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Abstract A numerical study has been carried out to

investigate the effect on mixing of the position of fluid

stream interfaces in a rectangular microchannel. The

velocity profile in a microchannel has a parabolic shape

which shows maximum local velocity at the center of the

channel and minimum velocity near the wall. This velocity

profile governs the residence time of the fluid streams and

hence effects on the mixing of fluid streams. Single and

double interfaces of the fluid streams have been studied in

rectangular microchannels for the range of Reynolds

numbers (0.1 B Re B 10) where mixing is mainly gov-

erned by molecular diffusion. Significant variations in the

mixing performance have been shown at various positions

of the interfaces at different Reynolds number.

1 Introduction

Development of efficient micromixers and understanding

the mechanism of the mixing of fluid samples has become a

focus of research in the area of microfluidics. Attaining

rapid mixing of liquids in a limited time is required for

many microfluidic applications (Burns et al. 1998;

Hashimoto et al. 2006; Lee et al. 2005). However, the flow

in microchannels is predominantly laminar which makes it

difficult to mix the fluid samples (Stone et al. 2004). In

simple microchannels, fluid mixing is solely due to

molecular diffusion, which is a very slow process, because

the Reynolds number in microchannels is in the regime of

laminar flow due to small channel dimensions. Under-

standing the basic mechanism of mixing under different

operating conditions is essential to enhance the mixing rate

and develop new micromixers.

Micromixers can be broadly classified as active and

passive micromixers (Nguyen and Wu 2005; Hessel et al.

2005). Passive micromixers utilize specially designed

shapes of the channel to create the desired flow inducing

mixing. The operation of the passive micromixer is easier

and simpler because of no additional moving parts or

energy sources. By contrast, active micromixers use

external energy sources and are more efficient for mixing

the fluid as compared to passive micromixers. However,

active micromixers require a cumbersome fabrication

process and hence are not cost effective as compared to

passive micromixers.

The simplest design of a passive micromixer is T- or Y-

shape in which the inlets join the main channel with T- or

Y- shape branches. These micromixers are quite suitable to

carry out basic fundamental studies to understand mixing at

the microscale. Engler et al. (2004) performed numerical

and experimental investigations on T-shape micromixers

and distinguished three flow regimes, i.e. stratified laminar

flow, vortex flow and engulfment flow. Bothe et al. (2006,

2008) numerically investigated on the same T-shape

micromixer and found that only engulfment flow with

intertwinement of the input fluid streams is efficient in

mixing by rolling up the initial planar contact area between

the fluids. Hoffmann et al. (2006) performed experimental

investigations on T-shape micromixer with rectangular

microchannel in the stratified and engulfment flow regimes.

They reported that the flow promotes the formation of the

vortex even at low Reynolds number and enhance mixing

by the short diffusion lengths. In these flow regimes,

the intertwinement of the two fluid streams increases the

M. A. Ansari � K.-Y. Kim � S. M. Kim (&)

Department of Mechanical Engineering, Inha University,

253 Young Hyun-dong, Nam-gu, Incheon 402-751,

Republic of Korea

e-mail: sunmk@inha.ac.kr

123

Microsyst Technol (2010) 16:1757–1763

DOI 10.1007/s00542-010-1100-2



interface area of the fluid along with reducing the diffusion

lengths. Soleymani et al. (2008a, b) carried out numerical

and experimental analyses on the flow and the mixing

characteristics in a T-shape micromixer and reported the

formation of vortices and its effect on mixing. The for-

mation of the vortices is greatly dependent on Reynolds

number and geometrical parameters. This study reports on

the determination of identification number for the differ-

entiation of flow regimes and its critical value at which

transition from vortex flow to engulfment of flow. Adeosun

and Lawal (2009) carried out numerical and experimental

investigations on T-shape microchannel and characterized

mixing performance using the concept of residence time of

the fluid.

The basic T- or Y- shape micromixers generate interface

of the fluid streams to be mixed over which mixing take

place. These micromixers have been modified to generate

multiple interfaces of the fluid streams using specially

designed inlets. Wu and Nguyen (2005) carried out ana-

lytical studies and proposed two important parameters for

T-mixer, i.e. Peclet number and mixing length. The model

can be applied for multiple interfaces of fluid streams as

well. Tafti et al. (2008) studied the effect of velocity profile

and its variation in a microchannel on mixing. Yang and

Liu (2008) carried out numerical simulation on the

hydrodynamic behavior of Taylor dispersion to understand

its theoretical background.

