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We explore pumping and digitization of two-phase flow patterns inside a microchannel with the help
of a unidirectional and oscillating Lorentz force. For this purpose, an electric field has been coupled with
an oscillating (or unidirectional) magnetic field to generate a sinusoidal (or unidirectional) Lorentz force
in the channel filled with a pair of Newtonian, immiscible, and electrically conducting fluids. Applica-
tion of the steady or oscillating Lorentz force is found to enhance the throughput of a pressure-driven
flow in conjunction with the mixing of the phases by creating discrete and miniaturized flow structures.
Numerical simulations show that the application of Lorentz force in an oil-water stratified flow leads to
the digitization of the flow patterns together with enhanced transport due to the magnetohydrodynamic
pumping of the fluids. The size and frequency of the flow patterns and the throughput of the flow can
be noninvasively altered by tuning the intensity of the electric or magnetic field, frequency of the mag-
netic field, and fluid properties. An oscillatory Lorentz force with periodic change in direction can lead to
time-periodic forward and backward motions of the fluids to prompt a unique reciprocating motion of the
flow features while they translate along the channel. The oscillation frequency of some of the flow fea-
tures is found to follow a linear correlation with the frequency of the magnetic field suitable for pumping
applications. The proposed pumping and digitization strategies can be of significance in the design and
development of next-generation microscale reactors, mixers, pumps, and microelectromechanical systems

(MEMS) devices.
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I. INTRODUCTION

Digitization of flow patterns into morphologies with rel-
atively higher surface area to volume ratio inside microflu-
idic devices has shown significant potential in improving
the proficiency of a number of cutting-edge applications.
These include microreactors [ 1-3], bio-analysis tools [4,5],
microelectromechanical systems (MEMS) [6,7], therapeu-
tic or diagnostic devices [8,9], emulsifiers [10,11], and
energy harvesters [12]. The studies related to the pre-
cise control on the generation, actuation, movement, and
throughput of diverse flow patterns at different time and
length scales are also of fundamental importance because
a better understanding of the complex physics associ-
ated with them can help in expanding their domains of
applicability [13—19]. In particular, it is now well under-
stood that the mass, momentum, and heat transfers inside
highly confined microsystems are often limited by diffu-
sive length and time scales, which restrict their efficiency
and applicability [20—23]. The studies on the creation and
applications of microscale gas bubbles or liquid droplets
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involving gas-liquid [24-26] or liquid-liquid [27,28] flows
have revealed that the use of the regular pressure-driven
flows in the commercial processes are largely limited by
their weaker transport properties and smaller through-
put. Thus, much research activity has been observed in
the recent past, which involves the enhancement of the
transport features through the digitization of flow patterns
inside the microfluidic devices [20—32].

For example, the externally applied fields have been
employed to disrupt the regular pressure-driven flow pat-
terns to improve the transport properties [33—45]. The non-
invasive integration of the applied dc and ac electric fields
are found to effectively alter the balance of the capillary,
inertial, gravitational, and viscous forces in the pressure-
driven microflows to improve the mass, momentum, and
heat transfer as well as throughput. The additional electro-
hydrodynamic (EHD) stresses at the surface or interface
due to the accumulation of either bound or free charges
can lead to facile deformation, disruption, or actuation of
the flow patterns [42—45]. Apart from the electric fields, the
transportation of fluids through the lab-on-a-chip devices
is achieved by the use of magnetohydrodynamics (MHD)
flows [46—49]. In particular, the application of Lorentz
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force provides the added flexibility to maneuver the
throughput along with tuning the surface-area-to-volume
ratio by the change of flow patterns in the microdevices
[50-55]. The use of Lorentz force for pumping also enables
facile in situ flow reversibility with the change in the direc-
tion of the electric or magnetic field in a noninvasive
manner in the absence of any moving mechanical parts.
Further, the use of Lorentz force in the multiphase flow
patterns is expected to have some of the following distinct
differences: (i) the force can be applied in any direction
[46,51]; (i1) the requirement of the electric field is much
lower (higher) leading to a lower (higher) cost of oper-
ations [47,51,53]; and (iii) the coupled influence of the
electric and magnetic fields enables the disruption of the
flow patterns at a much lower applied force (approximately
1 kN) [53]. However, there is hardly any research that
explores the salient features of the Lorentz-force-driven
transportation of a two-phase flow inside a microchannel
and the subsequent flow patterns.

In the present study, we computationally explore the
salient features of Lorentz-force-induced transportation
and digitization of the two-phase flows inside a microflu-
idic channel. The schematic diagram in Fig. 1 shows
the typical geometry chosen for the computational fluid
dynamic (CFD) simulations. It is well known that most of
the finite-difference, finite-volume, or finite-element-based
CFD frameworks employ volume of fluid (VOF) [56],
volume of fluid coupled with level set (CLSVOF) [57],
phase field [42,43,45,58,59], level set [44,57,60,61], and
Lattice-Boltzmann [62] methods to accurately track the
deforming interface of the multiphase flow patterns. Here,
we employ a robust and accurate level set method [44,61]
as the interface tracking method integrated with a finite-
element method to uncover the coupled influence of the
electric and magnetic fields of the Lorentz force on the evo-
lution of the flow patterns. The computational framework
has been effectively tuned to capture the fluid transport of a
pair of weakly conducting (oil) and conducting (water) lig-
uids and the subsequent spatiotemporal evolution of flow
patterns under the influence of the Lorentz force.

