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ABSTRACT

We present a technique for mixing the fluids in a microchannel using ultrasonic waves. Acoustic mixing is driven by the acoustic body
force, which depends on the density gradient and speed of the sound gradient of the inhomogeneous fluid domain. In this work, mixing
of fluids in a microchannel is achieved via an alternating multinode mixing method, which employs acoustic multinode standing waves of
time-varying wavelengths at regular time intervals. The proposed technique is rapid, efficient, and found to enhance the mixing of fluids
significantly. It is shown that the mixing time due to acoustic mixing (2-3 s) is reduced by two orders of magnitude compared to the mixing
time only due to diffusion (400 s). Furthermore, we investigate the effects of the acoustic mixing on different fluid flow configurations and
sound wave propagation directions as they have a direct influence on mixing time and have rarely been addressed previously. Remarkably,
it is found that mixing performance is strongly dependent on the direction of the acoustic wave propagation. The acoustic field propagated
parallel to the fluid-fluid interface mixes fluids rapidly (2-3 s) as compared to the acoustic field propagated perpendicular to the fluid-fluid

interface (40 s).

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126259

I. INTRODUCTION

Microscale processes have gained significant prominence in a
wide variety of modern application fields during the past decade,
such as biochemical production, pharmacy, and environmental and
biomedical industries.'” Performing biological and chemical assays
is one such process, which often involves micromixing of samples
and reagents in microchannel systems, such as microfluidic lab-on-
a-chip based devices.”” Mixing at such smaller length scales is quite
difficult as the system is restricted to the laminar flow regime with
Reynolds number <1, unlike the macroscale flows, where instabil-
ity and turbulence are responsible for mixing at a shorter timescale.
At the microscale, when two fluid streams flow in parallel, mixing
occurs only due to diffusion, which is ineffective as it requires longer
mixing time and a very long microchannel. Hence, there is a need
for novel techniques and methods for effective mixing in microflu-
idic systems. In the light of recent developments in microfluidic
technology, two common methods of mixing have evolved, namely,
passive and active mixing,'’"'* Passive mixers do not need an

external energy source; therefore, its performance is critically cou-
pled to flow and geometry."” Grooved surfaces,"* T-shaped,”” ser-
pentine, 1o zigzag, 7 etc., are good examples of passive mixers. Passive
mixers need complex microchannel geometries that are challeng-
ing in fabrication and often involve a longer mixing time scale than
typical microfluidic residence time, which makes this method less
favorable.

Active mixing, on the other hand, employs an external energy
source and thereby the mixing effect is enhanced. Active mix-
ing methods augment the mixing performance by agitating the
fluid flow with the use of typical external energy sources such
as electric field,'" > pressure field,” *° magnetic field,” ' sound
field,”>*° and heat source.’®*” In the recent years, mixing enhance-
ment using acoustic waves has gained a lot of interest in microflu-
idics due to easy control and high-frequency response. Steps
have already been taken in the direction of mixing the fluids
in a microchannel through acoustic streaming,”*” bubble-based
acoustic mixers,"" and surface acoustic waves (SAW) based mix-
ers.t” " However, recently, the suppression of acoustic streaming
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in inhomogeneous fluids was demonstrated experimentally, and the
same phenomenon was explained by using the theory of nonlinear
acoustics.” " Most of the reagents that we encounter commonly
in chemical and biological assays are inhomogeneous, so acous-
tic mixing based on acoustic streaming may not be effective. More
importantly, it has been demonstrated that inhomogeneous fluids
subjected to an acoustic standing wave lead to relocation of fluids
to certain stable configurations under the action of nondissipative
acoustic force density.” ' This acoustic relocation phenomenon
can serve as a promising active mixing method.

In this theoretical study, we demonstrate a novel acoustic
mixing technique based on the principle of fluid-relocation in a
microchannel contrary to the previous efforts based on acoustic
streaming. The time-varying acoustic force density, which results
from the alternating multinode (AMN) standing wave, is employed
to produce more parallel laminations and strong chaotic advection
in order to facilitate rapid mixing. We have shown that the mixing
time due to acoustics is reduced by two orders of magnitude com-
pared to the mixing without acoustics or only due to diffusion. It has
been further demonstrated that acoustic wave propagation direc-
tion parallel to the fluid-fluid interface shows better mixing perfor-
mance compared to the standing sound wave direction propagated
perpendicular to the fluid-fluid interface.

Il. THEORETICAL MODEL

Recent experiments demonstrated the novel phenomenon of
the relocation and stabilization of inhomogeneous fluids in a
microchannel when subjected to the standing acoustic wave."”’
The main motive of the current work is to introduce a novel
acoustic mixing method in a microchannel based on the acous-
tic relocation phenomenon. The fundamental idea of alternat-
ing multinode (AMN) mixing mechanism has mainly two steps:
first, to increase the number of fluid-fluid interfaces or parallel
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laminations by relocating the fluids using multinode standing waves.
The above effectively reduces the mixing time by reducing the stri-
ation mixing length. Second, to further enhance the mixing, the
number of nodes and their positions are changed periodically by
altering the frequency of the standing wave to create the chaotic
advection.

