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Abstract: Applying a constant electric field on a suspended film of liquid that carries an electric
current, either by the transport of ions or surface charges, induces a rotation in the film. This system
is known as “liquid film motor”. So far, the effect of permittivity of the liquid on its rotation has
been ignored. We showed that the permittivity of the liquid can significantly affect the dynamics of
rotation. Using an experimental approach, we studied the liquid film rotation for a broad range of
pure liquids with diverse permittivities and surface tensions. We observed two different regimes
of rotation depending on the permittivity of the liquids. We also found that there is no correlation
between the surface tension of the liquid and the angular velocity of the rotation. We considered
a theoretical framework and suggested scenarios to explain our experimental observations. These
results help in better understanding the physics of liquid film motors and suggest opportunities for
new flow manipulation techniques at small scales.
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1. Introduction

Manipulation of flow at small scales has tremendous applications in microfluidics and
two-dimensional-a-chip, chemical engineering, biology, and drug delivery [1-5]. A power-
ful method to control the flow at small scales can be achieved by applying electromagnetic
fields. Therefore, fluid dynamics under applied electric/magnetic fields has been studied
extensively [1-3,6-11]. In the seventeenth century, William Gilbert studied the first example
of an electrohydrodynamic system by describing the formation of a conical shape on a
sessile drop under a charged rod [12]. In the nineteenth century, Lord Rayleigh continued
by studying drop dynamics under interfacial charge [13]. Fluid flow under applied electric
fields was also studied by Melcher et al. [14,15]. Later, Taylor [16] and Saville [7] investi-
gated electro-hydrodynamical instabilities. Electric fields have also been used to move,
manipulate, and separate charged particles in a fluid, e.g., electro-phoresis [1,17]. They have
been utilized for electro-wetting and dielectro-phoretic trapping [2,3,18]. Ramos et al. [19]
have extensively studied electric field interactions with nano/micro particles immersed
in a fluid. Interactions of electric fields and fluids have many applications in the field of
biotechnology, e.g., investigating and controlling the fluid flow around a cell or delivery of
molecules close to living cells.
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A suspended liquid film under applied electric fields has also been studied by many
scientists. Shirsavar et al. showed that a soap film under a non-uniform alternating electric
field experiences rotation [20]. Faetti et al. [21-23] reported the formation of vortices by
electric currents in a film of suspended liquid crystal. Morris et al. [24,25] suggested that
the charges accumulated on the surface of the films can result in the formation of vertices in
liquid crystal suspended films. Amjadi et al. [26-28] showed that applying an electric field
perpendicular to a soap film and an electric current through the film produces rotation.
They provided a method for controlling the direction and magnitude of the fluid rotation in
the film. Such a phenomenon has been studied theoretically [29-31], and recently, Feiz et al.
explained the rotation mechanism in a soap film based on a thin film electro-convection
model [32]. The controllable rotation of liquids under electric fields has also been reported
for polar liquid films [26,27], MBBA liquid crystal films [28], and even fluid bulks with free
surfaces [10].

Previous research on liquid film motors was mostly limited to water and water solu-
tions with very high permittivity [26,27,31]. Permittivity represents the tendency of the
molecular charges to distort in the presence of an electric field. It is a constant of proportion-
ality that connects the electric field to the electric displacement in a material. Therefore, it is
expected that permittivity should affect the dynamics of induced movement by external
electric fields in a liquid. Surprisingly, so far it is assumed that the fluid rotation in a liquid
film motor is only controlled by the conductivity of the liquid and the strength of external
electric fields and currents. Therefore, the effect of the permittivity of the liquid on the
rotation profile has been completely neglected in all previous studies.

In this paper, we investigate the electrically driven rotation in thin suspended films
of different pure liquids with a wide range of permittivities and surface tensions. Our
experimental results for the first time indicate that permittivity has a strong effect on the
distribution of rotational speeds in the liquid film. We observe a significant difference
between the rotation profile of liquids with relative permittivities less than 5 as compared to
liquids with permittivities higher than 5. Our results could be beneficial for developing new
flow manipulation techniques at a small scale with possible applications in lab-on-a-chip
devices and bio-fluidics.