Most of the previous works on T- or Y- shape micro-

mixers is directed towards analyzing mixing for a wide

range of Reynolds numbers and finding various flow types.

It is well known, that the mixing performance varies sig-

nificantly with Reynolds number because mixing is mainly

governed by the molecular diffusion of the fluids. At very

low Reynolds number, the mixing is higher due to longer

residence time of fluid. However, as the Reynolds number

increases, mixing decreases due to decrease in the resi-

dence time of the fluid. The effect of convective flows

starts to mix the fluid after a certain critical Reynolds

number. So, exploring a way to increase mixing perfor-

mance for the range of Reynolds numbers where low

mixing is depicted is an interesting and important issue.

Abonnenc et al. (2009) studied mixing of two fluid flows

in a microchannel, with one central laminar flow being

sandwiched between two outer flows. The effects of the

diffusion coefficient, flow rates and species concentration

ratios were analyzed. The location of two interfaces was

away from the center of the microchannel. The position of

the interface of the fluid streams in the microchannel

affects the mixing performance of the device. The work

reported only at one position of the interface of the fluid

streams away from the center of the channel.

From the above study, it has become obvious that the

position of the interface of the fluids streams in a

microchannel affects mixing performance. The center

position of the interface where the flow velocity is maxi-

mum value will show least mixing performance due to the

low residence time of the fluid. Due to parabolic shape of

the velocity profile, the mixing performance will keep on

increasing as the interface positions shift towards the wall

side. However, the position of the nearest interface to the

wall does not look realistic due to no slip condition at the

wall and the required mass flow rate of the fluids. In such

situation, there will be a certain optimum position in the

microchannel, where the mixing will be higher and can be

practical for microfluidic applications. Some detailed study

on the interface position in a microchannel need to be

performed to investigate mixing performance at various

positions in the microchannel for different Reynolds

numbers. Such information will be helpful to design the

channel with optimum location of the interface position for

attaining effective mixing.

In this work, the effect on mixing of the position of fluid

stream interfaces has been investigated for a range of the

Reynolds numbers (0.1 B Re B 10) in which the diffusion

mixing is dominant. Both single- and two-interface has

been considered. In case of two-interface, each interface is

equidistant from the wall of the rectangular channel. The

result shows different mixing behavior for various loca-

tions of the interface in the channel.

2 Basic idea

The velocity profile of laminar flow in a rectangular

channel has parabolic shape when the flow is fully devel-

oped as shown in Fig. 1. The velocity at the center of the

channel is the highest and attains a value of zero at the wall

to satisfy no slip boundary condition. There is gradual

decrease in the local velocity of the fluid stream from the

center to the wall. Due to the high local velocity of the fluid

streams at the center, which causes short resident time, low

mixing will be depicted when the interface of fluid streams

lies at the center of the microchannel. In order to take the

advantage of the velocity profile, the position of the

interface can be located away from the center. This will

provide longer resident time to the fluid streams for mixing

in the regime of given Reynolds numbers (0.1 B Re B 10)

in which the mixing is dominated by diffusion.

3 Physical model

Figure 2 shows the schematic diagram of the micromixer

for both single and double interfaces of the fluid streams.

For single-interface fluid streams, one side inlet channel

joins the main channel, while for creating two interfaces,
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two side inlet channels has been considered. In both cases,

the side inlet channels connect the main channel at right

angle to the main channel.

The height of the inlet channels as well as main channel

has been kept constant at 140 lm. The width of the side

inlet channels (w) has been varied from 50 to 200 lm and

the width of the main channel (W) is fixed as 200 lm. In

case of two-interface fluid streams the width of both side

inlet channels are equal. The width of the main inlet

channel is fixed and is equal to the width of the main

channel. The length of the main mixing channel and inlet

channel is fixed, L = 5 mm, Lin = 1.8 mm. In case of

single-interface fluid streams, two separate fluid streams

flows from the two inlets. While for two-interface fluid

streams, one fluid stream is sandwiched between the two

streams of the similar fluids entering from the side inlets.

Both interfaces are equidistant from the wall of the rect-

angular channel. The distance of the interface of the fluid

streams from the wall of the channel has been expressed by

the ratio w/K, where w is the width of the side inlet

channels and K = w ? W for single-interface and

K = 2w ? W for two-interface.