A. Model setup

The microchannel flow configurations considered in this
study are the most commonly encountered flow configurations in
microfluidics, as shown in Fig. 1. Three different flow configu-
rations are considered, namely, 3-inlet coflow [Fig. 1(a)], 2-inlet
coflow of equal width [Fig. 1(b)], and 2-inlet coflow of unequal width
[Fig. 1(a)]. We use a straight, square microchannel, where the flow is
established along the z-axis with a channel cross-section of width
W = 400 ym and height H = 400 ym, as sketched in Fig. 1.
The channel is filled with inhomogeneous density po(r, 7)

= "

céo)[l + &(r, 7)), where p(r, 1) and €(r, 7) are dimensionless

relative deviations away from the reference density péo) and ref-

erence speed of sound céo). In order to reduce computation time
significantly, in the current work, only the 2D cross-section of the
microchannel plane perpendicular to the axial flow is studied, and
the same will be justified latter. Along with the different flow con-
figurations, the direction of sound wave propagation with respect
to the fluid-fluid interface is also varied, as shown in Fig. 1. The
aqueous solutions of different iodixanol concentrations are used as
working fluids in the study to establish the inhomogeneity in den-
sity and compressibility inside the microchannel, while maintaining
an approximately constant speed of sound. The fluid properties and
acoustic properties such as density, viscosity, and velocity of sound
for the iodoxinal aqueous solution used in this study are taken from
the literature.

[1+ P(r, 7)] and inhomogeneous speed of sound co(r, 7)
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FIG. 1. 3D schematic of the microchannel flow configurations and 2D cross section (xy-plane) of the initial concentration distribution in a squared microchannel of width
400 ym and height 400 um for: (a) 3-inlet coflow configuration, (b) 2-inlet coflow configuration of equal width, and (c) 2-inlet coflow configuration of unequal width. For
different initial configurations, the sound waves are propagated parallel or perpendicular to the interface.
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In our first model, as shown in Fig. 1(a), we generate 3-inlet
coflow stream in which density gradient is set up by focusing cen-
tral high dense (20% iodixanol, p = 1110 kg/m’) solution by the
adjoining less dense side inlet water (p = 1005 kg/m?). Relative den-
sity deviation p is varied upto 0.1, which is well within the relevant
limit, as will be discussed. The second model, as shown in Fig. 1(b)
utilizes a 2-inlet coflow system of equal width with the right half
of the domain width occupied with denser fluid and the rest with
less dense fluid. The third model extends our previous second model
with denser fluid occupying lesser width than the former within the
2-inlet microchannel, as shown in Fig. 1(c).

B. Governing equations

In this section, the governing equations employed to simulate
the fluid mixing using acoustic waves are discussed. This unsteady
laminar convection-diffusion flow problem is governed by the con-
tinuity equation, Navier-Stokes equation, and convection-diffusion
equation. The acoustic force density fa, which is responsible for
the fluid mixing, is the given input as a body force term in the
right-hand side of the Navier-Stokes equation. The continuity and
Navier-Stokes equations can be written as

9p

E+V-(pu):0, (1)

p(%) +p(u-V)u=v-(-p+ v u(vu+(vu)")
- %y(v . u)I) + fac, (2)

where u is the fluid velocity field, p is the fluid pressure, p is the
fluid density, u is the fluid viscosity, and I is the identity matrix. The
advection-diffusion equation takes the form,

% - (D99) - V- (). ®)
where D is the diffusion coefficient and ¢ is the solute concentration
field.

The following assumptions are made in our study to simplify
our theoretical model. Fluid flow in the microchannel is assumed to
be laminar and isothermal. The hydrostatic pressure difference due
to gravity body force is negligible compared to the acoustic body
force. Hence, the body force term due to gravity is neglected. The
working fluid is assumed to be isotropic and Newtonian. The inho-
mogeneity in the fluid and acoustic properties, such as, density p,
viscosity y, and velocity of sound ¢ are assumed to only vary with
respect to the spatially varying solute concentration field ¢. No-slip
boundary condition for the velocity field (u = 0) is imposed on the
microchannel boundary and no flux condition for the concentration
field (n-DV¢ = 0) is imposed at the boundary. The initial veloc-
ity (u=0 = 0) of the inhomogeneous fluids is taken as zero. The
diffusivity of iodixanol D is taken as 0.9 x 107'* m?/s.

C. Acoustic body force

When the inhomogeneous fluid is subjected to the acoustic
field, acoustic body forces created in the flow field can relocate the
inhomogeneous fluids to stable field-dependent configuration.”””’

