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1 Introduction

Efficient reagent mixing continues to be of great importance in
many biochemical processes requiring even reactions between
ingredients [1-4]. However, mixing of fluids usually relies mainly
on the diffusion and the convection effects, which become weak
in microscale [5,4]. In microfluidic channels, the flow is usually
laminar [6-9], and an efficient mixing can be hard to realize.
Many microfluidic mixers are thus proposed to shorten the mixing
distance and enhance the diffusion length.

Microfluidic mixers are often classified into two types: passive
and active types. An active mixer uses an external energy source,
such as electric [2,10], magnetic [11-13], and acoustic [14] fields,
to enhance the turbulence in the fluid, which can sometimes dam-
age delicate biological cells. A passive mixer, on the other hand,
uses geometrical variation in the channel structure, inducing com-
plex fluid motion to achieve an appropriate mixing [4]. Such a
mixer thus can have a better bioviability and easier integrability,
among other advantages.

Many different structures with different passive effects are pro-
posed to mix microfluidic reagents and particles [3,15-18]. The
Dean-force mixer, for example, uses the curvature of a channel to
generate the Dean force. The split-and-recombination channel
generates chaotic flow for mixing samples [3,15,]. In Dean-force
mixers, Dean number beyond a threshold value needs to be main-
tained for efficiency, and thus serpentine structures are usually
used to maintain a certain curvature in most of the channel
[16-18]. Lee et al. propose a contraction—expansion array (CEA),
which can be used to generate the Dean vortex [19-22], as shown
in Fig. 1. The intersection of the CEA structure has an abrupt
change before the expansion structure, and generates the Dean
vortex helping the two samples envelop each other. This phenom-
enon enhances the diffusion and convection effects in the fluid.

In the present study, the passive mixer is further enhanced by
utilizing the topology optimization method [23-25] for higher
efficiency for a wide range of the Reynolds number used in
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Topology optimization method is applied to a contraction—expansion structure, based on
which a simplified lateral flow structure is generated using the Boolean operation. A new
one-layer mixer is then designed by sequentially connecting this lateral structure and bent
channels. The mixing efficiency is further optimized via iterations on key geometric param-
eters associated with the one-layer mixer designed. Numerical results indicate that the
optimized mixer has better mixing efficiency than the conventional contraction—expansion
mixer for a wide range of the Reynolds number. [DOI: 10.1115/1.4030288]

microfluidic mixers. Based on the optimization result, we propose
a lateral structure, which is then used in the one-layer mixer
developed as a more efficient and versatile alternative. The
remainder of the paper is organized as follows: The optimization
theory and the computational method are provided in Sec. 2. In
Sec. 3, a lateral structure is proposed based on the optimization
result. The principle associated with the lateral structure and the
mixer is also specified. In Sec. 4, we perform a parametric study
to configure the arrangements of the lateral structure. It will be
shown that a serpentine-structure chip with period of one lateral
structure exhibits good performance in a wide range of the Reyn-
olds number. The new lateral structural and the original mixer are
compared, and optimization on the channel aspect ratio is also
performed.

2 Topology Optimization of Contraction—Expansion
Unit

2.1 Optimization Model. The mixing effect of the two flows
with an anticipated distribution of the concentration at the outlet
can be expressed using the least-square type optimization objec-
tive as [19,24]
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Fig. 1 Schematic of CAE in (a) front view and (b) Isometric
drawing. Blue shade shows the optimization domain. H,: width
of expansion domain; L.: length of expansion domain; L: dis-
tance between the periods of the mixer; H,: width of contrac-
tion domain; and D: channel depth.