The study is initiated with the validation of the com-
putational results against the analytical ones related to the
Lorentz-force-induced steady and fully developed plane
Poiseuille flows. Following this, a series of CFD simu-
lations uncover strategies to improve the throughput of
a Lorentz-force-driven two-phase flow inside the chan-
nel. In the process, the conditions for the digitization of
the two-phase flow patterns inside the channel are uncov-
ered under the influence of a unidirectional or oscillatory
Lorentz force direction, as schematically shown in Fig. 1.
The results reported suggest that a unidirectional Lorentz
force can be utilized for unidirectional transportation and
subsequent digitization of the stratified flows into droplets
though the stretching of the interface. In comparison,
application of the oscillatory Lorentz force with a periodic
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FIG. 1. Schematic diagram of a T microchannel of diameter
d. =500 pum in which the electric current is flowing in the posi-
tive y direction. A steady or oscillating magnetic field is applied
toward the positive to negative z direction, which in conjunction
with the electric field generates a Lorentz force (F;) toward the
positive to negative x direction. The dimensions are given with
respect to d..

Oscillating droplet

change in the direction toward upstream and downstream
can lead to periodic forward and backward motions of the
fluids to engender a unique to-and-fro reciprocating motion
of the flow features while they translate across the chan-
nel. The noninvasive way of fluid transport with the help of
steady or oscillating Lorentz force and the subsequent gen-
eration of flow features of higher surface-area-to-volume
ratio can improve the efficiency of many microscale appli-
cations. Further, the steady and oscillatory throughput of
the drops, plugs, or slugs during their migration due to the
application of a steady or oscillating Lorentz force can be
employed to increase the overall efficiency of heat, mass,
and momentum transfers inside microchannels.

II. PROBLEM FORMULATION

A. Governing equations

The two-phase flows of Newtonian, incompressible, and
immiscible fluids emulating the dynamics of oil-water sys-
tems inside a microchannel can be numerically modeled
by solving the following continuity equation along with
the Navier-Stokes equations of motion,

Vou =0, (1

p (i +u; - Vuy) = V- (=pd + wi(Vu; + Vu)))
+Fy+F,+pg+V-M. (2)

The subscript ‘i’ denotes oil (i = 1) or water (i = 2), the dot
symbol over the velocity vector signifies the time deriva-
tive, and vector g represents the acceleration due to gravity.
The gravity is assumed to be acting in the negative y direc-
tion of the geometry shown in Fig. 1. For the ith fluid, the
notation u;, W;, p;, and p; in Egs. (1) and (2) represent the
velocity vector, dynamic viscosity, density, and pressure,
respectively. The force generated due to the interfacial ten-
sion is added as F in Eq. (2), where subscript st denotes
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surface tension. The flow of the fluids is accelerated (decel-
erated) by a positive (negative) x-directional Lorentz force
(F, =J x B) created by the interaction between an exter-
nally applied y-directional current density J and a positive
(negative) z-directional magnetic field B. An externally
applied electric field potential V, generates the electric cur-
rent density, J;=0;(¥; +u; x B))=0;(—VVy+u; x B;),
where V; is the irrotational electric field. The law
of conservation of current density can be expressed
as VJ;=0;V-(=VVy+u; x B;)=0. When the magnetic
field is under sinusoidal rotation, the resulting magnetic
flux density is B; = :I:BOSl:r, where Bos = B.sin(2nft), B,
and f are the amplitude and frequency of the mag-
netic field, respectively, and k is the unit base vec-
tor acting along the positive z direction. Due to the
weakly conducting (leaky-dielectric) nature of oil, there
will be an additional mechanical stress (Maxwell Stress,
M =[ego(P;@V; — 0.5(;-¥;)I)]) generated at the oil-
water interface, which is also introduced in Eq. (2).

The spatiotemporal tracking of the deforming oil-water
interface is modeled using the level set equation, ¢ +
;- Vo = AV - (Ve — (¢ — d>)(VP/|VP|)), where the
parameter ¢ is the level set function, which acquires
a value of less than zero in oil, greater than zero in
water, and zero at the fluid interface [44,57,60,61]. The
symbol XA represents the stabilization parameter and § is
the thickness of the diffused interface. The surface ten-
sion force in Eq. (2) is evaluated as Fy; = fr yikndS =
Yizk Vé = —yia(V - [V@/IV@I) Ve, where y 12, k, S, and
n denote the interfacial tension, curvature of the inter-
face, line element, and a unit outward normal vector along
the fluid interface I', respectively. The expression of sur-
face tension force suggests that F,; exists when V¢ is
non-zero, which is possible only at the diffused inter-
face between oil (i=1) and water (i =2). Thus, in the
level set formulation, although the surface tension force
is introduced in the equations of motion, it manifests
only at the oil-water interface. The density (p), viscosity
(u), permittivity (¢), and conductivity (o) are calculated
as a(¢) =[a1 + (a2 —a)H(P)] =zl + (1 — a,)H(P)],
where o can be any of the fluid properties, «; and o,
are constant values of fluid properties, o, = o /a2, and the
Heaviside function is H(¢)=(0 if ¢ <0); (0.5 if ¢ =0);
(1 if ¢ > 0). The scaling and the dimensionless equations
are provided in Section I of the Electronic Supporting
Information (ESI) [63].