ARTICLE scitation.org/journal/phf

Experimentally, a high-density fluid portion in the flow field is relo-
cated to the pressure node, and a low-density fluid portion is relo-
cated to pressure antinode under the acoustic standing wave field."’
This observed phenomenon can be explained using the presence of
a body force called acoustic force density f4, which stems from the
theory of nonlinear acoustics.”’

Typically, at megahertz operating frequency range, the acous-
tic oscillation time scale is of order t,c ~ 1/w ~ 0.1 ps, whereas the
fluid motion due to acoustic force density takes place typically on
a 10 ms-1 s time scale.”’ This significant separation in time scales
(five magnitudes slower than the acoustic time scale) leads to the
possibility of splitting the problem into a slow-time-scale-acoustics
(t ~ 10 ms) and a fast acoustic time scale (t ~ 0.1 us). It is shown
that fast-timescale acoustics in the inhomogeneous fluids results in
a second order time-averaged acoustic force density fq, acting on
slow-time-scale hydrodynamics as an external driving force. This
separation of timescales allows the resulting complex flows to be suf-
ficiently described and simulated on a slower hydrodynamic time
scale without the need to resolve the fast time scale of acoustic
oscillations.”’

In the event of inhomogeneity in the fluid with variations in
density or speed of sound, the energy density E, in fluids due to the
standing acoustic wave is no longer constant as in a homogeneous
fluid and leads to an imbalance in the momentum-flux-density.
This introduces the presence of nondissipative acoustic force den-
sity fac, which is derived from the divergence of the time-averaged
momentum-flux-density tensor I, given by’

fac = =V - (10}, 4

where the angled bracket denotes the time average over one oscilla-
tion period. Considering approximations to second order, the time-
averaged acoustic momentum-flux-density tensor is given in terms

of first-order fields by

(IT) = (pu1) I+ {povivs), (5)

where I is the unit tensor, and the second-order mean Eulerian
excess pressure pij is given by the difference between the time-
averaged acoustic potential and kinetic energy densities

(pui) = 30(ot) = Solof). (6)

In the case of inhomogeneous fluids, Eq. (4) becomes’’
1 1
fac = —Z\P1|2VK0 - Z|”1|ZVP0: (7)

where xo(r, 1) = K(()O)(l + ®(r, 7)) = 1/(pocy) is the adiabatic
compressibility, and p; and v; are time-harmonic first-order per-
turbations of acoustic pressure and acoustic velocity, respectively.
®(r, 1) is dimensionless compressibility relative deviation from the

reference compressibility KSO) .To obtain simple analytical results,
we consider small variations in density py and speed of sound ¢y
(weakly inhomogeneous limit), i.e., {p], |¢| < 1. In a weakly inho-

mogeneous field, it is possible to employ time harmonic first order
(0)

1
wave equation that are known analytically.”' Consequently, this con-
stitutes a major simplification in acoustic force density expression.

acoustic fieldsas p; ’ and vfo) from solutions of homogeneous-fluid
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It is important to note here that this approach allows us to simulate
the slow-time-scale hydrodynamics in acoustic fields without resolv-
ing the fast-acoustic time scale. With acoustic plane standing wave
of pressure amplitude p, and wavenumber k), = zAﬂ, the incoming
first-order acoustic fields in the x direction are given by

P8 = pasin(kyx), 8)
vl(o) = %cos(kw) , (9)
ipy ¢

which together with Eq. (7) leads to Ref. 50
Sac = Egg)(cos(Zk,\x) VP + (1+cos(2kyx) )Ve), (10)

where E,S?) = ik(()o) p% is the time averaged homogeneous-fluid
acoustic energy density inside the channel. This is the principle
equation used throughout our work. It is noted that this force is
nonzero, if there exist an inhomogeneity in density or velocity of
sound. Even though the above theory is valid only in weakly inho-
mogeneous limits, it is demonstrated experimentally that this acous-
tic force density Eq. (10) predicts the relocation of fluids accurately
even upto 15% density deviation.”

Asalready mentioned, the alternating multinode (AMN) stand-
ing acoustic wave mixing technique is employed in this study. To
implement this, acoustic standing waves of various wavelengths
(A = W,) are used, a corresponds to the number of wavelengths,
and W, is the corresponding channel dimension along the wave
direction. @ = 1/2 corresponds to standing half-wave, and a =1
corresponds to the standing full wave. Similarly, & = 2, 3, and 4 cor-
respond to two-wave, three-wave, and four-wave, respectively. The
bulk acoustic wave (BAW) microfluidic chip is usually made of hard
materials such as silicon and glass. Therefore, acoustic body force is
employed in such a way that pressure antinodes will be formed at the
walls due to the hard wall boundary condition. The number of nodes
N formed in the microchannel for the standing waves of a = %, 1,2,
3,and 4 are N = 1, 2, 3, 4, and 8, respectively. The dimension of the
channel used in this study is 400 gm. Consequently, the frequency of
the wave, w = ¢/ for a=1,1,2, and 4 are 1.875 MHz, 3.75 MHz,
7.5 MHz, and 15 MHz, respectively. To introduce the chaotic
advection, number of nodes and position of nodes are periodically
changed by changing the frequencies of the standing waves. Rectan-
gular piecewise functions are formulated for frequencies in such a
way to enable generation of alternating standing waves of different
wavelengths or number of nodes.