2. Materials and Methods
2.1. Materials

We have used a wide range of pure liquid purchased from Merck Inc. (Kenilworth, NJ,
USA). These liquids are listed in Tables 1 and 2 based on their permittivity. The permittivity
is often shown by a non-dimensional parameter known as relative permittivity, which is
the ratio of the absolute permittivity of the material by the permittivity of the vacuum.
The liquids with permittivities lower than 5 times of the permittivity of vacuum are listed
in Table 1 while the liquids with the relative permittivities between 5 to 81 are listed
in Table 2. In this work we use relative permittivity as a parameter we change in our
experiments. Surface tension and viscosity of most of the used liquids are also listed in
the above mentioned tables [27,33-38]. All liquids had a purity above 95% and were used
without any additive or solvents.

2.2. Experimental Setup

We used the same experimental setup as suggested by Amjadi et al. for producing con-
trollable rotation in a freely suspended liquid film [26,27]. A schematic of the experimental
setup is shown in Figure 1a. The liquid film rotates when an electric current passes through
the liquid film and, simultaneously, an external electric field is applied in the direction
perpendicular to the current. For producing the liquid film, an electrically insulating frame
is used (Figure 1). We used an insulating frame made of phenolic resin with a relative
permittivity of 8. By drawing a wet pad containing the liquid over the frame, a freely
suspended liquid film is produced on the frame aperture. Two thin electrodes are coated
on the frame on opposite sides of the aperture to conduct the current, and the fluid film
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is in direct contact with the electrodes. By applying an electric voltage V; between the
electrodes, a very small electric current of about 1 pA is established in the film [27]. The
frame is located between the two plates of a large capacitor in order to apply an external
electric field (E.x¢), initially parallel to the plane of the film and perpendicular to the electric
current J passing through the liquid film. When the external electric field is applied to the
liquid film carrying the electric current, the film will rotate in the direction of E,y; % J. The
experiments are performed at room temperature of 25 degrees Celsius.

Table 1. Relative permittivity (e), surface tension (), viscosity (v), and density (o) of liquids used
in our experiments with low relative permittivity. The relative permittivity is the ratio of liquid
permittivity and permittivity of vacuum and is a dimensionless number. These properties are valid at
temperatures of about 25 degrees Celsius. The data are gathered from different material handbooks
and scientific papers [27,33-38].

Name € v (mN/m) v (mPa-s) p (gr/cm®)
1,4-Dioxane 29 33 1.2 1.03
1-Bromo-4-fluorobenzene 2.6 33.8 17.77 1.6
1-Phenylhexane 23 NA NA 0.86
cis-Decahydronaphthalene 21 30 1.788 0.9
Dodecane 2.0 24.90 1.34 0.75
Mesitylene 2.2 28.80 0.727 0.86
1-Dodecene 21 26.6 NA 0.76
Styrene 24 32 0.0696 091
Nonyl Chloride 4.1 28.1 1.4 0.87

Table 2. Relative permittivity (€), surface tension (7y), viscosity (v), and density (o) of liquids used in
our experiments with relative permittivity between 5 to 81. These properties are valid at temperatures
of about 25 degrees Celsius. The data are gathered from different material handbooks and scientific
papers [27,33-38].

Name € v (mN/m) v (mPa-s) p (gr/cm3)
1,2-Dichlorobenzene 10.1 35.7 1.324 1.3
1,3-Dichlorobenzene 5.0 36.2 1.044 1.28

Aniline 7.0 43.4 292 1.02
Benzonitrile 259 39 1.26 1.01
Benzyl chloride 6.8 39.36 1.28 1.53
Ethyl benzoate 6.0 35 NA 1.05