SEPTEMBER 2015, Vol. 137 / 091102-1

Downloaded From: http://fluidsengineering.asmedigital collection.asme.or g/ on 05/21/2015 Ter ms of Use: http://asme.org/terms


https://www.researchgate.net/publication/51231628_Microfluidic_Mixing_A_Review?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/265178060_Microfluidic_Mixing_of_Nonpolar_Liquids_by_Contact_Charge_Electrophoresis?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/265178060_Microfluidic_Mixing_of_Nonpolar_Liquids_by_Contact_Charge_Electrophoresis?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/257566188_Passive_split_and_recombination_micromixer_with_convergent-divergent_walls?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/257566188_Passive_split_and_recombination_micromixer_with_convergent-divergent_walls?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/275386228_Flow_Pulsation_and_Geometry_Effects_on_Mixing_of_Two_Miscible_Fluids_in_Microchannels?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/275386228_Flow_Pulsation_and_Geometry_Effects_on_Mixing_of_Two_Miscible_Fluids_in_Microchannels?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/275386228_Flow_Pulsation_and_Geometry_Effects_on_Mixing_of_Two_Miscible_Fluids_in_Microchannels?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/270772863_Mixing_by_Time-Dependent_Orbits_in_Spatiotemporal_Chaotic_Advection?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/272049106_Modeling_and_Experimental_Characterization_of_Pressure_Drop_in_Gravity-Driven_Microfluidic_Systems?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/255689176_Experimental_Techniques_for_Bubble_Dynamics_Analysis_in_Microchannels_A_Review?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/277393726_Microfluidic_System_for_Rapid_Enumeration_and_Detection_of_Microparticles?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/275918757_Uniform_Flow_Control_for_a_Multipassage_Microfluidic_Sensor?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/11212356_A_Chaotic_Electroosmotic_Stirrer?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/222821995_Magneto-hydrodynamic_stirrer_for_stationary_and_moving_fluids?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/257504518_Diamagnetic_particle_focusing_using_ferromicrofluidics_with_a_single_magnet?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/51816635_Numerical_analysis_of_a_rapid_magnetic_microfluidic_mixer?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/272263280_Polymer-based_acoustic_streaming_for_improving_mixing_and_reaction_times_in_microfluidic_applications?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/255772642_High_performance_cascaded_PDMS_micromixer_based_on_split-and-recombination_flows_for_lab-on-a-chip_applications?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/271201262_Particle_inertial_focusing_and_its_mechanism_in_a_serpentine_microchannel?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/271201262_Particle_inertial_focusing_and_its_mechanism_in_a_serpentine_microchannel?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/236653334_Engineering_fluid_flow_using_sequenced_microstructures?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/236653334_Engineering_fluid_flow_using_sequenced_microstructures?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/234997840_Rapid_laminating_mixer_using_a_contraction-expansion_array_microchannel?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/234997840_Rapid_laminating_mixer_using_a_contraction-expansion_array_microchannel?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/45200774_Rapid_multivortex_mixing_in_an_alternately_formed_contraction-expansion_array_microchannel?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/49701136_Inertial_separation_in_a_contraction-expansion_array_microchannel?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/237001224_Label-Free_Cancer_Cell_Separation_from_Human_Whole_Blood_Using_Inertial_Microfluidics_at_Low_Shear_Stress?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/233043709_Optimization_of_micro_Venturi_diode_in_steady_flow_at_low_Reynolds_number?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/228071151_A_flexible_layout_design_method_for_passive_micromixers?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/228071151_A_flexible_layout_design_method_for_passive_micromixers?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/233421988_Optimization_of_unsteady_incompressible_Navier-Stokes_flows_using_variational_level_set_method?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==

o= _ (1)

where c is the concentration of the reagent, ¢ denotes the average
concentration, I' is the cross plane from which we measure the
concentration, A is the area of the cross plane. Complete mixing
and complete segregation are then defined by ¢=0 and =1,
respectively. The lower the value is, therefore, the better is the
performance of the mixer.

The design goal of the topology optimization is to find a reason-
able layout of fluidic channels corresponding to the lowest value
of the mixing measurement in a specified design domain. Under
the hypothesis of continuum, microfluidic flow is described by the
nonlinearly coupled system of conservation of momentum, mass,
and species, where the first two of which are described here by the
steady Navier—Stokes equations and the continuity equation for
incompressible fluids, and the conservation of species is described
by the steady convection—diffusion equation. In the topology opti-
mization method, which was proposed by Borrvall and Petersson
for the Stokes flow [26] and extended to the Navier—Stokes flow
by Gersborg-Hansen et al. [27] and Olesen et al. [28], an artificial
friction force is added to the Navier—Stokes equations. This
method evolves the artificial porous material to solid and liquid
phases which have sufficient high and zero impermeability,
respectively.