D. Quantification of mixing

Performance of the mixing in this simulation is quantified using
mixing index MI,”” expressed by

a /1
MI = I—Z—O,where 0; = N ZZI (¢i — ¢m)2>
1
0=\ i (o= ¢w), (D)

where ¢ is the standard deviation of the concentration in a given
cross-section, ¢; is the point concentration at ith sample point,
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¢m is the mean concentration, ¢, is the initial concentration of non-
mixed section, and N is the total number of sampling points. As it
is evident from the formula, mixing index lies in between 0 and 1,
where 0 indicates that fluids are completely unmixed, and 1 indicates
complete mixing.

E. Numerical implementation

The system of governing equations (1)-(3) is solved numer-
ically using a finite difference scheme, and acoustic force den-
sity Eq. (10) is substituted as a body force term in the Navier-
Stokes equation. All the time-dependent mixing studies presented
in this work are carried out in a finite element method based solver
COMSOL Multiphysics 5.4. This acoustic mixing problem is solved
by coupling predefined laminar flow module and dilute species
module.

The evolution of the concentration field, velocity field, and
density are captured by employing a backward differential for-
mulation with an adaptive timestepping scheme based on local

e
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FIG. 2. Convergence plot of the parameters. (a) Mixing Index and (b) average
velocity as the number of elements is increased. 3-inlet coflow configuration is
used for the convergence test along with the standing acoustic wave propagation
direction parallel to the initial fluid-fluid interface (Eac = 50 J/m®). The densities of
water and iodixanol (20%) are taken as 1005 kg/m® and 1110 kg/m®, respectively.
The red dot indicates the number of grids (101 094) chosen, resulting in a fine
computational mesh for above dependent variables to reach convergence.
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H FIG. 3. Time evolution of concentration fields excited by
i a standing half-wave on a 3-inlet coflow configuration.
! (a) Obtained relocation result and (b) previously reported
H result”’ (pink line is the symmetry line and only relocation at
E the left half is shown). The obtained relocation result at dif-
! ferent instants shown is in full agreement with the previously
! reported results. 10% iodixanol (dark blue) and 36% iodix-
H anol (dark red) solutions are used as low density and high
E density fluids with E4; = 10 J/m® and the channel dimension
! of width W = 375 um and height H = 150 um. Figure 3(b) is
adapted from Ref. 51.
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error estimates. An initial time step of about 0.1 ms and a max-
imum step of about 1 ms are used for time-stepping. The choice
of maximum timestepping is estimated from the numerical sta-
bility criteria, Courant number Co = UAt/Ax < 1, where U is
the characteristic flow speed (~0.002 m/s in our problem), At is
the timestep, and Ax is the local cell size (~2 pm). The time-
dependent solver in COMSOL is free to choose a smaller timestep
than the given values and automatically adjust the timestep size
subject to keep the local error estimates within the desired lim-
its, which is controlled by the user-specified relative tolerance,
R =0.001.

Mesh convergence analysis was performed as shown in Fig. 2
to determine the number of grids large enough for all dependent
variables to converge ensuring a mesh independent result. The num-
ber of triangular grids used is 101094 (maximum element mesh
size of about 2 ym), beyond which the flow field and concentra-
tion field are unaffected with the increase in the number of grids.
To our knowledge, the influence of acoustic body force on mixing
in microchannels has not been investigated previously. Hence, our
analysis is validated by comparing the relocation pattern evolution
at different instants with previously reported results.”’ The obtained
relocation result shown in Fig. 3(a) is in full agreement with the
previously reported results [Fig. 3(b)].

Ill. RESULTS AND DISCUSSIONS

The following results are aimed at showing a novel mixing
process of two fluids in a microchannel by alternating the multin-
ode mixing technique. We investigated the performance of this
mixing technique on three different initial flow configurations that
we often encounter in microfluidics. We also studied the depen-
dence of the wave propagation direction on mixing performance
separately.