B. Boundary conditions

An inlet gauge pressure of Pi, (i=2)=10 Pa and a
normal inflow velocity of #; =0.1 mm/s are enforced at
the water and oil inlet and at the outlet, a gauge pressure
of magnitude 0 Pa along with zero viscous stress bound-
ary condition is set to completely define the problem. The
pressure-driven flow originating from the weak pressure

drop imposed helps in initializing and convergence of the
problem. The channel walls are considered to be partially
wetting, nonslipping, and impermeable, and the equilib-
rium contact angle 6 of a discrete oil drop residing inside a
continuous water medium is set to 45° [43]. Constant elec-
tric potential boundary conditions are enforced at anode
(Vi="Vy) and cathode (V; =0) in such a way that electric
current is flowing through the microchannel in the pos-
itive y direction. In order to exclude the computational
complexities associated with electrolysis and Joule heat-
ing, the electric potential at the anode is kept between 0
and 1 V. A constant and unidirectional magnetic field is
generated by using a permanent magnet of field intensity
B.,=01to 1 T. An electromagnet with oscillating field Bos
of amplitude B, =0 to 1 T is generated along the positive
(or negative) z direction based on the polarity of the elec-
tromagnet at a specific time instant. The positive (negative)
x-directional Lorentz force F; is created due to the per-
pendicular interaction between the positive y-directional
electric field current density J and positive (negative)
z-directional magnetic field Bos. The typical magnitudes
of dimensional fluid properties employed in the simula-
tions are p; = 1000 kg/m?, ; =0.001 to 0.01 Pas, &; =2.2
to 80, 0,=4x 107> to 4 S/m, and y 1, =1 to 12 mN/m
[28]. The upper value of conductivity (4 S/m) corresponds
to seawater at 25 °C [46,50].

C. Solution methodology

For the present study, we consider two-dimensional
(2D) microchannels of diameter d. =500 um and length
/=10 mm, as shown in Fig. 1. The electrodes of width
w = 9 mm are placed throughout the downstream of the
microchannel starting from 1 mm from the water inlet. The
entire computational domain is then divided into approxi-
mately 26 710 triangular elements in order to obtain grid
independent solutions. COMSOL™ Multiphysics software
has been used to solve the unsteady governing equations
and the boundary conditions. The software employs a
finite-element formulation having (i) a built-in Galerkin-
least-squares (GLS) method stabilized through streamline
and crosswind diffusions, (ii) second-order elements for
velocity gradient calculations, and (iii) first-order elements
for pressure gradient calculations to discretize the non-
linear convection-diffusion equations. Subsequently, the
segregated predictor-corrector method with incremental
pressure correction helps in obtaining the spatiotemporal
velocity and pressure profiles for the flow. Further, the
backward Euler scheme is utilized for consistent initial-
ization in time and the second-order backward difference
method is employed for time marching with an optimal
time step size of 10 us.

It may be noted here that during the pinch off of the
flow morphologies, one of the curvature components leads
to singularity, which is not possible to address employing
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the numerical method employed in this study. In order to
address this issue, we introduced a standard diffused inter-
face model in the level set method with an infinitesimal
interface thickness of § [57,60], which provides a finite
curvature of approximately 1/6 during the pinch off of the
flow morphologies. This methodology helps in removing
the numerical singularity during the breakup of the flow
morphologies.

The simulations shown here neglect any influence of
convection of free charge density. This assumption is
valid as long as the time scale of charge relaxation t/,
Tl = g9&,/0;, is less than the time scale of fluid flow r},

rji = d.(ui/y12). For example, using the values of the

fluid properties presented in Sec. B., t,f: for oil (water)
is 4.87x 1077 s (1.77 x 107! s) and ¢/ for oil (water)

is 416 x 10™* s (4.16 x 107> s). Since, the parameters
show that v/ << 77, any influence of free charge density
is expected to be negligible.

D. Model validation

For validation of the numerical model presented in
this study, we consider two fluid layers of thickness d;,
density p;, viscosity u;, and electrical conductivity o; con-
fined between two electrodes, as shown in Fig. 2(a). The
flow is initially driven by a very weak pressure gradi-
ent (AP =10 Pa) coupled with an x-directional Lorentz
force generated by the interplay between an externally
applied electric field in the y direction J and a mag-
netic field in the z direction B,. The use of a constant
magnetic field in the positive z direction ensures that the
fluid flow occurs toward the positive x direction driven
by a unidirectional Lorentz force. The separation distance
between the electrodes is d.. In order to obtain a fully
developed flow inside the parallel electrodes, the length
of the same is optimized to be 40d, after several numer-
ical simulations. A few previous works have shown the
analytical results for the steady state and fully devel-
oped velocity profiles of the Lorentz-force-induced plane
Poiseuille flows at different viscosity ratio (u, = wi/uz),
layer thickness ratio (d, =d,/d;), and conductivity ratio
(o,=01/07)[50].

The velocity profiles u; for the two fluid layers, which
are obtained from the present numerical model, are com-
pared and contrasted with these analytical results [50].
Plots 2(b)~(d) clearly suggest the accuracy of the numeri-
cal model in predicting the same. The lines (solid, evenly
broken, and unevenly broken) in these plots represent the
solutions from the analytical expression [50] while the dis-
crete points (square, triangle, and circular symbols) show
the numerical results. The mismatch of the velocities at the
fluid interface (y =0) can be attributed to the considera-
tion of a deforming interface in numerical simulations as
compared to their analytical counterpart.

