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Abstract Based on the transport phenomena theory, the passive mixing of water and ethanol in different three-
dimensional microchannels is simulated numerically. The average variance of water volume fraction is used to index
the mixing efficiency in the cases with different Reynolds number and different fabricated mixers. The results show
that the efficiency of liquid mixing is progressively dependent on the convective transport as the Reynolds number
increases. The efficiency of serpentine microchannel decreases with the increasing Reynolds number in the laminar
regime. Altering the aspect ratio of channel inlet section has no significant effect on the mixing efficiency. Increasing
the area of channel inlet section will cause the decrease of the mixing efficiency. The mixing in serpentine channels
is the most efficient among three different mixers because of the existence of second flow introduced by its special

structure.
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1 INTRODUCTION

It is impressively felt that the mechanisms of flow
and heat or mass transfer in microchannels are still
not understood clearly. For instance, the viscous dis-
sipation effect is too significant to be neglected due to
the high velocity gradient as the flow dimension ap-
proaches the micro-levelll). Electroosmosis is one of
the most important means to drive the channel flow.
Different material has different electric potential intro-
duced by the wall and will have quite different effect
on the flow medium!?. Further more, pure liquids be-
have quite differently from the electrolytic solution(®.
In all of the above situations, there is a basic prob-
lem: mixing, which bears significant relevance in mi-
crofabricated systems for complex chemical synthesis.
Investigating different method for mixer fabrication
and their mixing efficiency will have great experimen-
tal and practical meaning. For the gas, the mixing
will be completed in very short time and small spatial
volume, while it may be especially inefficient for the
solutions containing macromolecules*]. In the mixer
with micro-dimensions, the flow is laminar and no flow
turbulence is present to promote the rapid mixing.
Therefore, some other mechanism must be introduced
to enhance mixing.

Passive mixer has been widely used because it is
relatively simple to fabricate and implement. Gobby
et al®) and Andrew et al.l® utilized the same meth-
ods to study the mixing characteristics of T-type mi-
crofluidic mixers, in which Gobby et al. employed
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oxygen and methanol as the media to study the mix-
ing. The result shows that there exist some structure
characteristics and factors that influence the mixing
efficiency. Chainarong et all”l investigated the mix-
ing characteristics of a square-wave channel by intro-
ducing the electromagnetic force into the mixing. Liu
et al.l®l studied experimentally the mixing character-
istic of passive serpentine mixers with the method of
determining the color intensity of the mixture from
phenolphthalein and sodium hydroxid solutions. The
results showed that the mixing ability of serpentine
channels is stronger than that of other two mixers
and the mixing efficiency is enhanced as the Reynolds
number increases.

In spite of the well-documented theoretical evi-
dence for the passive mixer, the effect of mixer cross-
sectional shape on the mixing and the description
of mixing efficiency quantitatively are still not well
understood and are subjected to debate. There-
fore, the present paper aims at giving the mix-
ing efficiency quantitatively by numerical simulation,
and provides the information about the effect of
serpentine mixer cross-section (rectangle, y x z =
150 pmx 300 gm, 300 pumx150 pm, 400 pmx200 pm)
on the mixing characteristics. Main attention is paid
to the serpentine channel mixer.

2 SERPENTINE MIXER GEOMETRY
This paper investigates the characteristic of three
types of mixers (serpentine, square-wave, straight) nu-
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merically. A schematic of three mixers’ geometry is
shown in Fig.1. The basic building block of serpen-
tine mixer (top) is a “C-shaped” section that turns
the fluid through 180° hand lies in a plane. The chan-
nel guides the fluid through an in-plane “C-shaped”
section, rotates the fluid by 90°, and then guides the
fluid through another in-plane C-shaped section. 20
sections are used in the simulation. A “square-wave”
channel (middle), similar to “zig-zag” channel and a
straight channel (bottom) are also fabricated as shown
in Fig.1. The square-wave has 24 “C-shaped” sec-
tions lying in the same plane and the straight chan-
nel’s length is 22mm. All the outlets are joined with
a 900 um long channel while the inlets are joined with
a T-junction. The origin of the coordinate is at the
union of T-junction with the channels. Two sepa-
rate fluid streams, e.g., water and ethanol, flow into
channel through the T-junction. The inlet cross sec-
tion is 300 umx 150 um. The aspect ratio is defined as
z/y =150/300 = 1/2.