A. Acoustic mixing using the alternating multinode
(AMN) technique

The mixing of concentration fields in the squared microchan-
nel using the mechanism of alternating multinode (AMN) mixing
is demonstrated in this section. In this method, “multinode” and
“alternating” are the two important key words. First, multinode
standing acoustic waves are used to increase the number of fluid-
fluid interfaces or parallel laminations. Increasing the laminations
reduces the characteristic mixing length scale, which in turn reduces
the mixing time. Second, this method uses ultrasonic standing waves
of alternating wavelengths to change the number of nodes and nodal
positions periodically to create chaotic advection. Using the acoustic
mixing technique, both parallel laminations and chaotic advection
are simultaneously generated to achieve rapid mixing, which is the
underlying principle of this method. Water-iodoxinal solution is
employed as a working fluid in this work. The density of aqueous
iodoxinal solution can be varied from 1005 kg/m’ to 1110 kg/m’
by varying the concentration of iodoxinal from 0% to 20% (10.4%
density difference). The variation in the velocity of sound of the
aqueous iodoxinal solution is neglected as it is almost constant
(1496 m/s-1507 m/s) with a maximum relative difference of up to
0.73% for all concentrations of iodoxinal from 0% to 20%. For con-
stant velocity of sound fluid combinations, the acoustic force density
Eq. (10) reduces to

fac = Eac(cos(2kyx) VD). (12)

Therefore, all the simulation results can be explained only in terms
of density. A constant acoustic energy density of about 50 J/m’ is
applied in all simulations. In Fig. 3(a), we consider an initial con-
figuration of the 3-inlet coflowing fluids, where central stream is
lighter fluid, sides streams are denser fluid, and the acoustic stand-
ing wave of the alternating wavelength is applied parallel to the
interface. Inspecting Figs. 4(a) and 4(b), the initial concentration
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FIG. 4. The time evolution of concentration fields illustrating
the acoustic mixing excited by a vertical standing acoustic
wave in a direction parallel to the initial fluid-fluid interface.

MI=0.0 Mi =0.084 Mi =0.23 Mi =0.28 (a) 3-inlet coflow configuration at t = 0 s with dense fluid
t=0.0s t=0.01s t=0.29s t=0.34s (20% iodixanol, red) located as two vertical slabs at the
sides and less dense fluid (0% iodixanol or water, blue)
focused at the center. The green colored line represents the
g) h) standing acoustic wave direction, (b) t = 0.01 s (4 nodes),
(c)t=0.29 s (4 nodes), (d)t=0.34 s (8 nodes), (¢) t=0.62 s
- - (4 nodes), (f) t = 0.92 s (8 nodes), (g) t = 0.81 s, and (h) t
= 2.5 s. The colors indicate the density of the concentra-
tion field varying from 1005 kg/m? (dark blue) to 1110 kg/m®
(dark red) evolving toward a uniform concentration distribu-
_ _ tion (green) to those of Fig. 4(h). Mixing Index (MI) indicates
Mi =0.55 Mi=0.81 Mi=0.91 the degree of mixing in the respective simulation.
t=0.62s t=1.5s t=25s
¢ EEEE— —
0.00 0.05 0.10 0.15 0.20
(kg/m3)
1000 1020 1040 1060 1080 1100

field introduces density inhomogeneity, and as a consequence, one
finds that the relocation of fluids is engaged as soon as the acous-
tics is just switched on. This is expected as it has been demon-
strated experimentally, theoretically, and numerically that the acous-
tic fields relocate the higher density fluid portion to nodes and
low-density fluid portion to antinodes.”’ This relocation facilitates
to increase the number of fluid-fluid interface or parallel lamina-
tions as shown in Fig. 4(c). From Fig. 4(c), 4 nodes are produced
when the acoustic standing wave of wavelength 200 ym is applied
in the channel dimension of 400 ym. It is clear that higher den-
sity fluid gets relocated to nodes and four higher density bands
in Fig. 4(c) correspond to four nodes. By the use of multinodes,
the number of parallel laminations or streams is increased to 4
[Fig. 4(c)] as compared to 2 parallel streams [Fig. 4(a)]. Mixing time
scale (Tmix ~ %) for n parallel laminations is inversely propor-

tional to n?. Hence, the mixing time of the relocated fluid config-
uration as shown in Fig. 4(c) gets reduced 4 times compared to
the mixing time of the initial configuration as shown in Fig. 4(a).
After 0.3 s, as shown in Fig. 4(d), the number of nodes is increased
to 8 by changing the wavelength of acoustic standing wave to
100 ym. This produces 8 parallel streams [Fig. 4(d)] compared to
2 parallel streams in initial configuration [Fig. 4(a)]. In this case,
the mixing time will be reduced 16 times as compared to the ini-
tial configuration. This clearly demonstrates mixing enhancement
through increasing parallel laminations by an acoustic relocation
phenomenon.

The standing wave wavelength is altered periodically from
200 ym to 100 ym in a time interval of 0.3 s. This ultrasonic standing
waves of alternating wavelengths are employed to change the num-
ber of nodes and nodal positions periodically to create chaotic advec-
tion. These alternating nodal patterns result in a change in the nodal
position, which facilitates high-density and low density fluids to