III. RESULTS AND DISCUSSION

A. Unidirectional Lorentz force

External field induced microflows and subsequent gen-
eration of the discrete flow patterns inside the highly
confined microchannel geometries are found to be a better
alternative than the conventional pressure-driven multi-
phase flows due to their capacity for enhanced heat, mass,
and momentum transfer [27-40]. Here, we demonstrate
some of the unexplored pathways to control and expe-
dite throughputs inside such systems, which also lead to
the formation of discrete flow structures. It may be noted
here that the geometry employed in all the following
simulations is as shown in Fig. 1.

Figure 3 shows that the application of an external
and unidirectional electromagnetic field B, can facilitate
Lorentz force F; induced oil-water flow in the posi-
tive x direction. Image (a) in this figure shows a regu-
lar pressure-driven flow, which upon application of the
Lorentz force leads to the formation of oil slugs (d; > d.),
plugs (d;~d.), and droplets (d; <d.), with a progres-
sive increase in the Hartmann number as shown in images
(b)(e). Here the Hartmann number (Ha = d.B,/02/112)
signifies the strength of the Lorentz force to the viscous
force. Further, the notation d; is the mean diameter of
the flow feature (e.g., drop, slug, or plug) while d. is the
channel diameter and the dimensionless numbers, elec-
tric field Bond number Bo and capillary number Ca, are
defined as Bo =egoe2d,?/y 1, and Ca = wau5'/y12. The
origin of these dimensionless numbers from the govern-
ing equations has been discussed in detail in Section I
of the ESI [63]. The increase in the magnitude of the
Lorentz force in the direction of flow assists the two-
phase interface to stretch abruptly near the T junction,
which in turn generates the discrete oil slugs, plugs, or
drops. Images (f)—(i) show the contour plots of Lorentz
force acting in the positive x direction with the increase in
Ha, which also corresponds to images (b)—+e). The num-
bers on the images show some typical magnitudes of F;
in the locations where the tails of the arrows are situ-
ated. The images (f)—(i) suggest that, with the increase
in Ha, the net Lorentz force in the direction of flow
increases from 0.03995 kN/m? [F; =0.04 —0.00005 in
image (f)] to 18.3 kN/m? [F; =20.2 — 1.9 in image (i)],
which facilitates the digitization of the flow patterns.

Figure 4 shows the typical variations in the various pro-
cess parameters of the Lorentz-force-driven oil-water in a
microchannel. Plot (a) shows the magnitudes of the com-
peting forces, namely, the Lorentz force F;, capillary force
F:, and viscous force F,;; per unit length of the oil-water
interface with the variation in the Ha. It may be noted here
that the forces are plotted near the T junction at the brink
of the breakup of the oil flow features. The plots show
that until Ha <5 x 1073, the magnitudes of F; and F,;
remain subdominant as compared to Fy,, which facilitates
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FIG. 2. The schematic diagram (a) shows the geometry of the computational domain d. x 40d, where d. =500 um. All the other
dimensions are given with respect to d.. The oil and water layers are denoted by i =1 and 2, respectively, and have thicknesses d;.
The current density, magnetic field, and Lorentz force are acting in the positive y , z, and x directions, respectively. Plots (b)—(d)
show the velocity profiles with the variations in w, (=u1/u2), d, (=di/d,), and o, (=0 /0,), respectively. The solid, evenly broken,
and unevenly broken lines (square, circular, and triangle symbols) represent the analytical (numerical) results. The other necessary
parameters for the plots are: (b) Ha; =0.05, d, =1, and 0, =0.2; (c) Ha; =0.05, u, =4, and 6, =0.2; and (d) Ha; =0.05,d, =1, and
= 1.In plots (b}«(d), p, = p1/p2 =1, y12 = 10 mN/m, and the Hartmann number is defined as Ha, = d,B./02/145.

of the availability of the interfacial area for heat, mass, or
momentum transfer. Plot (b) shows the variation of L with
Ha, which suggests more than seven-fold increase in the
available interfacial length due to the digitization of the
flow patterns with the increase in Ha.

Apart from the increase in the surface-area-to-volume

the formation of slugs or bigger plugs with relatively lower
surface-area-to-volume ratios. Beyond a critical strength of
Lorentz force (Ha>5 x 1073, F; > F;), formation of the
flow patterns with higher surface-area- to-volume ratio are
observed. The product of the total number of droplets pro-
duced per second (droplet frequency, Dy ) with the perime-

ter of the droplet (= wd,) can give an idea of the increase
in the surface-area-to-volume ratio, which we define as the
interfacial length L. This parameter gives a general idea

ratio, we also observe a significant increase in the through-
put under the influence of the steady Lorentz force. Plots
(c) and (d) show the monotonic increase in volumetric flow

(@) Ha=0

(b)l Ha=3.16 x 107
(c)! Ha=3.16 x 10™ Ha=3.16 x 10°
(d) Ha = 0.01265 (h) (i)