Figure 1 Schematic of three types of mixers

3 THEORETICAL MODEL
3.1 Mathematical model

The equations governing the flow are continu-
ity equation, Navier-Stokes momentum equation and
species convection-diffusion equation!’® as listed be-
low:

V-v=0

Dv 1 2

Dx, B 2

Dt _Dubv Xa (1)

In order to get the dimensionless forms of Eq. (1), we
define

v' =v/Uy,z* =z/D..p" = p/pUZ,t*" = Ust/ D,
Xa = Xa/Xo0

where Uy = /S (Q is the volume flux and S is the
cross section area), Uy, D., p and xq stand for aver-
age velocity in the serpentine channel, characteristic
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dimension of the channel, density of water and the ini-
tial mass fraction respectively. Generally, D, has a
magnitude of 10~? for liquids.

Using the definition above, the dimensionless forms
can be rewritten as

Vi-v*=0
Dv* 1
N VA __vst *
D~ VP RV
Dxa 1 2 %
= V*y 2
Dt*  ReSc @ Yo (2)

For this specified case, the boundary condition should
be described as follows.

U“iwal] =0

U:\raterlin = U;thoual]ill = ]'

v‘iout =o' Iou!,—l

xi =1 (water inlet)

Xi =0 (ethanol inlet) 3)
Jwall =0 )
X;lout = X;lout—l

where J is the flux of the mass, out—1 means the
inside layer adjacent to the outlet boundary.
Reynolds number is defined as

_ PUD.

Re (4
” (4)
and Schmidt number is
m
Sc = 5
pDab ( )

Derivations and details of the species convection-
diffusion equation can be found in Bird et al.}%. The
left hand side of the equation is the material deriva-
tive of the mass fraction and right hand side of the
equation is the diffusion term in terms of the mass
fraction. From the equation, we know that the change
of the mass fraction can be attributed to two parts:
convection and diffusion. If the reaction is intro-
duced into the system, an additional source term may
be included at the right hand side and the equation
may be called reaction-diffusion equation which can be
found in many situations with combustion or chemical
processi®l. In the range of microchannels considered
here, the macroscopic hydrodynamic principles still
apply.

The product of Schmidt number (Se¢) and Reynolds
number (Re), termed Peclet number (Pe), describes
the ratio of mass transport by convection to that by
diffusion. The convection dominates the transfer pro-
cess when Pe > 2, and in this paper, the condition
of Pe > 2 prevails. In order to present the channel
geometry, a characteristic dimension is defined as

2hw

e = htw = 0.2mm (6)
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where, h and w represent the height and the width of
the cross section, respectively. The Knudsen number
Kn <« 0.001, so the slip effect of boundary can be
omitted. The diffusion coefficient D,;, in water and
ethanol at 25°C is 1.03 x 1072 m?.s7 114 All calcu-
lated cases are in laminar flow regime.

Equation (2) is solved numerically using FLUENT
for flow field and FORTRAN 90 complier and TEC-
PLOT9.0 for post-processing. The hardware config-
uration is 2.8 GHz CPU, 1G memory and 64 M dis-
play card. In the computation, the time-independent
instance is considered, and the SIMPLEC method is
implemented to couple the pressure and velocity while
all spatial discretizations are performed using the sec-
ond order UPWIND method. The whole region in the
serpentine is discretized with hexahedral cell and cou-
pled with a domain decomposed and matched method.
There are 1161000 cells and 1270876 nodes in all.
3.2 Parameter describing the mixing

The z direction is assumed the mainstream direc-
tion and several planes running parallel to y-z plane
are picked out and analyzed. In order to describe the
extent of mixing quantitatively, the volume fraction’s
average variance in each y-z plane is defined as

o= %Z(w —0.5)2 )

An index similar to that used by Liu et al.® in study-
ing the oil-water two-phase flow in the horizontal pipes
experimentally. Here, w represents the volume frac-
tion of species. 0.5 means the ideal status that the
mixture has been completely blended homogeneously.
n denotes the maximum number of the nodes dis-
cretized on the specified plane. According to the def-
inition of Eq.(7), o can be used to describe the ex-
tent departed from the ideal status (w = 0.5). When
species stream flows pass through a same distance
along the stream direction, sufficient mixing gets a
smaller ¢ and inefficient mixing leads to a larger o,
i.e., the smaller the average variance o is, the higher
the mixing efficiency is. In this paper, six kinds of
flow situations listed in Table 1 are calculated and
compared, where, vj, is velocity at the inlet of the
T-junction.