relocate continuously. Consequently, this produces a fluctuation of
flow velocity in time, generating a flow pattern that ultimately results
in chaotic advection of the fluid elements. This repeated relocation
of fluids by alternating the two frequencies for short time periods
in a rectangular piecewise manner produces both parallel lamina-
tion and chaotic advection effect. It is evident from Figs. 4(a)-4(h)
that the combination of both effects enhances the mixing. A mixing
index of about 0.9 (90% mixing) is achieved in about 2.5 s as shown
in Fig. 4(h). This marks a significant improvement compared to the
mixing without acoustics. We refer the reader to Fig. 5, which shows
time-resolved simulation results of a concentration field only due to
diffusion (without acoustics). As seen from Fig. 5, diffusion mixing is
prolonged and to achieve almost complete mixing (MI = 0.9) it takes
approximately 100 s for 3-inlet coflow configuration of equal width,
400 s for 2-inlet coflow configuration of equal width, and 364 s for 2-
inlet coflow configuration of unequal width. Conversely, employing
acoustic force results in more number of fluid-fluid interfaces and
strong advection in the domain of interest with high mixing index
of about 90% in just 2-3 s as discussed in Sec. II. Clearly, mixing
time due to acoustics (~2 s) is reduced by two orders of magnitude
compared to the mixing (without acoustics) due to diffusion (~100
to 400 s).

B. Effect of the wave propagation direction
on mixing fluids of different initial
flow configurations

Next, for the same initial configuration, the effect of the direc-
tional change of standing wave on mixing performance is investi-
gated. In our first problem (Fig. 4), the acoustic field is excited in the
vertical y-direction, specifically in the direction parallel to the fluid-
fluid interface. Our second problem extends the previous problem
by keeping the magnitude of force and initial configuration constant
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but is excited by the standing wave acoustic field perpendicular to the fluid-fluid interface. From Fig. 6, to achieve mixing index MI = 0.9,
initial interface, as shown in Fig. 6. By contrast to the field imposed the time taken by the perpendicular acoustic field to mix the fluids
parallel to the initial interface, the mixing performance is signifi- is 13.35 s, which is 5 times higher compared to the parallel acous-

cantly reduced when the acoustic field applied is perpendicular to the tic field as it only took 2.5 s (Fig. 4). Comparing the fluid mixing
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t=0.0s FIG. 6. The time evolution of concentration fields illustrat-

ing the acoustic mixing excited by a horizontal standing

acoustic wave in a direction perpendicular to the initial fluid-
fluid interface. (a) 3-inlet coflow configuration at t = 0 s,
(b)t=0.01s (4 nodes), (c)t=0.28 s (4 nodes), (d)t=0.36 s
(8 nodes), (e) t = 0.61 s (4 nodes), (f) t = 0.87 s (4 nodes),
(9)t=0.91s,and (h)t=13.35s.
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FIG. 7. Concentration profiles of iodixanol solutions illustrating the effect of initial configuration and the direction of standing wave on mixing. The rows [(a)—(f)] correspond
to the six cases, combinations of different initial configurations, and direction of the standing wave. (a) 3-inlet coflow system with wave direction parallel to the interface, (b)
3-inlet coflow system with wave direction perpendicular to the interface, (c) 2-inlet system coflow of equal width with wave direction parallel to the interface, (d) 2-inlet coflow
system of equal width with wave direction perpendicular to the interface, (€) 2-inlet coflow system of unequal width with wave direction parallel to the interface, and (f) 2-inlet
coflow system of unequal width with wave direction perpendicular to the interface. All plots show marked variations in Mixing time (t) and Mixing Index (M) evolving to the
end configuration of 0.9 MI.
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by the parallel acoustic field shown in Fig. 4 with the perpendicular
acoustic field shown in Fig. 6, it is particularly evident that acoustic
fields applied parallel to the fluid-fluid interface relocate inhomoge-
neous fluids properly and evenly, which facilitated proper parallel
lamination, whereas the acoustic field applied perpendicular to the
interface does not relocate fluids properly and resulted in poor and
uneven parallel lamination.

In general, one would expect different mixing behavior on dif-
ferent initial configurations, when the acoustic fields of different
directions are imposed. To enhance the understanding of mixing
effects in the two-fluid system using the AMN technique, the evo-
lution of the solute concentration field for different initial flow con-
figurations is investigated. To establish the generality of this AMN
technique, in our study, we consider three different initial flow con-
figurations commonly used in microfluidics as shown in Fig. 1,
namely, 3-inlet coflow configuration, 2-inlet coflow configuration of
equal width, and 2-inlet coflow configuration of unequal width. Sim-
ulation results for the acoustic mixing at various time instants for
different microchannel flow configurations are illustrated in Fig. 7.
The distinct mixing patterns are observed for different initial con-
figurations when the acoustic standing waves of different directions
are applied. 3-inlet coflow configuration results from Figs. 4 and
6 are mentioned again in Figs. 7(a) and 7(b) to improve the read-
ability. The time taken by the acoustic field parallel to the interface
to mix the fluids in different flow configurations is approximately
same, 2.5 s-3.5 s, for the given MI 0.9 as shown in Figs. 7(a), 7(c),
and 7(e). Whereas, for the acoustic field perpendicular to the inter-
face as shown in Figs. 7(b), 7(d), and 7(f), the mixing time required
to achieve MI = 0.9 is 13.35 s for the 3-inlet coflow configuration,
41.5 s for 2-inlet coflow configuration of equal width, and 40 s
for 2-inlet coflow configuration of unequal width. By comparing
Figs. 5 and 7, in the case of 3-inlet coflow configuration, the acous-
tic field applied parallel to the interface mixes the fluids in 2.5 s,
acoustic field applied perpendicular to the interface mixes the flu-
ids in 13.35 s, and it takes 100 s for mixing of the fluids due to
diffusion without using acoustics. Similarly, in the case of 2-inlet
coflow configuration of equal width, the acoustic field applied par-
allel to the interface mixes the fluids in 2.5 s, acoustic field applied
perpendicular to interface mixes the fluids in 41.5 s, and it takes