4 Numerical model

The numerical analysis on mixing was carried out by

solving the continuity equation (Eq. 1) and the Navier–

Stokes equation (Eq. 2) using ANSYS CFX-11 solver. This

flow field in the micromixer was considered steady and

incompressible. The governing equations are as follows.

r � V~ ¼ 0 ð1Þ

V~ � r
� �

V~ ¼ rp

q
þ lr2V~ ð2Þ

Water and ethanol were selected as the working fluids.

The main reason for selecting water and ethanol is that

there are a number of studies on mixing with these fluids

(Chung and Shih 2008; Lin et al. 2007; Jeon et al. 2005;

Wang et al. 2002). Second reason is that the physical

properties, especially diffusivity, of these two fluids are

quite suitable for carrying out numerical simulation for

evaluating mixing. Fluids with low diffusivity will require

longer computational time.

Structured grids for full domain of the micromixer were

used to take advantage of simple geometry. The quality of

the mesh was kept high near the zone where the interface

of two fluid streams exists to increase the accuracy of

analysis.

The inlets were assigned as normal velocity component

while the outlet as zero static pressure. In case of single-

interface fluid streams, main inlet was assigned 100%

ethanol, while side inlet was assigned 100% water. For

two-interface fluid streams, 100% water was assigned to

both side inlets with 100% ethanol to the main inlet. Hence,

the water stream flows along the side walls, with ethanol

stream was sandwiched in between and two interfaces of

the fluids were created. Walls were assigned with no slip

boundary conditions. The properties of the water and eth-

anol were taken at 20�C (see Table 1) and the solutions

Velocity profile for 
 Laminar flow 

Centerline 

Interface Positions in  
the microchannel 

Fig. 1 Schematic drawing showing the position of the interface of

the fluid streams in the microchannel. For laminar flow, the velocity

profile is a parabolic shape, with maximum velocity at the center of

the channel and zero velocity at the wall
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Fig. 2 Schematic of the model rectangular microchannels with

a single interface b double interfaces. The side inlets are connected

to the main channel at right angle. The width of the main channel is

fixed at W = 200 lm, while the width of side inlet channels are

varied (50–200 lm). In case of two-interface the width of both side

inlets are equal
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were considered to have attained convergence when a root

mean square (RMS) residual value reached 10-6.

Along with qualitative analysis on mixing, the perfor-

mance of the micromixer was evaluated by quantitatively

calculating the mixing index for various interface positions.

Mixing was evaluated using a parameter called mixing

index, defined as;

M ¼ 1�
ffiffiffiffiffiffiffiffiffi
r2

r2
max

s

ð3Þ

where r is the variance of the mass fraction of the fluid

component of the mixture, rmax is the maximum variance.

Variance was calculated on a plane drawn perpendicular to

the direction of the flow as follows.

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X
ci � �cmð Þ2

r

ð4Þ

The value of the mass fraction was evaluated at N

sampling points on the plane. ci is the mass fraction at

sampling point i, and �cm is the optimal mixing mass

fraction. The value of optimal mass fraction, �cm is 0.5 for

completely mixed mixtures of fluids. The total number of

sampling points, N on the cross sectional plane was equal

to 600.

5 Results and discussion

Numerical results for the effect on mixing of the interface

positions in a rectangular microchannel are shown in Fig. 3

by the mass fraction distributions of ethanol along the

channel. The distributions are drawn on xy-plane at the

middle of the channel height for both single- (Re = 0.5)

and two-interface (Re = 1) fluid streams at various posi-

tions of the interface of the fluid streams. Figure 3a shows

the mass fraction distributions of ethanol for different

positions of the interface in the single-interface channel for

Re = 0.5. In cases, w/K = 0.2, the interface is near to the

wall and the width of the interface is increasing along the

channel length. The fluid component near the wall side of

the interface gets mixed within a short distance. There is no

more fluid left for mixing. Hence after a certain distance

mixing becomes constant. As the interface position is

shifted towards the center of the microchannel, the mixing

rate decreases. However, the extent of mixing with change

of interface position cannot be clearly distinguished by the

mass fraction distribution. The effect was more clear and

distinguishable, when it was analyzed with mixing index

(presented in later section). The contour plot for

w/K = 0.50 is for the interface located at the center of the

microchannel. The other results correspond for different

Table 1 Properties of fluids at 20�C

Fluid Density

(kg m-3)

Viscosity

(kg m-1 s-1)

Diffusivity

(m2 s-1)

Water 9.998 9 102 0.9 9 10-3 1.2 9 10-9

Ethanol 7.890 9 102 1.2 9 10-3 1.2 9 10-9

Fig. 3 Mass fraction distribution on xy-plane at various locations in

the rectangular microchannel; a single-interface fluid streams,

Re = 0.5, K = w ? W, b two-interface fluid streams, Re = 1,

K = 2w ? W
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interface positions which are away from the center of the

microchannel.