The artificial friction force is implemented via the Darcy force
term as f= —o(y)u, where o is the impermeability of the artificial
porous medium, 7y is the design variable, and u is the velocity of
the fluidic flow. The design variable y is bounded in the interval
[0, 1], where zero and one correspond to the solid and fluid
phases, respectively. The impermeability of the porous medium is
interpolated by the design variable y as [26-28]

(7)) = omaxq(1 —7)/(q +7) )

where o, is the artificial impermeability of the solid, ¢ is a posi-
tive parameter used to tune the convex property of the interpolat-
ing equation. In the topology optimization of fluidic flows, %«
should be chosen to be a high but finite number to well approxi-
mate the solid and ensure the numerical stability simultaneously.

Based on the above description, the optimal topology of a pas-
sive micromixer can be obtained by finding the distribution of the
design variable y for the topology optimization problem expressed
as [19,20,24]

Finding the minimum of a(c)

Subject to the constraints

V- [pI—n(Vu+Vu")] +pu-Vu=*f 3)
V-u=0 4
V- (-DVe¢)+u-Ve=0 5)

where p, 1, u, I, p, D are the fluid density, viscosity, velocity
vector, unit tensor, pressure field, and diffusion coefficient,
respectively. For water as the carrier fluid, p=1000kg/m’
and 7 =0.001Pa-s. And the diffusion coefficient D is equal to
10719 m%s.

At inlet 1 and 2 uniform velocities are specified as

Dintet 1 (6)
Dinter2 @)

u="Upn at

u="Upn at

Here, Uy, Ug, and n= (n,, n,) are the magnitude of the velocity
of inlet 1, inlet 2, and the normal vector of the surface, respec-
tively. At channel walls, the nonslip condition is imposed

l—‘wall (8)

u=0 at
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At the channel, outlet the ambient pressure and no-traction condi-
tion are applied

1—‘outlel (9)
n(Vu+vul) -n=0 at T (10)

p=0 at

For the steady convection—diffusion equation, the concentrations
at inlets 1 and 2 are specified as

¢ =1mol/m® at Ty

(11)

¢ =0mol/m® at Tiyeo (12)

While the condition of no species flux is imposed at channel walls

(cu—=DVc)-n=0 at DIy (13)
The boundary condition at the outlet is
(DVC) n=0 at Toye (14)

In our study, the width of the contraction channel H,, is used as
the length scale; the mean velocity # in the contraction channel is
used as the velocity scale, which can be calculated by the flow
rate of the channel and the area of the cross plane, pii/H, is used
as the pressure scale and the contraction at 'y, is used as the
contraction scale. So the optimization objective and governing
equations are normalized as follows [19,20,24]:

Finding the minimum of

J (C* _ E*)2
k(K) T 1
o) = s (s)
Subject to the constraints
Ve pT— (Vu" + Vu'T)] 4+ Reu” - Viu™ = —o" (p)u™  (16)
Viu' =0 a7
V' (-=D'V*¢")+u" - V'¢" =0 (18)

where the Reynolds number Re = piH), /5. And the correspond-
ing boundary conditions are as follows:

u' = (U /u)n at T 19
u' = (Up/i)n at Tigeo (20)
u' =0 at Ty 21
pr=0 at Toue, 22)

(v*u* + v*u*T) -n=0 at routlel

(b)

]_

Fig. 2 The structure of the design domain for the simulation
(a) before and (b) after optimization. Initially rigid domain,
shown in solid black, is partially converted to fluid channel,
shown in white, through optimization process.
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=1 at [y (23)

=0 at Tien 24

(c'u* =D*V*¢") - n=0 at Ty (25)
(D'Ve*) - n=0 at Doy (26)

In this optimization, the manufacturability is considered in
order to make the mixer be one layer geometry. So an additional
manufacturing constraint is added: the design variable should
have a consistent value in the depth direction of the design domain
[24]. In our problem (Fig. 1), the depth direction is the z axis
direction and the same design variable value is applied to the node
of the finite element method (FEM) with same x and y coordi-
nates. After that, the distribution of the design variable is trans-
ferred to be a function defined in the xy plane. By this, we reduce
the number after the FEM discretization.