M Fluid 1-High density
(20 % lodoxinal)

B Fluid 2- Low density
(Water)

Node (N)
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400 s for mixing of the fluids due to diffusion without using acous-
tics. Again, in the case of 2-inlet coflow configuration of unequal
width, the acoustic field applied parallel to the interface mixes the
fluids in 3.51 s, acoustic field applied perpendicular to the inter-
face mixes the fluids in 40 s, and it takes 364 s for mixing of the
fluids due to diffusion without using acoustics. Hence, we have
shown that the acoustic field parallel to the interface reduces the
mixing time by approximately two order of magnitude compared
with the mixing without acoustics, whereas the acoustic field applied
perpendicular to the interface reduces the mixing time by approx-
imately one order of magnitude compared to the mixing without
acoustics.

The simulation results shown in Fig. 7 clearly suggest that the
acoustic wave propagated parallel to the interface mixes the flu-
ids more effectively (in less time) compared to the acoustic wave
perpendicular to the interface. The reason for this surprising and
remarkable result follows. As discussed earlier, if there is any inho-
mogeneity in density present between two nodes or antinodes, then
the high-density fluid will be relocated to the nodes or low-density
fluid will be relocated to the antinodes. If fluid is homogeneous then
no relocation is possible. When the acoustic wave is propagated per-
pendicular to the interface, as shown in Fig. 8(a-1), most of the
nodes(N) or antinodes(AN) in the fluid domain do not contain den-
sity inhomogeneity between them except only at the central antin-
ode(AN), where slight relocation is observed, as shown in Figs. 8(a-
2) and 8(a-3). Therefore, the relocation of fluids is inhibited, which
results in the absence of multilayer laminations or improper lami-
nations, as shown in Fig. 8(a-4). Whereas, when the acoustic wave
is applied parallel to the interface as shown in Fig. 8(b-1), every
single node and antinode contains inhomogeneous fluid between
them or in contact with both high-density fluid and low-density
fluid as shown in Figs. 8(b-2) and 8(b-3). This results in proper relo-
cation of fluids and formation of multilayer laminations, as shown
in Fig. 8(b-4). The above reason clearly explains why the acoustic
wave propagated parallel to the fluid-fluid interface is more effec-
tive in mixing fluids as compared to the wave perpendicular to
the interface. Mixing time can be further reduced for all config-
urations by optimizing the time interval between the alternating
wavelengths.

FIG. 8. Plots of concentration distribution of coflow 2-inlet
configuration evolving with time illustrating the effect of
acoustic field propagating direction on mixing: (a) standing
wave perpendicular to the interface and (b) standing wave
parallel to the interface. Green dotted lines indicate the
node, whereas yellow dotted lines indicate the antinodes
of the applied standing acoustic waves.

AntiNode (AN)
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C. Effect of number of nodes on mixing performance

Finally, the effect of number of nodes (or frequency) of the
standing wave on the mixing performance is analyzed. This effect
is well illustrated by the scatter plot of the mixing index against time
for different number of alternating nodes N and change in directions
as shown in Fig. 9. The plots consider the cases of three different
configuration systems where the mixing index MI (%) is plotted for
different number of nodes and standing wave propagation direc-
tion. As discussed in Sec. I11 B, it is evident from the plots that rapid
mixing is achieved in lesser time when the direction of propagation
of the wave is parallel to the initial fluid interface. With respect to
the number of nodes used, these results show that for a given wave
propagation direction, better mixing performance is achieved when
number of nodes is switched between N = 8 and N = 4 (red and blue
dots) at regular time intervals when compared to nodes between N
=4 and N = 2 (black, green dots). This demonstrates the number of
nodes as an essential parameter for adequate mixing as higher num-
ber of nodes results in better overall mixing. It is obvious that more
number of nodes produces more number of parallel laminations or
fluid-fluid interfaces, which decreases mixing time significantly by
decreasing the striation mixing length.