O-toluidinea 6.1 43.55 0.339 1
Pyridine 13.2 38 0.88 0.98
n-Butanol (1-Butanol) 17.84 25 2.573 0.81
1-Nonanol 8.8 28 9.51 0.83
1-Methyl 2-pyrrolidone 32.5 40.8 1.686 1.03
1-Octanal 10.3 27.9 1.26 0.82
2,5-Hexanedione 5.6 31.6 1.43 0.97
Acetic acid 6.2 27 1.22 1.04
Diethyl oxalate 8.2 NA 1.622 1.07
Diiodomethane 5.3 50.8 2.6 3.32
Dimethyl sulfoxide 47.2 43.54 NA 1.1
Ethylene glycol 414 47.7 16.1 1.11
N,Ndimethylformamide 38.2 36.42 0.79 0.94
Water 81 71.97 0.89 0.99

Figure 1b shows an example of a rotating liquid film. The rotation direction was
observed to be independent of the aperture shape. The experiments showed that by
inverting the direction of either E,y; or J, the rotation direction was reversed, and alternating
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the external electric field caused film vibration instead of rotation. In our experiment, we
apply an electric voltage V; to induce current | in the liquid film. We control and measure
Eext and Vj in our experiments.

Figure 1. (a) Schematic of experimental setup. Induced charges, body force exerted on the fluid, and
direction of rotation are shown schematically. (b) Typical example of a rotating liquid film under
applied electric field E.x; and potential difference V}. The film rotates in a direction given by the
cross-product Eey; X ], where | is the overall direction of electronic current in the film. The liquid
film is horizontal.

2.3. Data Acquisition

Color images of rotating films under study were captured using a high-speed CCD
camera. For each measurement, a set of consecutive images with the exposure time of
30 ms was generated, where the time separation between each frame was 40 ms. Due to the
spatial gradient of film thickness, the recorded images of rotating films involved a strong
color pattern reflecting the film thickness variation. This pattern eliminated the need for
using tracer particles as visualizers for extracting the velocity field.

2.4. Particle-Image Velocimetry

Particle-Image Velocimetry (PIV) is a well-established analysis technique in fluid
mechanics that can extract the fluid flow velocity field at many points simultaneously. The
input analysis usually includes two successive images of visualized fluid flow, with a short
enough time separation. This double frame is then divided into local small regions, and the
pixel values of each corresponding region in the double frame, are correlated to each other,
resulting in a displacement vector representing those regions. Repeating this on all of the
local regions yields the displacement field. When the flow of interest is in a (quasi-)steady
state, as in the case of this work, one can take advantage of the contribution of many double
frames in order to effectively increase the velocity field estimation accuracy. In correlation-
based PIV analysis, this method is better and known as ensemble correlation [39]. We have
used this technique to determine the velocity field in our rotating films. Two examples of
such PIV analysis for high and low relative permittivity liquids are shown in Figure 2.
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Figure 2. (a) Results of PIV analysis for a water film with relative permittivity of 81, rotating under
Eext = 5 kV/cm and V) = 30 V. The rotational flow has its maximum somewhere in between the
center and the edges. (b) PIV analysis of a liquid film with low relative permittivity. A film of nonyl
chloride with relative permittivity 4.1 is rotating under E,yt = 5 kV/cm and V; = 30 V. The rotation
is localized near the edges.

3. Experimental Results

Our experiments on liquids with a very broad range of permittivities from about
2 times the permittivity of vacuum to about 81 times the permittivity of vacuum (for pure
water) show that the direction of rotation in the film for all fluids films independent of
their permittivity will be determined by E.r; x |. However, liquids with very low relative
permittivity (approximately between 2 and 4) show a very different flow profile with
respect to the rest of the fluids and previously investigated liquid film motors. Liquids
with relative permittivity of more than 5 (Table 2), produce the well known liquid film
motor rotation profile (Figure 2a). Here, the angular velocity increases from about zero in
the center to a maximum in the middle and then it decreases and goes to zero at the solid
boundary due to no-slip flow condition. In this range of permittivities, the rotation velocity
increases by increasing the electric current and field, as also observed previously in the
case of water film motor [26,27].