Ha = 0.02688
A Ha = 0.02688

Ha=3.16 x 10

Ha=10.01265

FIG. 3. Images (a)e) show the phenomena where a unidirectional Lorentz force (F;) disrupts a pressure-driven stratified flow to
discrete flow features such as slug [d; > d., image (b)], plug [d;~d,., image (c)] and droplets [d; < d., images (d),(e)]. Images (f)}—(i)
show the magnified view of the oil-water interface (solid lines) near the T junction of the microchannel in which the contours show the
magnitude of F; (kN/m?) at the time of breakup. Lighter (Darker) shades in the colored contours indicate regions with higher (lower)
force. The numbers on the images show some typical magnitudes of F; in the locations where the tails of the arrows are situated.
The other parameters employed in these simulations are #; =0.1 mm/s, u, =10, o, = 1073, Ca=2.604 x 10~%, Bo =0 for (a), and
Bo =4.72213 x 10~* for (b)(e).
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FIG. 4. Plot (a) shows the variation of F;, (square symbols), capillary force (Fy, circular symbols), and viscous force (F,;;, diamond
symbols) along the interface with Ha. Plot (b) shows the variation in the total available interfacial length L of the flow features with
Ha. Plots (c) and (d) show the variations in flow rates Q; of water (i =2) and oil (=1) with Ha. Plots (e}<g) show the variations in
frequency of ejection of the flow patterns —droplet or plug or slug (D —circular symbols, left y axis) and mean diameter (d; —diamond
symbols, right y axis) with the variations in the Ha, Bo, and Ca, respectively. The regions of droplet, plug, slug, or stratified formation
are depicted on the image at different Ha, Bo, and Ca. The other parameters employed in these simulations are ©; = 0.1 mm/s, u, = 10,
0,=107,Ca=2.604 x 10~* for (a)«(f), Ha = 0.0158 for (~(g), Bo=4.72213 x 10~ for (a)~(e) and (g).

rate O; with Ha of water (i =2) and oil (i=1) phases. An
increase in Ha to 0.032 can increase the base flow rate by
25 times leading to a flow rate of approximately 5 ml/min
(approximately 0.18 ml/min) for a less (more) viscous
water (oil) phase. Plots (e)<g) show the sensitivities of
the magnetic field intensity B,, electric field intensity i,
and interfacial tension y |, to the aforementioned phenom-
ena in terms of the dimensionless parameters Ha, Bo, and
Ca. The plots suggest the variations in the ejection fre-
quency Dy and mean diameter d; of the flow features
with Ha, Bo, and Ca. The plots also show the paramet-
ric domains of the different flow morphologies such as
the stratified, slug, plug, and droplet. The parameter Dy
suggests the overall throughput of the process while d;
shows the extent of miniaturization possible with the pro-
cess. Plots (e)}Hg) clearly show that with the increase in
Ha (increase in B;), Bo (increase in 1), and Ca (decrease in
v12) the Dy increases and d; decreases considerably. While
the increase in Ca facilitates the miniaturization of the flow
features, the increases in Ha and Bo assist in the stretching,
deformation, and digitization steps to form smaller flow
features with higher throughput. In summary, Figs. 3 and
4 together show the pathways to integrate a noninvasive
and unidirectional Lorentz force with the pressure-driven
oil-water flows to generate the flow patterns with smaller
size, higher surface-area-to-volume ratio, and larger
throughput.

B. Oscillating Lorentz force

We have discussed the salient features of the unidirec-
tional Lorentz-force-induced oil-water flows. However, a
sinusoidally varying Lorentz force can be another efficient
alternative to pump, mix, stir, or shake microfluidic flow
patterns. In the following simulations, the direction of the
magnetic field has been varied from the negative to posi-
tive z direction in a time-periodic manner as Bos = B.sin
(2w ft), where B, and f are the amplitude and frequency of
the magnetic field, respectively. The sinusoidal oscillation
of the magnetic field leads to a Lorentz force, which also
periodically changes its magnitude and direction toward
the upstream and downstream directions at a frequency f
with the variation in time. Supporting Video 1 shows one
such a spatiotemporal evolution of the oil-water flow and
the subsequent profiles of the reciprocating time-periodic
motion under the influence of the oscillating Lorentz force
[63]. Figure 5(a) shows the variation in the velocity pro-
file of water u, at the outlet for a time period of 1=0 to
0.5 s where B, =0.05 T and f =20 Hz. Under these con-
ditions, since we observe the oil-phase to be the dispersed
phase, the variations of the velocity profile of the continu-
ous water phase u, in the outlet at different time intervals
are shown. In this case, the amplitude of the oscillating
magnetic field is deliberately kept low to stimulate a weak
water flow through the channel while a relatively higher
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Plots (a) and (b) show the variations of symmetric and asymmetric velocity profiles of the water phase u, at the outlet for the

m

time intervals t=0-0.5 s and = 0.3—1.0 s, respectively. Plot (c) shows the variations in the maximum (darker line, ') and average
(lighter line, u5") velocities with time # for the case presented in plot (b). For plot (a) B, =0.05 T and /* = 20 Hz while for plots (b) and
(¢) B.=0.5T and f =5 Hz. The other parameters employed are #; = 0.1 mm/s, p, =1, u, =10, 0, = 1073, and y 1, =2 mN/m.

frequency ensures that the direction of the field changes
more frequently.

