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In this paper, we induce rotation in a bulk of polar liquid with one free surface, by applying
external crossed electric fields. We show that the induced rotation is due to the imposed stresses at
the free surface of the liquid. A simple theoretical model was developed based on solving the
Navier-Stokes equation that enables us to calculate the average induced stress in the liquid bulk,
using experimental measurements of the angular velocity of the liquid. Our results indicate that the
induced stresses and the angular velocities of the rotating liquid are independent from the electrical
conductivity of the liquid. However, the induced stresses linearly depend on the external electric
field and the applied electric voltage for passing the electric current through the bulk. Both
experimental results and the theoretical model show that the angular velocity, linearly changes
with depth. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907254]

Hydrodynamics of fluids under an applied electric field
has been studied widely.'™ With the extension of the con-
cept of Lab on a Chip, in many studies, the electric field has
been used to control the fluid flow on a small scale and has
enabled scientists to design and fabricate micro-scale devices
with integrated pumps, reagent dispensers, mixers, separa-
tors, and detection units to automatically return data or prod-
ucts."®” Electric fields have also been studied to move or
control charged or neutral particles immersed in a fluid."*°
Most of these studies are aimed at investigating biological
systems such as controlling the fluid surrounding a single
cell and drug delivery systems in the field of biotechnol-
ogy.'*!! Several techniques have been suggested for experi-
ments on fluid movement. These techniques are based on the
use of thermal gradients,12’l3 magnetic fields,'*! or electro-
mechanical means such as piezoelectric actuators.'® Many
such experiments require fluid rotation'®'”'® that itself
requires mechanisms such as using AC and DC electric
fields'®' or a magnetic field and a magnetic probe'’ to
rotate a thin liquid film. A polar fluid, connected to a low DC
voltage and high electric field, experiences a torque caused
by the electric field maintenance of the equilibrium in polar-
ization. Faetti er al.** and Morris e al.>*** have shown that
passing an electric current through nematic and smectic
freely suspended liquid crystal films produces vortices in the
film. Amjadi et al. have shown that applying a uniform elec-
tric field to a water film (soap solution), which possesses a
uniform electric current, produces a controllable rotating
flow in the film.'**° The controllable rotation of a fluid film
has also been reported for polar liquid films'*?° and MBBA
liquid crystal films.?' In all of these cases, the rotation of a
thin suspended film of fluid was studied. In this paper, we
report a purely electrically driven rotation in bulk of a polar
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liquid such as water. Direction and velocity of the rotation
are controllable by the electric field and the electric voltage
for passing the electric current through bulk. We studied the
changes in rotation characteristics under the effect of the
depth of the bulk, strength of the applied electrical field, the
geometry of the boundary conditions, and conductivity of
the fluid.

Fig. 1 shows the experimental setup. This setup is based
on an upright home-made microscope. The sample is illumi-
nated from below and is imaged onto a camera (DCC1545M,
Thorlabs, 8 bit dynamic range, and 5.2 um pixel pitch) by an
objective lens (4x, Olympus). The image sequences are
acquired at the frame rate of 25 fps. Distilled water, water
with different concentrations of NaCl, silicone oil with dif-
ferent viscosities, and glycerol (80%) are used as working
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FIG. 1. (a) Schematic diagram of the experimental setup; L;: focusing lens,
L;: collecting lens. (b) External electric field (E,,) and current vectors (V)
directions. (c) Three-dimensional schematic diagram of the bulk of the fluid
container; 7: tracer distance from the center, z: depth of the bulk fluid, R: ra-
dius of the container, d: depth of the container.
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fluid. Silica micro-spheres (50 um diameter) are used as trac-
ers to determine the velocity field of the fluid at different
depths. The velocity field can be determined by taking a
movie of a tracer at a certain depth. The concentration of the
tracers is about 16 x 1072 particles/mm’ and the effect of
the tracer on the velocity field can be ignored. The fluid con-
tainer consists of a circular cylinder with radius R =8 mm
and depth d =3 mm covered by a glass cover slip at the bot-
tom (Fig. 1(b)). The container is an insulating frame with
two graphite strips on two opposite sides of it acting as elec-
trodes to supply an electric current. These electrodes are
connected to a DC voltage (V,)), in the range 20—45 V, gener-
ating a uniform density of electric current in the fluid. The
container is located between two conducting parallel plates
of a capacitor, which was driven by a high DC voltage power
supply (1.2-3.03kV/cm) to produce an external electric field
E.,, perpendicular to the direction of the electric current.