Table 1 Six flow situations simulated

Re Vin, m-s~ 1
0.4 0.00103
1 0.0027875
4 0.0103
10 0.02575
25 0.064375
70 0.18025

4 RESULTS AND DISCUSSION
4.1 The effect of Re on the mixing efficiency
Figure 2 depicts the relationship between average
variance of volume fraction along the centreline dis-
tance L from origin to a definite yz plane in the chan-
nel with different Re. It can be seen that, for a def-
inite L, lower Re leads to a smaller average variance
which means a higher mixing efficiency. Such differ-
ence results are because a lower Reynolds number cor-
responds a sufficiently long contacting time, and the
mixing (mostly convection) plays a major role. When
the Reynolds number increases, the mixing time gets
shorter and the mixing can not be completed more
efficiently in a shorter time.
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Figure 2 Relationship between the mixing efficiency
and flow distance for different Re
Re: 04 ———=1; —-—4;+--: 10;
----25—--—T0

In Fig. 2, when Re is greater than 1, the curves ex-
hibit distinct fluctuation while tending to drop with L.
This may attribute to the secondary flow and chaotic
mixing. The fabrication of serpentine channel makes
the flow complicated and the particle path chaotic.
The fluctuation period equals to that of the serpen-
tine geometry appearing in the channel. At the two
side of the “C-shaped” sections, the flow pattern is re-
versed. This contributes to the fluctuation phenomena
as shown in Fig. 2. Because the sampling plans are all
in the middle of each “C-shaped” sections, the curve
exhibits peak and valley alternately. At the latter of
this paper, we can see that the square-wave channel
also has the similar phenomena but is not obvious,
and the straight channel has almost none.

Figure 3 represents the curve of the average vari-
ance of water with Reynolds number changing after
a same length L = 21 mm. L is the centerline length
along the channel. The curve is fitted by the second
spline function. We can see that the average vari-
ance is linear with Reynolds number when Re is lower
(< 4) and changes inconspicuously when Re is larger
than a certain number. The result shows that the
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mixing is determined by both convection and the con-
tacting time. Long contacting time suggests that it
has enough time to complete the mixing by diffusion
only. When Re number is less than the order of 1, the
intensity of convection affects the mixing efficiency is
almost the same irrespective of the contacting time.
When Re has the magnitude of 10, the convection is
enhanced while the mixing time decreases. The com-
bining effect makes the mixing efficiency almost the
same on the macroscale. It can be concluded that if
Reynolds number continues to increase, the convective
influence becomes stronger and dominants the mixing
comparing with the mixing time. The calculating re-
sults show that the mixing efficiency is higher in the
case of Re = 900 than the case of Re = 70 (the flow
is still laminar when Re = 900).
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Figure 3 Mixing efficiency for different Re at
L =21mm

4.2 The effect of inlet cross section on the mix-
ing efficiency

Rotating the T-type junction for 90 degree
around the z axis, the inlet cross section becomes
150 pm x 300 pm and the aspect ratio becomes 4 times
of the former case (Case 1). This case is denoted
as Case 2. The inlet cross section is changed to
400 pm =200 pm and the aspect ratio remains origi-
nal (Case 3). The volume fraction average variances
are calculated for Cases 1, 2 and 3 at Re = 0.4, 1 and
70, respectively and the results are shown in Figs.4
and 5.