Plot 5(a) and supporting Video 1 suggest that initially
(t=0 s), the outlet velocity of water is almost negligible.
Following this, in the beginning of the forward half-cycle,
as the magnitude of the Lorentz force (F.) increases in
the positive x-direction with the progress in time, the net
throughput of the oil-water flow increases, as shown by
the profiles corresponding to #=0.1 s to 0.2 s. Thereafter,
at the end of the forward half-cycle, as the magnitude of
the Lorentz force (F;) decreases in the positive x direc-
tion with time, the net throughput of the oil-water flow
decreases during the time interval 1=0.2 s to 0.3 s. After
this, in the beginning of the reverse half-cycle, as the mag-
nitude of the Lorentz force (Fy) increases with time in the
negative x direction, the throughput increases in the reverse
direction during the time interval #=0.3 s to 0.4 s. During
the final phase of the reverse half-cycle, as the magnitude
of the Lorentz force F; temporally decreases in the nega-
tive x direction, the reverse throughput also decreases dur-
ing the time interval 1=0.4 s to 0.5 s. The cycle discussed
above keeps repeating in a time-periodic manner with the
temporal variation in the direction and magnitude of Fy,
which eventually produces interesting oil-water flow mor-
phologies moving to-and-fro (reciprocating) while they
migrate across the channel.

The conditions for plot (a) ensure that the flow is essen-
tially single phase and there are no oil drops migrating
across the domain. In comparison, the conditions for plot
(b) ensure that the oil droplets migrate through the channel
when B, =0.5 T and f =5 Hz, as shown by supporting
Video 2 [63]. In this case, the amplitude of the oscillat-
ing magnetic field is kept higher than that in plot (a) to
stimulate a stronger Lorentz force while a relatively lower
frequency ensures that the force acts for a longer duration
in a particular direction facilitating the drop formation. The
plot suggests that the velocity profiles in the forward and

reverse cycles of the Lorentz-force-induced motion remain
similar to that in plot (a) with the exception of the appear-
ance of asymmetric and nonparabolic velocity profiles at
time intervals = 0.5 s and 0.7 s. The asymmetry in the pro-
file has its origin in the migration of the oil drop through
the outlet during the aforementioned time interval.

Plot (c) shows the variations in the maximum (darker
line, ') and average (lighter line, u5") velocities with time
t for the case shown in plot (b). The curves suggest that, in
this situation, the time-periodic variations of #5" and 5’ in
each cycle of forward and reverse flows are initially large
and progressively attenuate to a steady value. The unsteady
time-periodic variations of #5" and u}' can be attributed
to situations where dispersed oil droplets are generated in
the water phase and subsequently transported downstream.
Interestingly, the largest magnitudes of «}' ~0.05 m/s and
u5’ ~0.03 m/s at r=0.18 s during the reverse flow cycle
is found to be about three times less than the same in
the forward cycle, w5 ~0.15 m/s and u5" ~0.09 m/s at
t=0.1 s. This is because the simulations are performed
with a weak pressure-driven forward flow, which con-
tributes to the larger magnitudes of #5” and 5’ during the
forward cycle. Figure 5 indicates that time-periodic vari-
ations in the magnitude and direction of a magnetic field
can lead to a reciprocating Lorentz force, which can induce
a time-periodic reciprocating motion inside an oil-water
flow. The figure also indicates that the throughput and the
flow morphologies can be tuned by varying the intensity
and frequency of the externally applied electromagnetic
field.

Images (a)—j) in Fig. 6 and supporting Video 3 show
the typical flow behaviors and the subsequent morpholo-
gies of the oil-water flow inside a microchannel driven by
the oscillating Lorentz force [63]. In this case, the flow is
facilitated by the oscillating magnetic field with B, =0.5T
and / =10 Hz, which ensures that a strong and oscillat-
ing Lorentz force F; is in action. The white arrows in
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FIG. 6. Images (a)«j) show the

(a)i t=0.05s (k)

2_
(b)i t=0.10s
(C)= £=0.12s

-
9]
T

0, (ml/min)

———B,=0.5T,f=10 Hz

spatiotemporal migration of oil
droplets when B,=0.5 T and
f =10 Hz. Plot (k) shows the
variation in the flow rate of water
0, with time ¢ when B, =0.5 T
and f =10 Hz and when B, =0.
Plot (I) shows the variation in
0, with t when B,=0.2 T and
f =5 Hz and when B, =0. The

B,=0T

other parameters employed in the
simulations are u;=0.1 mm/s,
or=1, u,=10, and o,=1073.
The parameter y 1, =2 mN/m for

0.4 06 08 1
t(s)

—B,=02T,f=5Hz

images (a)«(k) and 5 mN/m for

B,=0T image (1).

(d)= £=0.14s 0.5
(e)= £=0.16 s % 0.2
(f)= t=0.18s M 2.5
(9 £=0.19 s ) 2
_§ 1.5
(h)! 1=0.22s E |
(i)= t=0.26s SY 0.5
% o2

(i)= t=0.30s

the images show the direction of the Lorentz force at any
time instant unless mentioned otherwise. The images and
the video show the following stages of the evolution; (i)
images (a)—(c) show the formation of the droplet and accel-
erated ejection in the forward half-cycle with increasing
velocity; (ii) images (c)—(e) show the slowing down of
the droplet during the forward half-cycle with reducing
velocity; (iii) images (e)—<(g) show the upstream motion
of the droplet toward the inlets during the reverse half-
cycle with increasing velocity; and (iv) images (g)—(h)
show the coalescence of the droplet with the oil-pool at
the oil inlet during the reverse half-cycle with decreasing
velocity. The conditions employed in the simulations also
ensure that while one of the oil droplets coalesces with
the oil pool at the vertical inlet, the other one is ejected
out of the domain and shows oscillatory motion during
its travel all along the microchannel, as shown by images
(1(). In the time-periodic steady state of evolution, the
aforementioned steps keep repeating with time. The behav-
ior is analogous to a fluidic ‘ratchet’ wherein the fluid
flow provides the forward bias to move the droplet toward
the outlet while the magnetic field provides an oscillatory
action.

