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ABSTRACT
In this paper, a transient numerical model is presented to

investigate the mixing phenomena in passive T-shaped barrier
embedded micro-mixer (BEM) with rectangular cross-sections.
The simulations are performed for two non-reactive miscible
gases (i.e. oxygen and methanol). The compressibility and slip
effects of the flow in the micro-channel are neglected. The
model presented in this paper is used to numerically solve
physical governing equations namely the continuity, momentum
and specious transport equations. The equations are discritized
using control volume numerical techniques. The distribution of
the specious concentration within the domain is calculated. The
Intensity factor is used as a criterion for mixing length. Also,
the effects of the baffles’ height and span on mixing efficiency
and reducing the mixing length are studied. Having baffles in
the channel can substantially decrease the mixing length.
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NOMENCLATURE

fluid velocity

Pressure

density

gravitational acceleration
body force

stress tensor

mass diffusivity
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INTRODUCTION
Mixing is a transport process for species, temperature, and

phases to reduce in homogeneity. Micro mixing has recently
drawn great attention because of low production cost, reduced
reaction time, portability, the multiplicity of design [1-2],
smaller reagent volumes, and shorter analysis time [3-4].
Mixers have diverse applications in chemical processing,
polymer production, biotechnology, food engineering,
pharmaceutical products [5], micro heat exchangers, micro
reactors, lab-on-a-chips, medical applications [6] and micro
total analysis systems [7].
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The extremely large surface-to-volume ratio and short
transport path in micro-mixers enhance heat and mass transfer
dramatically [8]. In order to increase the mixing efficiency and
reduce diffusion distance in micro-mixers, the contact surface
between different fluids should be increased by controlling
fluid flows within the channel. In addition, as the flow regime
in micro channel is laminar, a mechanism which is called the
“chaotic advection” is used to increase the mixing efficiency.
Chaotic advection refers to the phenomenon which a simple
Eulerian velocity field creates a chaotic response in the
distribution of a Lagrangian marker [10].

Various numerical and experimental models have been
proposed to study the chaotic mixing in micro channels. Lin et
al. [9] analyzed the transient three-dimensional flow field and
distribution of concentration within a planar serpentine channel.
Kang et al. [10] investigated the effect of periodic and aperiodic
sequences of mixing protocols on mixing performance in a
barrier embedded micro-mixer. A staggered herringbone mixer
was studied by Kee et al. [11] in which they used the particle
tracking methods and numerical simulations to estimated the
mixing length. Jeon et al. [12] simulated and analyzed a passive
mixer in which they investigated the effect of wvarious
geometries on the mixing. Nguyen et al. [13] designed a Y-
junction type micro-mixer with a square obstacle on the square-
wave flow channel in order to enhance the mixing ability using
the chaotic advection.

Numerous investigations have been proposed in order to
study T-shape micro-mixers [14, 16-18]. Le and Hassan [19]
simulated gas mixing in a T-shape micro-mixer numerically
using the direct simulation Monte Carlo (DSMC) method.
Soleymania et al. [20] proposed a dimensionless number to
identify the flow regimes in liquid phase inside a T-shaped
micro-mixer. They reported that the flow regimes in a T-shaped
micro-mixer depend strongly on both the volume flow rates and
the geometrical parameters of the mixer. Adeosun and Lawal
[21] investigated the mixing performance in a
multilaminated/elongational flow mixer and a T-junction
micro-mixer in order to obtain concentration and the residence-
time distribution.

Su et al. [22] investigated mass transfer characteristics of
H2S absorption from gaseous
methyldiethanolamine solution in a T-junction micro channel
experimentally. The performance of most micro chemical
devices strongly depends on the efficiency of mixing,
especially when dealing with fast reactions, therefore is needed
to enhance the efficiency of mixing.

Although the T-shapedd barrier embedded micro-mixer has
a simple geometry, but its efficiency of mixing is significant as
it uses the main concepts of mixing to generate the chaotic

mixture into

advection using stretching, folding and breaking the laminar
flow.

In the present study, the mixing process for gaseous flow in
T-shaped barrier embedded micro-mixer has been investigated
in order to study the effect of baffles’ height and span on the
mixing efficiency, mixing length and time. The gases which are
applied in this study are considered to be incompressible and
miscible and the slip effect is negligible.