The main limitation in employing the large arbitrary number
of nodes is the thickness of the PZT transducer. To produce more
number of nodes, the standing wave of higher frequency (lesser
wavelength) has to be employed, which requires thinner PZT plates.
For example, to produce 8 nodes in the microchannel dimension
of 400 um filled with water (c = 1495 m/s), the frequency of the
applied wave must be around 15 MHz. To generate 15 MHz, the
lead zirconate titanate PZT transducer thickness must be around
0.133 mm, which is the least commercially available thick lead zir-
conate titanate PZT plate in the market. This is the reason for not
using more than 8 nodes or 15 MHz frequency for channel dimen-
sion 400 ym used in this work. However, thick and thin PZT films
(100 nm to 100 ym) deposited on the substrate can overcome these
limitations.

Fluid retention time is given as ¢, = %“, where L, is the chan-
nel length and U is the characteristic axial flow velocity. If the mixing
time tpmix is less than or equal to the retention time (fix < f,), then
fluid mixing will be complete. The mixing time predicted from the
2D simulation does not exactly match with the mixing time required
for the actual flow in the 3D channel due to the nonuniform veloc-
ity profile with peak velocity U, at the center and zero velocity at
the walls. However, this limitation is not of great importance, as
in practice the mixing time obtained from 2D simulation can be
used to predict the upper limit or maximum allowable flow rate
(Qmax) in which fluid is being sent through the 3D microchannel,
such that the fluid mixing is complete for the given channel length.
This is done by taking characteristic flow Velocit{ U as peak veloc-
ity Up. Hence, for complete mixing, tuix < 7;‘ Consequently,
Qumax = % can be calculated from the t,,;x obtained from 2D
simulation. For the system under consideration, with cross-sectional
area A = 0.16 mm?, mixing time tmix ~ 2 s, and typical down-
stream channel length L = 2 cm, Qpuax is calculated as 96 ul/min,
which is in the same order of typical flow rates encountered in the
microchannel.

It is quite evident from Eq. (10) that weaker inhomogene-
ity in density and speed of sound leads to weaker acoustic force
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FIG. 9. Scatter plots illustrating the mixing performance for different initial configu-
rations, number of nodes, and wave directions: (a) 3-inlet coflow system, (b) 2-inlet
coflow system of equal width, and (c) 2-inlet coflow system of unequal width. All
the results have the same imposed acoustic energy density of 50 J/m®.

density, which results in longer mixing time. To understand the
effect of initial density variation on mixing time, simulations of three
different density deviations (10.8%, 1.1%, and 0.5%) are performed
as shown in Fig. 10. When the density variation is reduced 10 times
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FIG. 10. Scatter plot illustrating the effect of density variations on mixing time to
achieve a 0.9 MI for a 3-inlet coflow system. Alternating multinode standing wave
between N =4 and N = 8 is applied with Eac = 50 J/m®.

from 10.8% to 1.1%, the mixing time to achieve 0.9 MI is increased
to 4 s from 2.5 s. Similarly, when the density variation is reduced
to 0.5%, the mixing time gets increased to 7.5 s. It is clearly
seen that the effect of initial density variations on mixing perfor-
mance at higher density variation results in shorter mixing time as
anticipated.

The important limitation of this mixing method based on
acoustic relocation phenomenon is, for the acoustic body force that
is responsible for relocation to exist, the fluids must be inhomo-
geneous or must have difference in densities or velocity of sound.
Most of the fluids or reagents that we encounter in chemical or
biological assays are inhomogeneous and easily fulfill the above
requirement. Even if the fluids have same densities or velocity of
sound, it is easy to make them inhomogeneous by adding other
density modifier agents, without affecting the assay performance.
From scaling analysis, it is shown that the density (or velocity of
sound) difference of 0.1% is enough to relocate the fluids in a typ-
ical microchannel using acoustic body force.” Also, this relocation
phenomenon is experimentally demonstrated to occur even with
1% percentage density difference or velocity of sound difference.”’
From the above facts it is evident that this limitation can be easily
tackled.

IV. CONCLUSIONS

We have presented theoretical validation and simulation results
of the newly proposed acoustic mixing method in microchannels
based on the relocation phenomenon. Acoustic mixing is achieved
via an alternating multinode (AMN) method by periodically switch-
ing the nodal positions and number of nodes of the applied stand-
ing acoustic wave. The sensitivity of this method is high enough to
drastically reduce the mixing time and improve the mixing quality
from typical methods. A systematic study over the wave propaga-
tion direction, different initial flow configurations, and number of
nodes was performed to illustrate the effects of different parameters
on mixing time. From the results, we can conclude that the viable
route for rapid and efficient mixing in a microchannel is achieved

ARTICLE scitation.org/journal/phf

when multinode standing waves are applied in the direction par-
allel to the initial fluid-fluid interface irrespective of initial flow
configurations. Future development area can apply this proposed
idea on multi-inlet channel systems. Further validation studies to
compare the numerical methods directly with experimental results
would be interesting to investigate. To refine the work further,
the effects of different relevant parameters such as acoustic energy
density and velocity of sound on mixing performance should be
investigated.
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