Plots (k) and (1) show the periodic variations in water
flow rates O, with time ¢ for different B, and f. The plots
show that when the oil phase discretizes into smaller flow
structures like droplets [images (a)—(j)] inside the continu-
ous water phase, the O, (solid line) varies periodically with
time between 1 to 2 ml/min to maintain an average forward
flow rate of 09" ~ 1.5 ml/min, as shown in plot (k). The

m

0.4 0.
t (s)

broken line in plot (k) shows the base flow rate (approx-
imately 0.15 ml/min) when the flow of both the phases
(oil and water) are driven by the weak pressure gradient
only. The plot suggests that the Lorentz force can increase
the flow rate by about 10 times emulating the performance
of a reciprocating micropump. The Q5" can be tuned by
changing the maximum intensity B, and frequency f of
the oscillating magnetic field. For example, plot (1) shows
that 05" ~0.73 ml/min when B. =0.2 T and /' =5 Hz.
Importantly, the time-periodic lateral oscillations of the
drops not only enforce a reciprocating pumping action but
also help in mixing multicomponent systems. Figure 7 and
supporting Videos 4 and 5 show that apart from droplets
the other types of flow features such as plugs or slugs
can also be generated by tuning the Lorentz force with
the variations in B, and/or / [63]. Again, the images and
the videos show the following stages of the evolution; (i)
images (a)—(c) show the formation of the plug or slug and
accelerated ejection in the forward half-cycle with increas-
ing velocity; (ii) images (c)—(e) show the slowing down
of the plug or slug during the forward half-cycle with
reducing velocity; (iii) images (e)}~«g) show the upstream
motion of the plug or slug toward the inlets during the
reverse half-cycle with increasing velocity; and (iv) images
(g)+(h) show the coalescence of the plug or slug with
the oil pool at the oil inlet during the reverse half-cycle
with reducing velocity. Another slug is ejected out of the
domain showing to-and-fro oscillating motion during its
travel all along the microchannel as shown by images
(h)—(1). Remarkably enough, these flow features also show
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periodic variations of O, with ¢ resembling the flows with
droplet morphologies as shown in plot (j).

Figures 4-7 concisely show some very important fea-
tures of the influence of the oscillating Lorentz force
in the generation of reciprocating pump action inside a
microchannel. While the oscillating Lorentz force acting
on the conducting continuous phase water generates a
reciprocating pump action in a noninvasive manner, the
oscillations of the incompressible droplets or slugs or plugs
act as the reciprocating pistons or stirrers to enhance the
pumping and mixing activity. The results suggest that the
throughput of the flow inside the channel can be precisely
controlled in a noninvasive manner by simple alterations
in the amplitude and frequency of the oscillating magnetic
field. Further, the figures suggest that the same system
can be employed for developing flow morphologies with
higher surface-area-to-volume ratio such as the droplets. It
should be noted here that different flow features, such as
slug, plug, and droplets have been created with magnetic
field intensities as low as 0.001 T (slug), 0.01 T (plug),
and 0.2 T (droplets), which can be easily implemented in
the experiments. The inherent oscillations reported in the
flow of the continuous water and dispersed oil phases can
help in improving the heat, mass, and momentum transfer
characteristics of various types of microfluidic flows.

The time-periodic sinusoidal variation in the applied
magnetic field ensures the alteration in the magnitude and
direction of the Lorentz force, which eventually oscillates
the motions of the droplets, plugs, or slugs while they
translate across the channel. In such a scenario, the peri-
odic undulations experienced by the different flow features
are also different depending on their size and shape. In
order to explore these aspects, in this study, we define
a couple of parameters such as the (i) net displacement
of a flow feature during a cycle, N;=d — dg,, and (ii)

0.4

0.6 0.
t (s)

approach of a flow feature, 4 = dg/dg,. Plots (a) and (b)
in Fig. 8 show the variation of N; and A4 with f for the
droplets and slugs, respectively. The plots suggest that the
droplets tend to have larger N; and A4 than the slugs inside
the microchannel. The miniaturized droplets with higher
surface-area-to-volume ratio move more quickly with less
residence time inside the channel leading to a larger oil
throughput. In comparison, the relatively larger slugs show
relatively slower (4 ~ 1) reciprocating migration inside the
microchannel, which can be exploited for pumping, stir-
ring, or mixing applications. It can also be visualized from
plots (a) and (b) that at a maximum frequency of f =1 kHz
of the frequency domain f = 0—1 kHz, N; (approximately
0) becomes almost negligible, which cannot be cultivated
as a quantifiable droplet displacement for feasible droplet
actuation-based practical applications, thus eliminating the
logic for further increasing the frequency of the oscillating
magnetic field.