MATHEMATICAL MODEL
A schematic of micro-mixing process in a T-shaped channel

is shown in Fig. 1. The mathematical model in this study is
based on the following assumptions:

- The fluid flow is considered to be incompressible

- Knudsen number is less than 0.001, therefore, the slip effects
of the gaseous flow in the micro-channel are negligible;

- The fluids are considered to be Newtonian and their flow to
be laminar;

- The effect of surrounding gas is considered;

GOVERNING EQUATIONS
- Fluid Flow

The governing equations are the conservation of mass and
momentum as follows:

V=0 (D
v 1~ 1. 1.,
—+V.(VV)=—-=-VP+-V.T+8+—-F @)
ot ( ) p p g p b

where V is the fluid velocity, P, p are the pressure and density,

g is the gravitational acceleration, Fy, is the body force, and 7 is
stress tensor.

- Specious Transport
In order to predict the mixing efficiency, the specious
transport equation should be solved as follows:

ac
EJ’ V.VC = DV3C 3)

where D is the mass diffusivity and C is the specious
concentration and it ranges from zero to one.

In addition, as the model is applied for the multiphase flow,
the density, viscosity and mass diffusivity within the domain is
estimated as follows[23]:

p=Cpyy +(1=0Op,, 4)
p=Cpy + (1 =0pgy, )
D = CDg; + (1 — C)Dg, (6)

where the subscript g1 and g2 demonstrate the two distinct
gases.
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Figure 1: A SCHEMATIC OF MICRO MIXING PROCESS IN
A T-SHAPED CHANNEL

In order to solve the governing equations, suitable boundary
condition should be applied. The normal and tangential
velocities should be zero at wall boundaries as follows:

V.t, =0 ™
®)

i7. ii_L = ()
Moreover, the impermeable wall condition should be
applied to the concentration flied as follows:

‘7(:. ii_L = () (S))

where 1, and £, are the normal and tangential unit vectors,
respectively. The velocity distribution is known for inlet
boundaries and for outlet boundary condition, the velocity and
pressure gradients should set to be zero as follows:

(VP).7, =0 (11)
NUMERICAL SCHEME

The numerical scheme is based on the Eulerian frame of
reference in the rectangular Cartesian coordinate. The fluid
flow equations are discretized using a control volume approach
based on staggered grid. The advection term in momentum
equation is calculated using the second order-upwind van leer
scheme [24].

A two-step projection method is used to solve for
incompressible flow, with the Pressure Poisson Equation (PPE)

solved via a robust incomplete Cholesky conjugate gradient
(ICGG) technique [25].

The specious transport equation is discritized using a
control volume approach. It is solved implicitly in order to
calculate the specious concentration within the domain. The
convective terms are discritized based on the upwind-second
order scheme.

Time restrictions should be implemented to the terms which
are derived explicitly (i.e. the convective and viscous terms in
momentum equation).

In order to validate the model the results of simulations
were verified with analytical solutions for simple geometries
[26]. A mesh refinement study has also been performed in
which the mesh size was progressively increased until no
significant changes were observed in the results (number of
cells per one millimeter corresponding to these mesh sizes was
10, 20, 40, 60, 80 cells). From this study, a mesh size
corresponding to 40 cells per millimeter was found to be the
optimum mesh with an error of less than 1% [26].

RESULTS AND DISCUSSION
The geometry of a T-shaped micro-mixer which is used in

this paper is shown in figure 1. In order to increase the mixing
efficiency and reducing the mixing length using chaotic
mixing, some baffles are placed in the mixing channel. In the
present study, the mixing process for gaseous flow of oxygen
and methanol is simulated. The channel height and length is set
to be 500um and 7 mm. In addition, in order to evaluate the
mixing efficiency, the area-weighted discrete intensity of
segregation (1) is defined as follows:

 iz-or .
la = /NW 12

where C is the average specious concentration as follows:
£ 2= G (13)
N

where Cj is the specious concentration in each point of a cross
section. The intensity of segregation demonstrates the deviation
of local concentration from the ideal homogenous mixture. In a
perfect mixing, I; = 0, while I; = 1 in a completely unmixed
system [10]. The mixing length can be define as the span in
which the 1 — I; approaches to one. In addition, the amount of
1 —1, is a criteria for mixing efficiency i.e. the more 1 — I,
approaches to one; the more efficiency would be obtained.

In addition, two dimensionless parameters which determine
the flow regime in micro-mixers are the Reynolds number and
Schmidt number as follows:
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Re = —2 (14)
v

Sc=2 15

c=7 (15)

where v, V and Dy, are the kinematic viscosity, inlet velocity
and the hydraulic diameter of the channel, respectively.

The Reynolds number is often low therefore, turbulence is
not possible in micro-mixers and the flow pattern is dominated
by viscous effect. The main transport phenomena in micro-
mixers are the convection and molecular diffusion. Convection
is caused by fluid motion, while the molecular diffusion is
caused by the motion of the molecules which is characterized
by the molecular diffusion coefficient. This kind of response is
called chaotic advection and it takes place in laminar flow
regime. In addition, the Schmidt number shows the ratio of the
viscous effect to the molecular diffusion effect.

