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ABSTRACT: The previous studies of authors on passive micromixers indicated that the micromixers dividing the flow to several layers,
such as rhombus micromixers and micromixers with obstacles in the middle of the mixing channel, have higher mixing degree than other
types. Also, using of oscillatory inlet velocities is an active method to enhance the mixing efficiency of micromixers. Therefore, in this
study these two passive and active methods have been combined and a rhombus micromixer with obstacles in the middle of the mixing
channel has been studied. Sinusoidal oscillatory velocities in two inlets have been applied with a phase difference of 180 degrees. The
governing equations have been solved numerically using the finite volume method. The effect of Reynolds number, Strouhal number and
amplitude on mixing degree has been investigated. Results show that degree of mixing decreases with Reynolds number at almost all
Strouhal numbers. There is an optimum Strouhal number for each Reynolds number. Also, there is optimum amplitude and this optimum

value decreases as Reynolds number increases.
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INTRODUCTION

Microfluidic systems refer to the systems with
characteristic length scales of micrometer order. The
microfluids applications are extending these days such as
diagnostics, lab-on-a-chip (LOC), drug delivery, sample
preparation and analysis. Mixing is one of the most important
problems in the biological and chemical processes which
happens in microfluidic systems such as drug delivery,
enzyme reactions, protein folding and lab-on-chips for
complex chemical reactions.

The transport phenomena are controlled by viscous forces
rather than inertia in microfluidic systems. The flow is
laminar in most of these systems so it is difficult to get a
uniform and rapid mixing. In these situations micromixers
can be used to enhance the mixing. In general, micromixers
can be classified into passive and active micromixers.
Passive micromixers do not require external energy and
fluids are mixed by using various arrangements of
microchannels[1-3]. Various active micromixers use an
external field for the mixing process such as pressure,
temperature,electrohydrodynamics, magnetohydrodynamics
and acoustics.

Using of oscillatory velocities with phase difference is one
of the active methods to enhance the mixing. VVoper et al. [4]
firstly presented this method. They outlined a design for a
device utilizing this approach, presented a fabricated
micromixer and demonstrated its ability to move fluid using
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a thermally actuated bubble-pump. They enhanced mixing
by perturbing a main flow in a chalet using three sets of
secondary flow channels. Bottausci et al. [5] designed a
micromixer which consisted of a main rectangular channel
and three cross—stream secondary channels. Their results
showed that mixing was substantially improved with
multiple side channels with oscillatory flows, whose
frequencies were increasing downstream. Nguyen et al. [6]
investigated a micromixer based on combined hydrodynamic
focusing and time-interleaved segmentation, theoretically
and experimentally. They indicated that hydrodynamic
focusing reduced the transversal mixing path while time-
interleaved sequential segmentation shortened the axial
mixing path. They also presented a time-dependent two-
dimensional analytical model for the mixing concept.
According to their results the concentration profile along the
mixing channel agreed qualitatively well with the analytical
model. Nguyen et al. [7] introduced a simple theoretical
solution for oscillatory entrance flow in microchannels and
found out that the Peclet number was an important parameter
in mixing. Goullet et al. [8] showed that mixing was affected
by both the geometry of confluence of two inlet
microchannels and the inclusion of features in the channels,
which induced secondary flow. The results indicated that
pulsed flow technique was more effective at mixing than the
secondary flow induced by the channel geometry features, so
combining both methods leads to even better mixing. Kim et
al. [9] analyzed the mixing behavior of an active micromixer
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Nomenclature

a non-dimensional amplitude

D mass diffusion coefficient (ffs)
dn  hydraulic diameter of inlet section (m)
DM  mixing degree

f  Frequency (Hz)

L  mixing channel length (m)

n  number of mesh cells on desired section
P  Pressure (Pa)

