix-
ing index continues to increase gradually, even beyond w; /w, = 2.0
and till wy/w, =3.0. Beyond w;/w, = 3.0, the mixing index is
almost constant and shows very slight variation till wq/w, = 4.0.
Higher mixing performance is shown at higher Reynolds numbers
for both types of sub-channel. However, even at low Reynolds num-
bers, the mixing index increases with wy/w,.

Fig. 7 shows the comparison of the mixing index for the circu-
lar and rhombic sub-channels at various Reynolds numbers with
wi/wy = 2.0 and wq/w; = 3.0, respectively. The main objective is
to analyze and select the design of the micromixer so that the mix-
ing performance is maximized. At low Reynolds numbers, i.e., 1,
10, and 20, where the mixing index decreases with the Reynolds
number, the mixing index is not affected by any design configu-
ration, and shows the same mixing performance for both circular
and rhombic sub-channels. However, at higher Reynolds numbers,
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Fig. 2. Examples of grid system: (a) circular sub-channels, w; /w, = 1.7; (b) rhombic sub-channels, w; /w; = 1.0.

Fig. 3. Test of grid independency (w1 /w, = 2.0).

Fig. 4. Velocity contours in circular sub-channels on the xy-plane in the cross-
section that is midway along the channel-height (w;/w, = 2.0 and Re =60).

i.e., 40, 60, and 80, the mixing varies with various design configura-
tions. The circular sub-channels with wy /w; = 2.0 show the highest
mixing performance among all the cases analyzed in the present
study. The micromixer with rhombic sub-channels generally shows
lower mixing performance as compared to the one with circular
sub-channels. Thus, the micromixer with circular sub-channels is
the proposed design that can be effectively used to mix the flu-
ids. The possible reason for higher mixing performance by circular
sub-channels is the presence dean vortices in the entire length of
the split sub-channels due to uniform curve. Whereas, in rhom-
bic sub-channel, there is only one sharp bend and the rest part is
straight.

For wq/wy = 2.0, Fig. 8 shows the mass-fraction distribution of
ethanol on the yz-plane that is perpendicular to the direction of the
main flow in the middle of the second set of circular sub-channels
at six different Reynolds numbers. At Re=1 and Re=10, the inter-
face between the fluids is nearly vertical in the major sub-channel,
while only single fluid is present in the minor sub-channel. This is
because at these low Reynolds numbers, the inertial force is rel-
atively very weak and unable to create transverse flows in the
sub-channel. Hence, mixing relies mainly on diffusion, as shown
in Fig. 9. However, as the Reynolds number increases, the interface
between the fluids bends, which increases the area of the interface
over which mixing takes place by the diffusion of the fluids. Also,
the proportion of the second fluid in minor sub-channels increases.
The bending of the interface is symmetrical to the horizontal plane
near the mid-point of the channel-height. This is likely due to the
symmetrical transverse flow structures that are developed in the
channel, as can be seen in Fig. 9.

Fig. 9 shows the velocity-vector plots for the same operating
condition presented in Fig. 8. At Reynolds numbers larger than 10,
two vortices are clearly visible in the major sub-channel while the
vortical flows are hardly found in the minor sub-channel at lower
Reynolds numbers. Although these Dean vortices are present in the
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Fig. 5. Distributions of the mass-fraction of ethanol at Re =60 on the xy-plane in the
cross-section thatis midway along the channel-height: (a) circular sub-channels and
(b) rhombic sub-channels for balanced and unbalanced collisions of fluid streams.

Fig. 6. The mixing index at the end of the micromixer, M,, vs. the ratio of w; /w, for
rhombic sub-channels at various Reynolds numbers.

Fig. 7. Variations of the mixing index with Re for various combinations of the chan-
nel split.

major sub-channel at Re = 10, they are not able to significantly influ-
ence the interface of the fluid as shown in Fig. 8, and are therefore
less effective for mixing. However, at Re = 20, the interface between
the fluids is significantly perturbed or stretched, a phenomenon
that gradually becomes more pronounced with the Reynolds num-
ber.

The mechanism of mixing in unbalanced split and recombine
micromixer can be understood by analyzing the above results. Mix-
ing in this micromixer is mainly contributed by three different
processes; diffusion, dean vortices and unbalanced split and colli-
sions of fluid streams. Fig. 7 indicates that at Reynolds numbers less
than 20 the main mechanism of mixing is diffusive mixing over the
interface of the fluid streams as the different designs of micromixer
have no influence on the mixing performance. Among the three

Fig. 8. Mass-fraction distributions for circular sub-channels at different Reynolds
numbers for wq /w, = 2.0.
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Fig. 9. Vector plots on the yz-plane for circular sub-channels at different Reynolds
numbers for wy fw, = 2.0.