In order to check the effect of the polarity of the mole-
cules on the rotation of the fluid, several series of experi-
ments were performed with polar and non-polar fluids.
Distilled water and glycerol (80% with a viscosity of about
55 ¢St) were used as polar fluids, and rotation was observed
for both samples. The angular velocity of the fluid for glyc-
erol was much smaller than that of the water due to the high
viscosity of glycerol compared to water. When the same
experiment was conducted for silicone oil with three differ-
ent viscosities (10, 20, and 100 ¢St) and hexane (0.45 cSt) as
non-polar fluids, the rotation was not observed in the whole
range of the experimental parameters. In another series of
experiments, the free surface (upper surface) of the distilled
water in the container was covered by a glass cover slip or a
thin layer of non-polar liquid (hexane) to check whether the
rotation was imposed on the free surface or in the bulk. In
both experiments, rotation was not observed, which provides
strong evidence that rotation is imposed on the free surface
of the polar liquid. In the second case, some chaotic move-
ments were observed due to the electric current on the sur-
face at high electric fields, but bulk rotation was not
detected. In the second configuration, adding a small amount
of surfactant removed the non-polar layer and lead to the

FIG. 2. Electrically induced rotation in a fluid bulk with one free surface.
The imaging plane is changed during the experiment to demonstrate the
rotation of the tracers in various depths. (Multimedia view) [URL: http://
dx.doi.org/10.1063/1.4907254.1]

Appl. Phys. Lett. 106, 053506 (2015)

06
10
05 | ) £ I
z{mm £
01 °/1 z
@ > !
(\'303 H
3 f
02
i ¢
01 }
, 1

0 1 1 1 1 1 1
0 03 06 09 12 15 18 21 24 27 3 33

z (mm)

FIG. 3. Angular velocity vs. depth of the bulk of fluid. V,; =50V,
E,. =3.03kV/cm, and r=2mm. Inset: velocity vs. depth in logarithmic
scale. Slope of the fitted line is 1.1 £ 0.1.

onset of rotation. Fig. 2 shows electrically induced rotation
in a bulk of water, in which the imaging plane is changed
during the experiment to demonstrate rotation in various
depths in the bulk. Fig. 3 shows the angular velocity of the
fluid at a radius of r =2 mm from the center at different bulk
depths (z) for distilled water. The inset of Fig. 3 is velocity
vs. depth on a logarithmic scale and the slope of the fitted
line is equal to 1.1 =0.1. The deviation from the linear
behavior for some of data might be resulted from the electro-
lyze effect which causes irregularities in the fluid rotation
due to inducing translational movements. In Fig. 4, the angu-
lar velocity of fluid vs. depth for three different concentra-
tions of NaCl in water is shown. The angular velocity of the
fluid at a fixed depth is almost the same for different concen-
trations of salt in the range of the error bars. Fig. 5 illustrates
the change in the angular velocity of distilled water with
respect to the change in external electric field. These results
show that the angular velocity increases with respect to the
electric field but the rate of increase depends on the depth.
Fig. 6 shows the angular velocity vs. V,, at a radius of
r=2mm and an external electric field of E,.=3.03kV/cm
for three different depths. The results show the same behav-

ior in Fig. 5.
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FIG. 4. Angular velocity vs. depth for three different concentrations of
NaCl, ¢ =1.5x 107" mol/1 (M), ¢ =25 x 1073 mol/l (@), and ¢=1.2
%1073 mol/1 (A). V= 50V, E,, = 3.03kV/cm, and r =2 mm.
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FIG. 5. Angular velocity vs. the electric field applied to the rotating bulk for
three different depths (V,; = 50V and r =2 mm).

Reynolds number of the studied system for water as the
working liquid is about 1, which means we need to consider
the inertial term in the Navier-Stokes (NS) equation for
steady rotation

pv - Vv = —Vp + nV3v, (1)
with the boundary conditions

zZ = 07 Uy = 0

{ z=nh, 1T4.=0,

where 1, p, and 74 are the viscosity and density of the fluid,
and the shear stress on the liquid free surface due to the cross
electric field, respectively. No external pressure is applied;
therefore, the first term at the right side of Eq. (1) equals
zero. Considering Fig. 1(c), we can write the NS equation in
the cylindrical coordinates (r, ¢, z). According to our experi-
mental results and considering the symmetry of the system,
we know that the only velocity component is in the ¢ direc-
tion and the other components are zero. The derivative of the
velocity in the azimuthal direction vanishes because of sym-
metry, and the equation is reduced to
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FIG. 6. Angular velocity vs. the electric voltage between the two electrodes
(V) for three different depths at a fixed external field, E,, = 3.03kV/cm,
and radius 7 =2 mm.
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By assuming that the radial length scale is much larger
than the height of the film, the boundary condition at the pe-
rimeter could be ignored and the final equation is simplified
as