Figure 3a shows the maximum values of angular velocity of the rotating 1-Nonanol
film versus V; in constant external electric field of E.; = 5 kV/cm for different values of V;.
According to this graph, the angular velocity increases linearly by increasing V;. Another
linear increment is also observed in the graph of angular velocity versus E.y;. Figure 3b
shows the maximum value of the angular velocity of n-Butanol film rotation versus Eext,
while a constant V} of 20 V drives the current passing through the film. Interestingly,
for liquids with electrical permittivity less than 5 (Table 1), the flow profile is completely
different (Figure 2b). For these systems, the velocity field is almost zero everywhere except
for a thin liquid layer close to the boundary where the rotation is localized. Another
interesting observation for this range of permittivities is that the order of magnitude
of rotations is smaller compared to other liquids at the same external field and current.
However, we should consider that the order of magnitude of the angular velocity depends
also on the viscosity of the liquids besides external fields. We believe that viscosity and
permittivity of the liquid affect the angular velocity of the rotating film and hence, in
Figure 4a, the angular velocity is plotted for different fluids, having different values of
permittivity per viscosity, in a constant electric field of E¢xt = 5 kV/cm and applied voltage
of V; = 50 V. As shown in the figure, an increasing power-law behavior is observed
for angular velocity versus permittivity over viscosity with an exponent around 0.2. In
Figure 4b, the maximum angular velocity is plotted as a function of surface tension for
different liquids. The experiments are performed at V; = 50 V and an external electric field
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of E.xt = 5 kV/cm. The data do not show a systematic correlation between the angular
velocity and surface tension of the liquids.
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Figure 3. (a) The maximum value of the angular velocity of 1-Nonanol isomer film versus Vj in
constant external electric field E.y;. (b) The maximum value of the angular velocity of n-Butanol
film rotation versus Ecy in constant V}. By changing E.y, the angular velocity changes linearly. The
Reynolds number of these experiments varies between 0.2 and 0.01 considering the average thickness
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Figure 4. (a) Angular velocity versus relative permittivity per viscosity of different liquid films
rotation under constant E,y; and V. Angular velocity changes with the relative permittivity per
viscosity in a power-law manner with an exponent of 0.2. (b) Angular velocity as a function of surface
tension for different liquids. The experiments are performed at V; = 50 V in a constant external
electric field of E.yy = 5 kV/cm.

4. Theoretical Discussion

To get insight into the physical mechanism responsible for liquid film rotation, one
needs to consider the coupled electro-hydrodynamic equations [25,40]. An effective two-
dimensional picture of the liquid film immersed in ambient air can help us to model the
system [31,32]. Denoting by u, P, and ¢, the velocity, pressure, and electric potential, the
equations read as:
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Ap(u-Vs)u= —VP+AnViu—0Vsps, Vs-u=0, V=0, (1)

where density and viscosity of the liquid are denoted by p and 7, respectively. Here, V
shows the in-plane component of gradient operator, and ¢s is the electric potential on
the liquid film. In this effective two-dimensional description, A stands for the thickness
of the film. Surface charge density is related to the discontinuity of normal derivative of
potential through relation o = €€(0,,+ ¢ — € €99, ¢. In this approximate two-dimensional
model, the electric permittivity of liquid does not appear in the equations, and it is the
air permittivity (roughly proportional to €p) that enters into the equations. Furthermore,
contribution to the force from electronic current | is neglected. The flow is subjected to a
no-slip boundary condition where the velocity vanishes on the frame. Furthermore, electric
potential is limited to the applied voltages on the electrodes (£V}), and at large distances it
asymptotically reaches to —E,y; - r. Surface tension of the film is assumed to compensate
the effects of gravity for a horizontal film. This is consistent with our experimental result
(Figure 4b), where no systematic dependence to the surface tension is observed in the
present geometry, i.e., the rotational flow.

As reflected from the above dynamical equations, the velocity profile is related to
electric potential in a nonlinear way, and the potential is also maintained by V; and Ey;.
As a result of this qualitative observation, we expect to see a steady state flow profile that
depends on both applied fields.