In the present study, the Reynolds number is as the order of
70 therefore is flow regime is laminar and the Schmidt number
is about 1 which shows that both viscous and molecular
diffusion effects are dominant.

Figure 2 depicts a sample transient simulation of a typical
T-shaped BEM with following parameters:

Inlet velocity = 2 m/s

Baffles’ Height = 200 pm
Baffles’ Span = 400 pm
Baffles’ Width = 50 um

As shown in this figure, the distribution of spacious
concentration within the domain is calculated where C=1 shows
the methanol and C=0 corresponds to the oxygen. Both
convection and diffusion mechanisms exist in this case,
however, as the velocity increases, the convection effect
becomes more dominant than the diffusion mechanism. The
effect of baffles in the channel is to generate the chaotic
advection using stretching, folding and breaking the laminar
low.

Figure 3 depicts the effect of baffles’ span (400, 600 and
800 um) on the mixing length. As shown in this figure, in order
to obtain a proper efficiency, the mixing length increases with
the baffles’ span. However, the mixing takes place in a longer
time to become steady as the span increases.

The effect of the baffles’ height (0, 100 and 200 um) on the
mixing length is shown in Fig 4. As seen in the figure, the
mixing length reduces as the baffles’ height increases.
However, the steady state duration increases with baffles’
height. In case of having no baffle in the mixing channel, a
good mixing would not take place within the channel.

The influence of inlet velocity (1, 2 and 3 m/s) on the
mixing length is studied in Fig 5. The mixing length increases

as the inlet velocity increases. However, when the velocity is
low, it takes more time to become the steady state.

The main effect of the baffles is to create a velocity
perpendicular to the main flow stream; therefore, the
convective term (in spacious transport equation) thrives.

CONCLUSIONS
A transient numerical model is developed to simulate the

flow pattern and specious concentration in a T-shaped barrier
embedded micro-mixer. The physical governing equations (i.e.
continuity, momentum, and specious transport equations) are
discretized using a control volume scheme. A two step
projection method is used to solve the fluid flow. The second
order-upwind numerical scheme is applied to derive the
convective terms. In order to evaluate the mixing efficiency and
mixing length, the definition of intensity of segregation is used.
In the present study, the flow pattern is laminar and the effects
of advection and molecular diffusion are considered. The
simulations show that as the baffles’ span increases, the mixing
length increases, however, the prefect mixing takes place in
longer time and length which is not favorable. Moreover, as the
baffles’ height increases the mixing length decreases but it
takes longer time to become steady. In addition, the mixing
length increases while the steady state time decrease as the inlet
velocity increases.
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Figure 2: A MODEL RESULTS FOR THE DISTRIBUTION OF THE SPECIOUS TRANSPORT DURING THE MIXING PROCESS IN A T-SHAPED
BARRIER EMBEDDED MICRO-MIXER
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FOR DIFFERENT BAFFLES' HEIGHT:
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Figure 3: THE DISTRIBUTION OF SPECIOUS CONCENTRATION
FOR DIFFERENT BAFFLES’ SPAN:
a) S=400um b) S=600um c) S=800um d) S=1000pum
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Figure 5: THE DISTRIBUTION OF SPECIOUS CONCENTRATION
FOR DIFFERENT INLET VELOCITY:
a) V= 1m/s b) V=2m/s c) V= 3m/s

REFERENCES

[1] Nguyen, N.T., and Wu, Z., 2005.” Micro mixers—a
review”.  Journal of  Micromechanics and
Microengineering. 15, pp.1-16.

[2] Hessel, V., Holger, L., Muller, A., and Kolb, G., 2005.
"Micro mixers: a review on passive and active mixing
principles”. Chemical Engineering Science, 60,
pp.2479-2501.

[3] Stone H.A., Stroock A.D., and Ajdari A., 2004.”
Engineering flows in small devices: micro fluidics
toward a lab-on-a-chip”. Annual Review of Fluid
Mechanics, 36, pp.381-411.

[4] Squires T.M., and Quake SR., 2005. “Fluid physics
at the nanoliter scale”. Rev Mod Phys 77, pp.977-
1026.

[5] Lehwald, A., Thevenin, D., and Zahringer, K., 2009.”
Quantifying macro-mixing and micro-mixing in a
static mixer using two-tracer-induced fluorescence”.
Exp Fluids, pp.1-14.

[6] Wiggins, S., and Ottino, J.M., 2004.”Foundations of
chaotic mixing”. Roy. Soc. Lond. Trans. Ser. A 362,
pp. 937-970.