Furthermore, the spatial periodic layout is considered too, as
the series-wound method can be used to obtain the micromixer
after one period of the layout for a micromixer is designed. So the
periodic constraint is added in order to obtain a micromixer with a
spatial periodic layout
X()Egz()7 i=1,2---m—1 27

7(%0) = v(xo + L),

Here, Q is the first period and m is the number of periods.

2.2 Computational Method. The expansion channel is speci-
fied as the optimization domain, as shown in Figs. 1 and 2(a). The
solid and fluid domains are distinguished as black and gray colors,
respectively. To obtain the result of the topology optimization, the
gradient-based iterative approach is used to implement the optimi-
zation process. The method of moving asymptotes (MMA) opti-
mization algorithm is used to implement iteration of numerical
optimization [28].

In order to solve the optimization problem based on Eqgs.
(15)—(27), the fluid field, the concentration field, and sensitivity
should be solved. In order to obtain the sensitivity, the adjoint
method is used. In this paper, the Navier—Stokes equations and the
convection—diffusion equation are solved by the FEM, which are
stabilized by the generalized least squares and the streamline
upwind Petrov—Galerkin (SUPG) technologies, respectively [29].
So we get the adjoint equation for the stabilized convection—
diffusion equation and Navier—Stokes equations in weak form

JQ (; (u-Vi.)+DV/. - i})dg

+ J (ll* . V;L(-v)TSUpG(u* . Vj\(* — Dv2;1x)dQ (28)
Q

> (=)
2| e ——dr=o
+ th)ullcl A* E* 2
J (Vi - e 4 70) = 2 (V- o)
Q
+ 2 (e - ReVU* 4+ 0"+ pVie ) + e (7) A ]AQ
—| 7~V /Lu*quLZJ. toLs(Viy - Vi )dQ
Q
== % (T

- (8251‘;{’0 /Tux)u* e (U - V' — DVAH)dQ

V) e dQ

— TSUPG(;L\“* . vj;* - szc*) =+ ll* . v;;* (ZU*VC*)dQ
Q
(29)
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Here, Ae, Ay, and A“* are the adjoint variables of ¢, p, and u,

respectively; AL ,),,*,/Lu* are the test functions of A.,/,, and
Ju; Tsupg and tgrs are the stabilization parameters choosing as in
Ref. [29].

Based on the equation above, the adjoint sensitivity of the
optimization problem is the following:

DG*,&X“ 5
Dy o9y "

(30)

The detailed procedure for an iterative optimization includes
the following steps: (a) the Navier—Stokes equations and
convection—diffusion equation are solved by the FEM after giving
the initial value of the design variable y; (b) the adjoint equations
are solved, and then the adjoint derivative and the corresponding
objective value are computed; (c) the design variable is updated
by the MMA after the adjoint derivative is smoothed; (d) check if
the optimization is converged, if not, go to (a); if the stopping con-
ditions are satisfied, and then go to next step (e) post process the
final result.

All the numerical discretizations are implemented by the FEM
using the commercial FEM package comsoL Multiphysics V3.5
[30],% where all the numerical implementation is merely based on
the software basic module: comsoL Multiphysics — partial differ-
ential equation (PDE) modes — PDE, general form. The PDE
modes of comsoL Multiphysics can solve PDEs of the form

V-A=F (€28

—n-A=G+ (B:{) 4, R=0 at Iy (32)

where A is the matrix; F, G, and R are vectors; n is the unit vec-
tor; ',y is the all boundaries. For this case, the Navier—Stokes
equations can be solved by setting