Supporting Videos 6 and 7 show the oscillating motions
of droplet and slug, respectively, in the forward and reverse
directions for four complete cycles of time-periodic varia-
tion in the Lorentz force [63]. A series of such simulations
reveals that the oscillations of these flow features vary
considerably with the frequency f of the time-periodic
magnetic field. In order to characterize this behavior,
we consider the following things: (i) during the forward
half-cycle, the flow feature moves toward the outlet in
which the velocity toward the downstream direction ini-
tially increases and then decreases with Fy; (ii) during
the reverse half-cycle, the flow feature moves toward the
inlets in which the upstream velocity initially increases and
then decreases with F;; and (iii) a weak pressure-driven
flow (AP =10 Pa) ensures that the displacement during
the forward half-cycle (dr) is always greater than the dis-
placement during the reverse half-cycle (dy,). For example,
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Plot (a) shows the variations of net displacement (V; —square symbols, left y axis) and approach (4 — circular symbols, right y

axis) of oil droplets with frequency f* after a complete forward and reverse cycle. Plot (b) is a repeat of plot (a) for the oil slugs. Plot (c)
shows the variation in displacement of a slug (d; — blue bars, left y axis) and corresponding Lorentz force (F;— circular symbols, right
y axis) during a time period #p during forward (hashed) and reverse (nonhashed) half-cycles (HC) when f = 60 Hz. Plot (d) shows
the variation in the oscillation frequency of the slug (f,s — square symbols) with f, which leads to a straight line (circular symbols,
¥ =0.9364f + 0.3022 having an R? value of 0.9994). In these plots, Ca=2.604 x 10~* for (a) and Ca=0.104167 for (b)—~(d). The
other parameters employed in the simulations are u; =0.1 mm/s, p, =1, u, = 10,0, = 107>, Ha=0.0158, and Bo =4.72213 x 107,

the typical displacement of the slugs (d;, blue bars) dur-
ing a time period ¢p representing a complete forward and
reverse cycle is shown in plot (¢) when f =60 Hz. The
time period /p =0-18 ms in the plot represents the time
range =491 to 509 ms of the actual simulation in which
one of the full cycles of oscillation of the slug occurs. A
generic sine curve [d} = Csin(2nfostp — ¢) + D] can be
fitted to this dataset quite accurately in order to find out
the oscillation frequency of the slug fos in such a situation
where C (=15.4995 pum) is the amplitude of the oscillation,
fos (= 55.56 Hz) is the oscillation frequency of the slug, ¢
(= 0.20405 rad) is the phase lag, and D (= 2.2171 um) is
the offset.

The oscillatory Lorentz force and the weak pressure-
driven flow both induce inertia to the discrete flow features
and the surrounding continuous phase. It can be easily
envisaged that, at the time instant when the Lorentz force
changes its direction, the inertia associated with the flow
structure opposes the same, as shown in supporting Videos
6 and 7. After some time, the Lorentz force overcomes this
inertial effect to move the oil droplet or other flow struc-
tures in its direction, which is the major reason behind the
phase lag between the oscillatory motion of the flow fea-
tures with Lorentz force. Interestingly, the variations in the
Lorentz force F; and d," with zp show behaviors almost

similar to that of a simple harmonic oscillator for the slug
flow patterns when 4 ~ 1, as shown in the image (c).

The fitting parameters can be correlated to develop a
digital time counter employing the microfluidic systems.
For example, plot (d) shows that the variation in oscillation
frequency of the slug fos follows a linear correlation with
the frequency of the magnetic field /* as f,¥ = 0.9364f +
0.3022, in the range of 0 <f <100 Hz, where £} is the
oscillation frequency of the slug obtained from the linear
correlation. This correlation can be employed to develop a
slug-driven reciprocating pump inside a microchannel due
to the uniformity in the amplitude of oscillations in the for-
ward and the reverse cycles of motion stimulated by the
time-periodic Lorentz force. However, for the flow features
such as droplets (4~ 1.5), we observe that the oscilla-
tory motion with larger (smaller) amplitude toward the
downstream (upstream) of the channel during the forward
(reverse) cycle, as shown in supporting Video 3, may not
be suitable for a pump but can be appropriate for mixing
applications.

IV. CONCLUSIONS

In summary, we identify that a constant and unidi-
rectional magnetic field disrupts the interface of a pair
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of conducting fluids to produce different types of flow
morphologies inside microchannels. Discrete flow features
such as droplet, plug, and slug with a higher surface-
area-to-volume ratio can be attained with precise control
because of the unidirectional nature of the Lorentz force
for mixing in multiphase microflows. The study also shows
that the shape, size, and frequency of the discrete flow
features can be tuned not only by changing the magni-
tude and/or direction of the externally applied electric or
magnetic field, but also by tweaking the inherent fluid
parameters such as interfacial tension.

The oscillating Lorentz force originating from the inter-
action between an externally applied electric current den-
sity and a sinusoidal magnetic field is found to change
the direction of flow periodically inside the microchan-
nels, which can be utilized for the field induced non-
invasive transport and mixing of fluids. In this process,
digitization of the flow morphologies into higher surface-
area-to-volume ratio droplets, plugs, or slugs enables the
improvement in the efficiency of the heat, momentum, and
mass transport. While in transport, the oscillations of the
flow features (droplets or slugs) follow the almost sim-
ilar sinusoidal behavior of the oscillating magnetic field
with a marginal phase lag. This ensures that an efficient
reciprocating pumping activity can be attained employ-
ing incompressible droplets by tuning the frequency and
amplitude of the externally applied oscillating magnetic
field.

The results reported on the transport, actuation, and
reversal of fluid flow at a lower power, in the absence of
any moving parts and in a noninvasive manner, open up
the possibility of their use for state-of-the-art microscale
mixing, reactor, and pumping applications with improved
heat, mass, and momentum transport capabilities.
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