O*v
azj’ =0. 3)

By considering no slip condition at the bottom and con-
stant shear stress (o) induced by the crossed electric fields at
the free surface on the top of the liquid, a linear velocity pro-
file in the z direction is obtained

o

vy = = (4)

The shear stress, o, depends on the electric field, the
applied electric voltage for passing the electric current
through bulk, and liquid properties. Using the above equa-
tion, ¢ can be calculated for a specific velocity profile.

Our experiment with polar and non-polar liquids shows
that for non-polar liquids no rotation is induced, while for
polar liquids even for higher viscosity the rotation can be
observed. For a suspended film of liquid, which was called a
liquid film motor,'>*° the same results were reported. When
the free surface of the polar liquid is covered with a non-
polar thin film, the rotation dies. These results indicate that
the rotation in bulk of fluid is due to stresses which are
induced by crossed electric fields on the polar molecules at
the free surface of the liquid. This observation is in agree-
ment with the previous experimental and theoretical studies
on the rotation of a suspended film of liquid.'******® From
Fig. 4, one can conclude that the angular velocity is inde-
pendent of the concentration of NaCl. In other words,
applied stress on the free surface is independent of the con-
ductivity of the fluid. These results are in agreement with the
theoretical model for the rotation of a suspended liquid
film.?>~2" In Refs. 20 and 19, the linear behavior of the angu-
lar velocity of the rotating liquid film with respect to the
change of the applied electric voltage and external electric
field is reported. Furthermore, the theoretical investigations
of Liu e al.*® and Shiryaeva et al.*® have predicted a similar
linear behavior of the active torque driving the rotation of
the liquid film motor to the applied electric voltage and
external electric field. The theoretical model includes consid-
ering the liquid film as a Bingham plastic fluid with equiva-
lent electric dipole moment and explains most of the
observed experimental phenomena. According to Fig. 3, the
velocity profile of the fluid is linear with depth and is in
agreement with the theoretical prediction of Eq. (4). As
shown in Fig. 5, the angular velocity increases with the
increase in the external electric field. The other parameter
that may affect the angular velocity is the applied electric
voltage for passing the electric current through bulk (V).
Fig. 6 shows that the angular velocity increases with increas-
ing V,,. The rate of increase depends on the depth, similar to
what we observed for the external electric field.

Using Eq. (4), the shear stress ¢ can be calculated from
the experimental data of the angular velocity. Fig. 7 shows ¢
vs. external the electric field (®) and V,; (e), respectively,
on a logarithmic scale. Angular velocities are obtained for an
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FIG. 7. Shear stress on the free surface o vs. external field (@) and electric
potential difference (®) on a logarithmic scale. Slopes of the fitted lines are
1.3+0.2 (®) and 1.0+0.2 (@).

experimental case where the ratio of the radius to the height
is about 8 and the approximation in Eq. (3) is valid. Power-
law fits to the data in Fig. 7 give exponents of 1.3 = 0.2 (®)
and 1.0 =0.2 (e), respectively, for external field and the
applied electric voltage for passing the electric current
through bulk, which means that the shear stress approxi-
mately shows linear dependence on the external electric field
and the applied voltage.

A crossed electric field configuration was used for the
rotation of a bulk of fluid confined in a container with one
free surface. The presented mechanism can induce effective
rotation in a bulk of smaller scale down to micrometer and
make a platform for microfluidics application. Our results
have revealed that the rotation in the bulk of a fluid in a
crossed electric fields is due to the stresses induced at the
free surface and is a surface phenomenon. The method was
applied for various types of liquids including polar and non-
polar liquids with different viscosity and conductivities. A
simple theoretical model is developed based on solving the
Navier-Stokes equation. The prediction of this model for the
velocity profile with respect to the depth is linear and in
agreement with the experimental results. In addition, the
induced stresses at the free surface are independent of the
conductivity of liquid, but follow approximately linear

Appl. Phys. Lett. 106, 053506 (2015)

relations with the external electric field and the applied elec-
tric voltage.

The authors believe these results are much of interest in
the field of biology, where, controllable flow is important
and in the field of micro-fluidics for micro-rheology or
designing micro-mixers and micro-pumps.
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editing the paper from the English language point of view.
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