5 ou* 4 (o . ov*
o P ay*  Ox*

A= ou* . ov* zav* L (33)
dy*  Ox* oy* P
0 0
ou* ov*
—ou* — R *
ou e( 8 -tV ax*)
F=| —o** —Re (v* gl;* +u* g;*) (34)
_ ou* N ov*
ox*  Oy*
(’4* —Upi or OZ/E)'ZX
R = (u* = Uot or 02/ﬁ)ny at Dintet 1 or2 (35)
0
0
G = 0 at 1—‘inletlorZ (36)
0
0
R=1{0 at  Doghers 37
0

2http://www.comsol.com
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Fig. 3 Lateral structure. R and r are the radii of the semicircles
centered at O, and O,, respectively. L, is the position of center
of semicircles in x direction, and L,y =R=1/2 L,. L, and L. are
widths of two rectangles, and L, + L. = 2R. H,; depicts the posi-
tion of O, and the height of the small rectangle. H,, is the width
for the contraction channel.

0
G= 0 at Folhers (38)
0

Similarly, the convection—diffusion equation and the adjoint equa-
tions can be solved by PDE, General Form

3 Results

3.1 The Simplified Lateral Structure. In the optimization
process, the geometrical parameters of the CEA [19] are set to be
H,=L,=L,=340 ym, H, =50 um, D =50 um, m=3. A repre-
sentative case of an optimized structure for Re =50 is shown in
Fig. 2(b). We note that one lateral channel is connected to the
main channel, instead of only one expansion domain. First there is
a bent channel connected to the main channel with an identical
width. The width then decreases gradually, generating an impact

(b)

N
0.1

0.6 1 (m/s)

Fig. 4 (a) The streamline. The color denotes the velocity. The
cross plane A-A is 20 um from the inlet to lateral structure, B-B
cross plane is about 20 um to the outlet of lateral structure. The
velocity field and the (v, w) arrow plot of the cross planes (b)
A-A and (c) B-B.

091102-4 / Vol. 137, SEPTEMBER 2015

(a)

30 42 50 (pum)
Fig. 5 Streamlines in (a) y direction with distance from the wall
of 10 um, 1/5 of channel width (b) z direction with distance from
the bottom of 50 um, 4/5 of channel depth, the color denotes the
distance from the wall in zdirection above

force toward the main flow when the flow in the lateral channel
converges to the main channel. Besides, the shape of the optimiza-
tion result is rather complicated, and will not allow easy fabrica-
tion or replication. Like many practices of structure topology
optimization, the shape is thus further adjusted for convenience in
fabrication [31]. Here we adjust the shape of the result in order to
make the shape more regular and propose a lateral structure with-
out changing the topology of the result, as shown in Fig. 3, which
is obtained through the Boolean operation of simple geometries:
one semicircle and one rectangle union followed by subtraction of
one semicircle and two rectangles.

For this lateral structure, we set R=1/2L,=170 um and
Hp, =100 um to make the design more straightforward and to
reduce the space of lateral structure. So, L,; =170 um. Then we
use the parameter sweeping method to design L. and r. The
boundary constraint of L. and r is L. > 50 um, r > 50 um, R-L.-
7> 50 um. Through the parameter sweeping we reach L. =50 um,
r="70 um.

(a)

Fig. 6 Arrangement of lateral structures (a) in two sides, G
denotes the distance between the periodic structures. (b) The
serpentine structures, H,,, denote the width of the turning, same
as the width of main channel. Here, G, = Gp, G, + G, + Hp,= G.
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(a)

(b)

0.1

0.06

0.01
(my/s)
(¢)

1

(m/s)

Fig. 7 (a) The streamlines in the turning. The cross planes A-A
and B-B to the turning is about 20 um. The velocity field and
(v, w) arrow plot for the cross planes A-A and B-B with (b)
Re =5 and (c) 150.