Re  Reynolds number
Sc  Schmidt number
St Strouhal number
t  Time (s)
Umean Mean x-component of velocity vectoon

section (m/s)

u  x- component of velocity vector (m/s)
7 mean velocity (m/s)
v  velocity vector (m/s)
Y mass fraction
Y mass fraction of perfect mixing
Greek Symbols
v kinematic viscosity (#s)
p Density (kg/nf)
¢ Phase (degree)
Subscripts
i i component of mixture
m  mixing by diffusion
r Residential in channel

equipped successively with a circular cylinder aaual
oscillating stirrer using the lattice Boltzmann hed.
Results indicated that the composite active mixih \&n
established circular cylinder upstream of the atinmproved
the mixing efficiency by 27 % over an active mixéthvonly
a stirrer. Ma et al. [10] examined the performanfean
unsteady microfluidic T-form mixer driven by pressu
disturbances through both numerical
experimentation. They investigated the mixing éficy by

optimization of the disturbance frequency, whichswa

represented by the Strouhal number for the fixea flasv
rate. Chen and Cho [11] numerically analyzed tlspeetive
effects on the mixing efficiency of the geometrinitude
of the wavy surface, the length of the wavy-wadtltg®n, and
the Strouhal number of the periodic velocity pdyations

with phase difference of 180The results revealed that the shaped micromixer

in T-type micromixers by introducing a constrictionthe
microchannel under periodic electro-osmotic flowwar
sinusoidal AC electric fields with 18phase difference and
similar DC bias were applied at the two inlets. { heported
that the crescent-shaped layers of fluids whicheviermed
due to the constriction introduced at the junctiocreased
tremendously the contact surface area between wvtioe t

simulation andtreams of fluid and thus enhanced significantéy ittixing

efficiency.

Authors compared the mixing degree of nineeddht
micromixer geometries in the mixing of two fluiduitls
under sinusoidal oscillatory velocities with a phas
difference of 180 degrees relative to each oth@}. Bimple
T-shaped micromixer, micromixer with rectangular or
parallelogram ribs on the walls of the mixing chelnm-

with two additional parallel or

mixing performance was improved by increasing theperpendicular inlet channels, micromixer with clezuor

geometric wave amplitude or length of the wavy-walition
and by applying a Strouhal number in the range-@3%.
Wang et al. [12] numerically investigated the parfance of
a magnetic particle driven micromixer. This micragr had
taken the advantages of mixing enhancements indaoged
alternating actuation of magnetic particles suspdrid the
fluid. They indicated that the maximum efficiencg i
obtained at a relatively high operating frequenay large
magnetic actuation forces. Miranda et al. [13] nrioadly
studied the mixing in microsystems, combining altde
flow with obstacles. Simulations showed that theeta of
high and low solute concentrations, created byatternate
flow, were split into smaller chunks of fluid by sthcles in
the mixing channel. In addition the results indéchthat
mixing increased with the increase of Strouhal neindnd
the number of obstacles. Sun and Sie [14] investibthe
active mixing in diverging microchannels experinatiyt
They reported that the presence of both flow inktatand
the resulting tendril structures, which provide raxt
stretching and folding of the interface, are neapsdo
achieve excellent mixing in the diverging microchals.
Lim et al. [15] presented a new approach to enharigig

63

triangular barriers in the middle of the mixing ohal,
rhombus micromixer with thick or thin edges, were
investigated. Results indicated that the micronsxarhich
divide the flow to several layers such as rhombus
micromixers and micromixers with obstacles in thiedte

of the mixing channel, have higher mixing degreanth
others. The geometry of current study is basedhemdsults
of author’'s previous study [16]. In current studythree
dimensional rhombus micromixer with obstacles ir th
middle of the mixing channel has been studied. atoance
flows are oscillatory with phase difference. Alsoe effect

of Reynolds number, Strouhal number and the anaditf
oscillations on the mixing degree has been invatsit)

GOVERNING EQUATIONS

The governing equations of three dimensionasteady
incompressible Newtonian fluid flows are continyity
momentum and mass fraction conservation:

V=0 (1)
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v . 1 . A pure fluid enters from bottom inlet and tlere fluid
Fr (V-v)y= —;VP +vr2V (2 containing a tracer enters from top inlet. In thisdy it is
assumed that the tracer do not change the physizpérties
of pure fluid so, the kinematic viscosity and meggusion

aY;, o . . 2
a—tl+ (V-Vv)Y; = DV?Y, @) coefficient of both fluids arev=10"° (mT) and
2
D = 10‘1°(mT), respectively. The mass fraction of tracer at

the top and bottom inlets is 1 and 0, respectively.
The inlet velocities are oscillatory and defirees:

where is the velocity vectorp, P andv are the density,
pressure and kinematic viscosity.is the mass fraction of
i'" component of mixture and is the mass diffusion
coefficient. For two component mixtures, the masstfon e .
of one componentyg) is o%tained by solving equation3 and " (©) = 2:(1 + a; sin(Zfit + 1)) )
the mass fraction of other component is obtained2oyl-
Yi. One important parameter in mixers is degree odfngj
which can be defined in each section of channf8las

wherei is 1 or 2, respectively for top or bottom inlef.is

the non-dimensional amplitude apgis the phase, which is
7 for top inlet and O for bottom inlet. For all dfet walls no-
\j slip boundary condition was applied.