Figure 3b shows the mass fraction distributions of eth-

anol for different positions of the interface in the two-

interface channel for Re = 1. The flow rate from the inlets

was adjusted to maintain constant Reynolds number in the

main channel. The widths of the two sub inlets were same

for each case and hence both interfaces of the fluid streams

are at same distance from the center of the microchannel.

The distribution of mass fraction at the interface is similar

to the results presented in Fig. 3a. The only main differ-

ence is the rate of broadening of the interface of the fluids

streams. The rate of interface broadening along the channel

length is at Re = 1.0 is slow as compared to Re = 0.5

(Fig. 3a). This is mainly due to longer residence time of the

fluids streams to mix. The inertia of incoming fluid streams

is also not strong enough to distort interface of the fluid

streams. Hence, the area of interface is also constant and is

almost undisturbed by the fluid flow. Each fluid stream

follows its own side in the channel and thin and straight

interface can be clearly visualized in the results.

Mixing index distribution along the channel length for

different positions of the interface in the microchannel at

two Reynolds numbers (Re = 0.5, 5) are shown in Fig. 4.

The quantitative results correspond to the results of the

contour plots at the same conditions presented in Fig. 3.

Significant variations in the mixing performance are shown

at various positions of interface. The mixing index is

gradually increasing along the channel length at all

positions of the interface. In case of single-interface,

w/K = 0.50 corresponds to the situation when the interface

lies at the center of the rectangular channel (see Fig. 4a).

As the interface position is shifted towards the wall, mixing

rate is increasing. This is due to the shortest residence time

of fluid stream located at the center of the channel. This

residence time gradually increases as the interface position

is shifted towards the wall. At Re = 0.5 and w/K = 0.20,

the mixing rate is very high till x = 1.0 mm, then it

becomes almost constant by the end of the microchannel.

For w/K = 0.27, mixing rate is also high till x = 1.0 mm,

then slows down. For w/K = 0.20, the quantity of one fluid

on wall side of the interface is less as compared to

w/K = 0.27, which mixes earlier and get consumed within

a certain distance in the microchannel. For w/K = 0.30,

mixing rate is lower than the above two cases, but finally at

the end of the channel mixing is higher. For any given

Reynolds number, lowest mixing is depicted for the

interface location at the center of the microchannel. The

mixing increases as the interface position is shifted away

from the center towards the wall. Similar behavior is shown

for two-interface channel (see Fig. 4b). For two-interface

case, at Re = 1, mixing index is increasing along the

channel length at all interface positions. For w/K = 0.16,

interface is near to the wall and shows similar mixing
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behavior with the result of single-interface case. For

w/K = 0.37, the interface is away from the center and

shows lowest mixing performance.

The mixing performances of different interface positions

and various Reynolds numbers are shown in Fig. 5. It

shows the mixing index at the end of the microchannel

(x = 4 mm) for different interface positions of the fluid

streams for Re = 0.1, 0.5, 1, 5, and 10 in both single- and

two-interface microchannels. At Re = 0.5 and 1, mixing

increases gradually as the position of interface is shifted

towards the center and starts decreasing after attaining a

peak value. At Re = 0.1, the fluid has very long residence

time and shows highest mixing when the fluid interface is

located at the center of the microchannel. In this case, there

is sufficient fluid on both side of the interface for mixing

and hence shows higher mixing. However, at Re = 10,

there is not so much effect of the position of the interface

on mixing. Mixing is almost constant for all positions of

the interface. This is likely due to quite short residence

time of the fluid in the microchannel. In contrary, signifi-

cant variation is shown at Reynolds numbers lower than 10.

Hence, positions of interface can be kept in mind while

designing a micromixer operating in the above mentioned

range of Reynolds numbers.

6 Conclusion

Numerical analysis has been carried out to investigate the

effect on mixing of the position of the fluid stream inter-

faces in a rectangular microchannel. Both single- and two-

interface fluid streams have been considered for study at

various Reynolds numbers. The Reynolds numbers lie in

the range where mixing is mainly governed by the

molecular diffusion of the fluids. Significant variation in

mixing behavior is depicted for various positions of the

interface in microchannel at various Reynolds numbers.

The effect of position of the interface in the channel on

mixing is more at low Reynolds number (\Re = 10), but

less at higher Reynolds number ([Re = 10).
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