3.2 The Mixing Principle. The fluid flow will bifurcate at
the intersection of the main channel and the lateral structure, with
approximately half of the flow rate into the lateral channel (Fig.
4(a)). The flow into the lateral channel is accompanied by a weak
Dean vortex before the entrance, as the flow is spitted [15,19].
The vortex will generate a secondary flow in the cross plane, as in
Fig. 4(b). After the fluid enters the lateral channel, there exists
another vortex generation because of the inertia of fluid,
contraction—expansion structure and semicircular lateral structure
[16]. As the fluid leaves the lateral structure, the channel width
decreases slowly. So the fluid in the lateral channel is pushed
toward the main channel. Therefore, there exists yet another vor-
tex generation, as shown in Fig. 4(c). Here we use streamlines to
depict the effect of these vortices. In Fig. 5, the streamlines, which
have same y and z coordinate values before the entrance into the
lateral channel, show deviation in their y or z coordinate values
after they pass through the lateral channel. This deviation will
enhance the reagent mixing. This lateral channel thus utilizes the
bifurcation and convergence of fluid to generate vortices as well
as secondary flows induced by its contraction—expansion struc-
ture. An efficient mixer can then be composed by superposing a
series of the lateral structure developed.

4 Discussion

4.1 The Arrangement of the Lateral Structure. Figure 5
shows that the streamlines away from the lateral channel are not
disturbed much. Therefore, we arrange the lateral structure in two
sides, as shown in Fig. 6(a). In order to save space for the chip,
we connect the lateral structure using the turning, like in Fig. 6(b).
The width of the chip with serpentine arrangement is half the
width of the chip with two-side arrangement. Furthermore, the
turning will generate vortex to enhance the convection of fluid. At
the inlet and outlet of the turning, vortices are generated (Fig. 7).
The vortex forces the fluid in the center of channel toward the
wall of channel. The turning will enhance the mixing with large

Journal of Fluids Engineering
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Fig. 8 (a) The arrangement of the lateral structure for the
mixer. The benchmark is the original contraction—-expansion
mixer. T12-1 and T12-2 denote the chips with structures
arranged in two sides for the period with one and two lateral
structures. One side corresponds to the chip with all the lateral
structures in the same side. S12-1 and S12-2 denote serpentine
structure with a period of one and two lateral structures. (b)
Mixing efficiency of chips with different arrangements versus
Reynolds number, Re, compared against the contraction—
expansion chip before optimization. (¢) Mixing efficiency of
chips with different depth versus Reynolds number, Re.

Reynolds numbers because the vortices will be enhanced by the
turning as the Reynolds number increases (Figs. 7(b) and 7(c)).

A comprehensive parametric study is performed in order to
determine the arrangement of the lateral structures. A representa-
tive case is reported here when the geometrical parameters of a
chip are G=300um, G,=G,=125um, H,=50 um with 12
mixer units present on a chip. The mixing efficiency is calculated
based on the concentration of the cross plane 50 um far from the
outlet of the last mixing unit. We choose the following arrange-
ments for the parameter-sweeping study (Fig. 8(a)): Benchmark,
corresponding to the conventional contraction—expansion chip
before optimization, the chips with structures arranged in two
sides for the period with one and two lateral structures (T12-1 and
T12-2), the chip with all the lateral structures in the same side, the
serpentine structures chip with a period of one and two lateral
structures (S12-1 and S12-2). After the simulation based on the
theory in Sec. 2, we calculate the efficiency based on Eq. (1) as
shown in Fig. 8(b).

The performance results indicate that the one-side mixer is sig-
nificantly better than the original contraction—expansion mixer,
with the range of Re number for high mixer efficiency of
0* < 0.0025 substantially increased. For the Reynolds number of

SEPTEMBER 2015, Vol. 137 / 091102-5

Downloaded From: http://fluidsengineering.asmedigitalcollection.asme.or g/ on 05/21/2015 Terms of Use: http://asme.or g/terms


https://www.researchgate.net/publication/255772642_High_performance_cascaded_PDMS_micromixer_based_on_split-and-recombination_flows_for_lab-on-a-chip_applications?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==
https://www.researchgate.net/publication/234997840_Rapid_laminating_mixer_using_a_contraction-expansion_array_microchannel?el=1_x_8&enrichId=rgreq-d82eb517-ff1a-49d7-b3bc-de03791ee715&enrichSource=Y292ZXJQYWdlOzI3NzY0ODk2NztBUzoyODYyMzEwMDM5NzU2ODBAMTQ0NTI1NDE5NzMxOQ==

(a) (b)

(c) @
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Fig. 9 Mixing efficiency for different humber of periods for
S12-1 mixer. (a), (b), (c), and (d) represent the cross sections of
the first, second, third, and fourth contraction regions after the
lateral structure, respectively, for Re = 25.