n (vy-7)’ |L Three Reynolds numberfe=0.156, 0.78, 1.56, six
=1 5 Strouhal numbersSt=0.025, 0.051, 0.102, 0.204, 0.408,
0.612, and six non-dimensional amplitudes#4, 7, 14, 28,
56, 84 were studied in this study.

Umean

DM =1-— )

Y
In this equatiory;; is the mass fraction of i component of

mixture inj™ cell, u; is the tangential velocity of mixture in N
ith cell e tﬁ’ Ig itv of mi ty in th d The grid independency was checked for all tss®ne
J7 CEll, Umeqn 1S Th€ MeaN velocily of mixture in ne use example is presented in Figure 2 as the variatiakegree of

section.Y is the mass fraction of perfect mixing (which hasyixing with cells number foRe=1.56 and5t0.102 at 1 mm
been assumed 0.5 in this study) and n is the nuofoeells  fier the T-junction antk 0.3 s.

in the used section. The frequency and mean vglothoth

Grid independency

) ) 0.9
inlets are equal and can be presented as non-dionahs
Strouhal and Reynolds numbers: 0.85 A
d
St = fTh ©) 08
v
vd 20.75 -
Re = —" (6) °
v
. - . . 0.7 4 14
whered,, is the hydraulic diameter of inlet sectignis the *
mean velocity and is frequency. 0.65 - * . .
GEOMETRY AND BOUNDARY CONDITIONS 0.6 . . . . .
The geometry of three dimensional rhombus nmiixer 0 100000 200000 300000 400000 500000
is shown in Figure 1 (all dimensions are in mm). N (Cells number)
Fig. 2. Grid independency test, Re=1.56, St= 0.102, xm1lm
yinlet 1 The cells number di=235260 was selected for this case
and it is clear that more increment of cells humiiemot
Th20 have considerable effect dPM except that increases the
calculation time.
2.5

Validation of Numerical results

The numerical results of current study have nbee
compared with the results of Ma et al. [1Dhey studied the
mixing of two fluids with oscillatory inlet velogés using a
simple T-shape micromixer, experimentally and
numerically. The mixing degree variations versusatice
from junction in Figure 3a and mass fraction corgoin
Figure 3b are compared with ref. [10]. It can bens#hat
there is a good agreement between results.

Inlet 2

Fig. 1. The geometry of micromixer
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Fig. 3. The comparison of current results with ref. [inple T-shaped micromixer, (a) the mixing degree
variations versus distance from T-junction, (b) snfaction contours

The effect of Reynolds number degree of mixing decreases as the Reynolds number
The effect of Reynolds number on mixing is show increases at almost all of the Strouhal numbers.
Figure 4 for various Strouhal numbers. It is cldzat the
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Fig. 4. Variation of the degree of mixing along mixing ohal; (a) St=0 (b) St=0.051 (c) St=0.102 (d) St8@.2) St=0.408 (f) St=0.612
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It can be explained by definition of the mixitime by
diffusion and residential time of two fluids in aiximg
channel.

®)

wherel is the mixing channel length agais the Schmidt
number and is defined as:

v

It is clear that this ratio increases with &asing the
Reynolds number. Therefore, the fluids have notugho
time to mix by diffusion and mixing degree decreages the
Strouhal number increases the contact area betiveen

fluids increases, so the effect of Reynolds nuntiemomes
more considerable. But Figure 4 shows that theiémfte of
Reynolds number begins to be reversed at Stroutmabars
higher than 0.408. At high Strouhal numbers, asnBles
number increases, a circulation zone near the uppaer of
junction creates and becomes an auxiliary meaimsgmove
mixing efficiency. Figures (5-7) show the strearairon the
mid plane of the micromixer for various Reynoldsdan
Strouhal humbers. Corner circulation zones candaa $n
these figures. There is an intention of both flugiikeam
towards inlets instead of mixing channel, because o
oscillatory velocities (figures 6 and 7, inside teeular
boxes). The created circulation zones at high Riegno
number circulate the both streams and direct tresartds
the mixing channel and enhance the mixing comptar émv
Reynolds number. Since the circulating zone is dvigat
Re=1.56 than the one of Re=0.78, the effect of Rkelm
number reverses at high frequencies.