The charge induction mechanism is a physical scenario that can capture the underlying
physics behind the rotation in liquid-film motor [41]. It is shown that both external and
internal electric fields, denoted by E.y; and V;/L, can approximately superimpose to result
in the overall rotation of the liquid film (L is the lateral size of the film). Based on such a
linearized description, the main effect of the external field E.y; is to separate the electric
charges on the film. Referring to the geometry shown in Figure 1a and for E.y; > 0, positive
(negative) surface charges are mainly accumulated near the upper (lower) boundaries of
the frame.

Furthermore, the in-plane component of the electric field near the liquid is mainly
resulted from the voltage difference applied to the electrodes. As a naive approximation,
we can set the strength of this field by V;/L, and its direction for V; > 0 is pointed from left
to right in the figure. Electric force due to this in-plane field exerted on the surface charges
will cause the fluid to move. This body force (force per unit volume of the fluid) scales as
€0(EextV/L). Such electric effects enforce the fluid particles that are located near the upper
(lower) boundary of the film to move toward right (left) direction. The position of induced
charges and the body force they exert on the liquid are shown schematically in Figure 1a.
Flow induced by this electric force when scattered from no-slip boundaries of the frame
will result in a steady state rotational pattern.

Based on this scenario, the emerged rotational flow has its maximum value somewhere
in between center and boundary of the frame. Electric force tends to push the fluid, but
viscose forces near the boundaries, enforcing the flow to satisfy the no-slip boundary
condition. Competition between the electric body force from one hand and the damping
viscous force near the boundary from the other hand will eventually determine the location
of maximum velocity.

In the above two-dimensional picture, physical properties of the liquid, such as its
permittivity € and thickness, do not contribute to the flow profile. A simple qualitative
argument can help us to understand the role of permittivity. We note that a finite size
dielectric body that is immersed in vacuum, depending on its relative permittivity, can
either enhance or diminish the ambient electric field. For a simple spherical dielectric body
with permittivity e immersed in vacuum, the electric influence is proportional to (e — €p).
In the liquid-film experiment, the liquid with permittivity € is immersed in air, and it is
bounded by a dielectric frame. It is completely reasonable to imagine that in addition to €,
permittivities of liquid € and frame €, play a role in the established rotational flow. Very
near to the boundary, the electric influence of the frame on the electric field inside the liquid
is roughly proportional to ef, — €. This means that for € > €g,, a high permittivity regime,
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electric effects inside the fluid and correspondingly induced charges near the boundary
will be diminished. This will result in a shift in the place of maximum velocity toward
the center of film. At low permittivity regimes where € < ¢y, the situation is different.
Polarizibility of the frame will enhance the electric induced charges near the frame and
eventually shift the liquid flow toward the boundaries. This transition from low to high
permittivity behavior in the flow profile is observed in our experimental results.

It should be noted that as the real system is nonlinear in both electric and fluid parts,
the above-mentioned scenario can be considered as an initial physical clue. In a more
realistic description, it is completely reasonable to think that both the permittivities of
frame and air contribute to the critical permittivity that separate low and high permittivity
behaviors. Full understanding of the phenomenon requires a complete three-dimensional
theoretical description that takes into account all characteristics of the liquid.

5. Conclusions

We found that despite the fact that the effect of permittivity was ignored in previous
research on liquid film motors, it can play an important role in the rotation profile. In our
study, we systematically changed the permittivity of the liquids in a very broad range, and
we observe for the first time that the permittivity can dramatically influence the dynamics
when it is below a threshold. Although the liquid permittivity does not affect the direction
of rotation, a small change in the relative permittivity of the liquid film from about 4 to 5
will significantly change the rotation profile of the liquid film. For relative permittivities
between 5 to 81, as observed in previous studies, the maximum speed in the profile occurs
in the middle, between the center of the film and the solid boundary. However, when the
relative permittivity of the liquid is below 5, the velocity profile changes dramatically and
the velocities are localized in a thin liquid layer very close to the solid boundary, while in
the middle of the film the liquid is at rest. In addition, we suggested a theoretical model
that may explain this important experimental observation. This hypothesis raises new
questions and needs further theoretical and experimental investigations to be able to fully
address this phenomenon. We believe our results and observation have a strong potential
for developing novel electro-capillary flow manipulation strategies at small scales.
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