25, the two reagents are almost completely mixed. However, as
seen in Fig. 5, only half of the flow goes through the lateral chan-
nel. The lateral channel then will have little effect on the fluid
far away from the sidewall of the lateral structure. The curves of
T12-1 and T12-2 show that they perform better than the one-side
mixer with the increase of the Reynolds number. When the Reyn-
olds number is small mixing can be effectively enhanced by add-
ing more mixer unit to increase the interfacial area between two
regents. As the Reynolds number increases, addition of mixer
units on the same side cannot be efficient, and so a two-side
arrangement must be introduced. For even higher Reynolds num-
bers, the effect of turning becomes significant, supplementing the
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2N
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Fig. 10 Mixing efficiency for different number of periods for
the original contraction—expansion mixer. (a)—(d) represent the
cross sections of the first, second, third, and fourth contraction
regions after the expansion structure, respectively, for Re = 25.
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effect of the lateral structure. Therefore, judging from the results
shown in Fig. 8(b), the serpentine-structure chip with a period of
one lateral structure (S12-1) appears to be most robust because it
can be used for a wide range of the Reynolds number. Figure 9
shows that the serpentine-structures chip with a period of one lat-
eral structure can make the reagents mixed after a few periods.
For Re =25, the mixing efficiency reaches 0.05 after four periods,
indicating that the mixer can be shortened further depending on
the Reynolds number, as necessary.

4.2 The Comparison Between the Lateral Structural and
the Original Mixer. Figure 9 shows that the serpentine-structures
chip with a period of one lateral structure can make the reagents
mixed after a few periods. Compared to the mixing process of
original contraction—expansion mixer in Fig. 10, the lateral struc-
ture first generates the enveloping between two types of reagent in
the cross sections of the first contraction region, while the original
contraction—expansion mixer generates the enveloping in the third
contraction region after the expansion structure. And the center of
the fluid core for the lateral structure mixer in the first contraction
region is even further than the original mixer. So the mixing
effect of the lateral structure is much stronger than the
contraction—expansion structure. For example, the mixing effi-
ciency reaches 0.05 after four periods for Re =25, indicating that
the mixer can be shortened further depending on the Reynolds
number, as necessary.

However, the lateral structure chip generate mixing when it
envelopes one type of reagent by the other, which indicating that
the lateral structure is needed to be designed further for the fluid
optical fiber, though the focusing efficiency of the structure is
higher than the contraction—expansion structure.

4.3 The Aspect Ratio of Channel. The aspect ratio of chan-
nel (depth to width) also affects the mixing efficiency. Figure 8(c)
shows that the effect of the mixer with low aspect ratio deterio-
rates for low Reynolds number, weakening the mixing effect of
the lateral structure. On the other hand, that with high aspect ratio
performs worse with high Reynolds numbers, suggesting that the
effect of vortex in the turns are reduced with the increase of the
aspect ratio. By using a parameter sweeping method, we confirm
that the aspect ratio of one provides best performance as well as
convenience in fabrication.

5 Conclusion

A novel one-layer lateral structure mixer, not sensitive to the
Reynolds number, is designed through topology optimization,
parameter sweeping, and layout designing. The mixing efficiency
stays robust for a wide range of the Reynolds number, from 2 to
2% The optimization is performed based on conservation laws of
mass, momentum, and species, followed by a secondary optimiza-
tion using Boolean operation of simple geometries for easy fabri-
cation of the resulting lateral structure. A new serpentine mixer
then is proposed, composed of turns and these lateral structures.
This mixer uses the two structures to generate the Dean vortex,
enhancing the fluid convection. It is a one-layer mixer, which can
be more easily manufactured by a lithography than multilayer
mixers. And also, it is found that serpentine structure with a
period of one lateral structure and channel cross section aspect
ratio of one is most robust, which is easy to be manufactured.
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