From Figs.4 and 5, it can be concluded that the
variation of the aspect ratio with the same cross sec-
tion area can not efficiently change the mixing effi-
ciency. When the aspect ratio is kept the same, the
channel having larger cross section has lower mix-
ing efficiency compared with Case 1. Although high
aspect ratio means that the contacting area of two
liquids becomes large, the mixing efficiency becomes
lower than Case 1 at the contrary. It illustrated that
the mixing for liquid is much different from that for
gas due to the different diffusion coefficient. The dis-
persion of liquid is less dependent on the molecular
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diffusion but more on the convection. It is consistent
with the illustration that the convective effect domi-
nants the mixing when Pe is greater than 2. Again,
keeping the aspect ratio constant and changing the
cross section area of inlet will have no action to im-
prove the mixing efficiency. Large cross section area
means that it will take more time to reach the equilib-
rium at the near wall. Hence, the average variance of
Case 3 for Re = 0.4 is even higher than that of Case 1
with Re = 1.
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Figure 4 The mixing efficiency for Cases 1 and 2
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Figure 5 The mixing efficiency for Cases 1 and 3
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4.3 The effect of mixer type on the mixing ef-
ficiency

Figures 6—9 show the volume fraction average
variances for three different types of channels. The
definition of L for three types of mixers is the same.
In spite of different Re, the mixing efficiency of ser-
pentine channel is the highest among the three. When
Re = 0.4, for instance, the other two channels need to
run twice distance of the serpentine at least according
to curve fitting. It can also be found directly that the
efficiency curves of square-wave channel and serpen-
tine channel have the tendency of approaching with
each other and being away from the straight channel.
All curves of average variance rise when Re increases,
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which means the mixing efficiency falls down. But the
falling speed for the case of serpentine channel and
square-wave channel is not so rapid as the case of the
straight channel. This phenomenon attributes to the
secondary flow as shown in Fig. 10.
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Figure 8 The mixing efficiency for three mixers at
Re=04
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Figure 7 The mixing efficiency for three mixers at
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Figure 8 The mixing efficiency for three mixers at
Re=4
—— serpentine; — — — square-wave; — - — strainght
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Figure 8 The mixing efficiency for three mixers at
Re =TO
—— serpentine; — — — square-wave; — - — strainght

Figure 10 is obtained by the post processing soft-
ware “Tecplot9.0” and it shows the volume fraction
contour and stream lines at the sections of £ = 4 mm
(in the 7th “C-shape”) and y = Omm. (in the 6th “C-
shape”) respectively. Figs.10 (a) and (c) are figures
of volume fraction contour for water (Re = 1.0) and
the figures appear distinct dissymmetry. Figs.10 (b)
and (d) are the figures of stream line (Re = 25), in
which the obvious vortices can be seen. Because of the
secondary flow aroused by the structure, the mixing
is enhanced in the serpentine channel. The secondary
flow is also observed in the square-wave channel while
the Re is over certain value but cannot be found in
straight channel. As a result, the mixing efficiency of
serpentine channel and square-wave channel is much
higher than that of straight chanmnel. It offers us a
guideline to designing a mixer with high efficiency, i.e.,
enhancing the secondary flow to speed up the mixing
as much as possible.

5 CONCLUSIONS

From the analysis above, the following conclusions
can be derived.

(1) For the cases with two input liquids, the mix-
ing efficiency decreases with Reynolds number when
Reynolds number is less than 900.

(2) The mixing efficiency is related to the mixing
time and the flow convective intensity. The mixing
is decided by diffusion at first, and is dominated by
convective effect more obviously as Re increases.

(3) For serpentine channel, the case with small as-
pect ratio of inlet cross section has a little higher ef-
ficiency, but the variation of aspect ratio has no dis-
tinct effect on the mixing efficiency. Large inlet cross-
section area makes the efficiency low instead.

(4) With the same length of centerline, the mixing
efficiency in the serpentine channel is obvious higher
than that in the square-wave and straight channels
because of a distinct secondary flow in the serpentine
channel.
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Figure 10 The information of flow and diffusion at a

section with Re =1 and Re =125

NOMENCLATURE

D,y  diffusion coefficient between a and b, m2-s~
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1

DC

h

J

L

p pressure, Pa
Q

t

S

Uo

hydraulic diameter, mm

height of cross section of channel, mm
flux of mass

distance along the centerline, m

3,41

volume flux, m*-s
time, s
cross-section area, m?

inlet velocity of the channel, m-s—1

vin  inlet velocity of the T-type mixer, m-s~?

velocity vector
width of cross-section, mm
average variance of volume fraction

Xa  mass fraction of species a

volume fraction of species

Kn Knudsen number
Pe Peclet number
Re  Reynolds number (Re = 0.4/1/4/10/25/70)
Sc Schmidt number
Superscripts

*

dimensionless form
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