[7] West, J., Becker, M., Tombrink, S., and Manz, A,
2008. “Micro total analysis systems: latest
achievements”. Analytical Chemistry, 80 (12), pp.
4403-4419.

[8] Qian, D., and Lawal, A., 2006."Numerical study on
gas and liquid slugs for Taylor flow in a T-junction
micro channel”. Chemical Engineering Science, 61,
pp. 7609-7625.

[9] Lin, K., and Yang, J.T., 2007."Chaotic mixing of
fluids in a planar serpentine channel” International
Journal of Heat and Mass Transfer 50, pp.1269-
1277.

[10]Kang, T.G., Mrityunjay, K., Kwon, S.T.H., and
Anderson P.D., 2008. ” Chaotic mixing using periodic
and aperiodic sequences of mixing protocols in a
micro mixer”. Micro fluid nanofluid, 4, pp. 589-599.

[11] Kee, S.P., and Gauvriilidis, A., 2008.” Design and
characterization of the staggered herringbone
mixer”. Chemical Engineering Journal, 142, pp. 109-
121.

[12]Jeon, W., and Shin, C.B., 2009.” Design and
simulation of passive mixing in micro fluidic systems
with geometric variations”. Chemical Engineering
Journal, 152, pp. 575-582.

[13]Nguyena, T.N.T., Kimb, M.C., Park, J.S., and Lee,
N.E., 2008.” An effective passive micro fluidic mixer
utilizing chaotic advection”. Sensors and Actuators B
132, pp. 172-181.

[14] Hoffmann, M., Schluter, M., and Abiger, N.R., 2006.
“Experimental investigation of liquid—liquid mixing in
T shaped micro-mixers using p-LIF and p-PIV”.
Chemical Engineering Science, 61, pp. 2968.

7 Copyright © 2010 by ASME



[15]Bothe, D., Stemich, C., and Warnecke, H.,
2006."Fluid mixing in a T-shaped micro mixer”.
Chemical Engineering Science, 61, pp. 2950.

[16]Engler, M., Kockmann, N., Kiefer, T., and Woias, P.,
2004. “Numerical and experimental investigations on
liquid mixing in static micro mixers” Chemical
Engineering Journal, 101, pp. 315.

[17]Kim, D.S., Lee, S.W., Kwon, T.H., and Lee, S.S.,
2004.” A barrier embedded chaotic micro mixer”.
Journal of Micromechanics and Microengineering,
14, pp. 798-805.

[18]Bothea, D., Stemichb, C., and Warnecke, H.J.,
2006.” Fluid mixing in a T-shaped micro-mixer”.
Chemical Engineering Science, 61, pp. 2950 — 2958.

[19]Le, M., and Hassan, I., 2007.” DSMC simulation of
gas mixing in T-shape micro mixer”. Applied Thermal
Engineering, 27, pp. 2370-2377.

[20] Soleymania, A., Yousefib, H., and Turunena, I.,
2008. " Dimensionless number for identification of
flow patterns inside a T-micro-mixer”. Chemical
Engineering Science, 63, pp. 5291-5297.

[21]Adeosun, J.T., and Lawal, A., 2010.” Residence-time
distribution as a measure of mixing in T-junction and
multi laminated/elongation flow micro mixers”
Chemical Engineering Science, 65, pp. 1865-1874

[22]Hongjiu, S.U., Wang, S., Niu, H., Pan, L., Wang, A.,
and Hu, Y., 2010.” Mass transfer characteristics of
H2S absorption from gaseous mixture into
methyldiethanolamine solution in a T-junction micro
channel”. Separation and Purification Technology,
pp.1-34.

[23] Passandideh-Fard, M., and Roohi, E., 2008.
"Transient Simulations of Cavitating Flows Using a
Modified  Volume-of-Fluid  (VOF)  Technique".
International Journal of CFD, 22(1), pp. 97-114.

[24]Van-Leer, B., 2006. "Upwind and High-Resolution
Methods for Compressible Flow: From Donor Cell to
Residual-Distribution Schemes”. Communication in
Computational Physics, 1(2), pp. 192-206.

[25]Kothe, D.B., Mjolsness, R.C., and Torrey, M.D.,
1994. "Ripple: A Computer Program for
Incompressible Flows with Free Surface". Technical
Report No. LA-12007-Ms, UC-000, Los Alamos
Scientific Laboratory.

[26] Esmaeelpanah, J., 2009. "Numerical Simulation of
Fluid Flow, Heat Transfer, and Phase Change in
Laser Cladding Technology". M.Sc. Thesis, Ferdowsi
University, Mashhad, IRAN.

8 Copyright © 2010 by ASME