Reynolds numbers in the range of diffusive mixing, higher mixing
at Re=1 is apprehended due to longer residence time of the fluid
streams. Unbalanced collision of fluid streams is contributing to
mixing by controlling the position of the interface (increasing inter-
face area by shifting to major sub-channel). Dean vortices formed in
the sub-channels (Fig. 9) starts to increase the interface area of the
fluid streams at Re =20 as shown in Fig. 8. As the overlapping mix-
ing curve from Reynolds number 1 to 20 starts to show variation
beyond Re =40 as shown in Fig. 7, the dean vortices and unbalanced
collisions of the fluid streams start to contribute to mixing in this
range of Reynolds number. The effect of the different designs of the
micromixer on mixing becomes more obvious at higher Reynolds
number.

For the cases of circular and rhombic sub-channels, Fig. 10 shows
the contour-plots of the mass-fraction of ethanol on the xy-plane
in the cross-section that is midway along the channel-height in the
case where all the major sub-channels are located only on one side
of the x-axis. The fluids from Inlet 1 and Inlet 2, respectively, flow
through the micromixer only along their own respective sides and
do not cross each other. However, the design is still showing better
mixing performance as compared to balanced collisions of the fluid
streams.

Fig. 11(a) and (b) show the effect of the position of the major
sub-channels along the x-axis on the mixing index for circular and
rhombic sub-channels, respectively. The proposed design, wherein
the major sub-channels are interchanged with the minor sub-
channels, is compared with the case where the major sub-channels
are located only on one side of the x-axis. The mixing index,
Mo,, has been calculated at 5.5 mm downstream of the end of the
last sub-channels with wy/w;, = 2.0 for both circular and rhombic

Fig. 10. Distributions, at Re = 60, of the mass-fraction of ethanol, on the yz-plane in
the cross-section that is midway along the channel-height, for major sub-channels
on the same side of the x-axis: (a) rhombic sub-channels; (b) circular sub-channels.

sub-channels. In the case where the positions of the major sub-
channels are shifted, both the circular and rhombic sub-channels
show obviously greater mixing performance at all Reynolds num-
bers. However, in the case of circular sub-channels, the effect is
more prominent.

Fig. 11. Effects of the positions of the major sub-channels on the mixing index at
the end of the micromixer at different Reynolds numbers: (a) circular sub-channels;
(b) rhombic sub-channels.
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Fig.12. The pressure-drop vs. Re for circular sub-channels at various ratios of wy /ws.

Fig. 13. The pressure-drop as a function of the ratio of wy/w, for rhombic sub-
channels.

Fig. 12 shows the characteristics of the pressure-drop as a
function of the Reynolds number at various values of wy/w, for
circular sub-channels. The pressure-drop has been calculated for a
fixed length of the micromixer. The pressure-drop increases with
the Reynolds number for both circular and rhombic sub-channels.
The effect of wy/w; becomes larger at higher Reynolds numbers.
Fig. 13 shows the effect of w{/w, on the pressure-drop for rhombic
sub-channels at various Reynolds numbers. For a given Reynolds
number, the pressure-drop decreases with wq /w,. The sub-channel
with equal widths (balanced collision) shows the greatest pressure-
drop at all Reynolds numbers, which is disadvantageous as far as
pumping power is concerned. Thus, the design with unbalanced
collisions yields better performance for the pressure-drop as well.

4. Conclusion

Numerical study has been conducted to investigate mixing
and the flow field on a number of planar split and recombine
micromixer designs to find the best condition that yields high
mixing performance. Analysis has been carried out on two types
of unbalanced splits and cross collisions, one with circular sub-
channels and another with rhombic sub-channels, for a wide range
of the Reynolds number, i.e., from 1 to 80. In the case of rhombic

sub-channels, the highest performance is realized at w;/w, = 3.0
or 4.0 depending the Reynolds number unlike the case of circu-
lar sub-channels which shows the highest mixing performance
at wq/wy = 2.0. The result shows the lowest mixing performance
for sub-channels of equal width (balanced collision) in both cir-
cular and rhombic sub-channels at all Reynolds numbers. The
overall comparison of the mixing index across various geometries
of the micromixer shows high mixing performance for circu-
lar sub-channels with w;/w, = 2.0. Flow-field analysis has been
undertaken to understand the mixing behavior that is exhibited
by different shapes of the micromixer. The pressure-drop is lower
for unbalanced collision as compared to balance collision, which is
advantageous as far as pumping power is concerned.
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