Fig. 5. Streamlines at z=0, Re=0.156, t=10 s, (a) St=0(bpSt=0.204 (c) St=0.408 (d) St=0. 612
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Fig. 6. Streamlines at z=0, Re=0.78, t=10 s, (a) St=0(bp3t=0.204 (c) St=0.408 (d) St=0. 612

The effect of Strouhal number Reynolds number. The reason behind this is thaeasing

Figure 8 shows the variation of degree of ngximith ~ of Reynolds number decreases the residential tinfigids

Strouhal number for three Reynolds numbers. Itdarthat  in the channel, as mentioned before, and therefobdng

there is an optimum Strouhal number for each Reimol decreases. Furthermore, Figure 8 shows that thectied

number and this optimum decreases by increasing thate of mixing index is slower for Re=0.156 thamter
Reynolds numbers.
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Fig. 7. Streamlines at z=0, Re=1.56, t=10 s, (a) St=0(bP3t=0.204 (c) St=0.408 (d) St=0. 612
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Fig. 8. Variation of degree of mixing versus Strouhal nemb
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Figure 9 shows the mass fraction contourswfifl. The accordingly the degree of mixing is smaller (Thgela of
trends in Figure 8 can be explained by using fig@se7) and fluid can be recognized by black and white colofleds,
Figure 9. At low frequencies, the number of layefswo  which enter to the channel).
fluids is lower so, the contact area of the fluslfower and

(e) ®
Fig. 9. Mass fraction contours of fluid 1, z=0, Re=0.1640 s, (a) St=0.025 (I5t=0.051(c) St=0.102 (d) St=0.204 (e) St=0.40%t£0.612

As the frequency increases, the number of flajeérs in  when you compare the streamelines of Re=0.156 and
the mixing channel increases at the moment andresuét, Re=0.78. That is why the reduction rate of mixindex is
the contact area and mixing degree increases.a@wery  higher for Re=0.78 than Re=0.156.
high frequencies (figure 9e and 9f) before theaamte of one
fluid to the mixing channel the other fluid reacleesl both  The effect of amplitude
fluids enter the mixing channel simoltaneously, eihlieads The effect of non-dimensional amplitude in thixing is
to the reduction of contact area and fluids layemsd illustrated in Figure 10 for two Strouhal numbeiscan be
consequently degree of mixing. As inlet velocite®d so observed that there is an optimum amplitude forhbot
their momentum increases, the possibility of thegpeation  Strouhal numbers and this optimum value decreases a
of one fluid into another fluid's inlet channel fead of Reynolds number increases.
mixing channel raises. It is evident from Figuresr 6
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Fig. 10. Variation of degree of mixing versus non-dimenaieamplitude, (a) St=0.102 (b) St=0.204

For example the optimum amplitude at Re=0.78 andhannel center, for a=16; therefore, it has bettexing
St=0.204 is a=16. This can be seen in Figure 1lichwh degree. At a=8 the black fluid tends to be inclinedards
the bottom of the channel, while at a=22 and at2®és to
the top of the mixing channel.

shows the concentration distribution in the crasstien of
the mixing channel at x=0.5 mm for Re=0.78 and $264.

The concentration distribution is symmetric relatio the
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Fig. 11. Mass fraction contours of fluid 1, x=0.5mm, Re=8).%t=0.204;(a) a=8 (b) a=16 (c) a=22 (d) a=28

CONCLUSIONS

In current study, the mixing efficiency of rhbuos

micromixer with obstacles in the middle of the mixi
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channel was studied numerically. Sinusoidal odoitla
velocities used as a means to enhance the mixingvaf
fluids. The effect of flow parameters on mixing degwas
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investigated. Results indicated that degree of mgixi[12]
decreases with Reynolds number at moderate Strouhal
numbers and this effect reverses at high frequenéikso,
there is an optimum Strouhal number and amplitodedch [13]
Reynolds number. The optimum value of amplitude
decreases as Reynolds number increases. The oredtio
circulation zones near the micromixer junction aghh
Reynolds and Strouhal numbers can change the fluids
mixing behavior. [14]
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