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Abstract—  Electrohydrodynamic (EHD) devices are
considered a reliable mechanism in flow control applications.
The Particle Image Velocimetry (P1V) technique can be suited to
obtain the velocity fields of a flow generated by an EHD device.
In this work, the estimation of the electric force generated by a
symmetrical cylinder-to-cylinder EHD device is done by applying
the momentum integration method on a simulated model. This
method requires the presence of a velocity field as well as a
pressure distribution. The pressure is calculated through its
gradient while using the velocity field distribution. In this study,
the force is estimated using two different integration methods of
the momentum equation: on the surface and in the volume. Each
type of integration is applied while using the pressure provided
by the simulation results and the one calculated. The calculations
are performed on a control volume surrounding the system that
generates the flow. The results shown prove the legitimacy of the
technique used to estimate the pressure using the velocity field as
well as estimating the global force created by the EHD system.
Moreover, the influence of size and location of the control volume
on the force calculation is analyzed. Finally, the future of this
study remains to apply this method on PIV results to estimate the
electric force generated during experimental setups of the same
geometry and with a similar flow pattern to the one created by
the simulated model.

Keywords— Electrohydrodynamics, Hydrofluoroether, Direct
Navier-Stokes, momentum integration method.

. INTRODUCTION

The operation of industrial systems operating with liquids
can be enhanced by employing control devices.
Electrohydrodynamic (EHD) mechanisms can present an
efficient solution to control a liquid flow. In reality, EHD
devices possess various advantages such as: good reliability,
shortened time response when compared to other devices, and
low power consumption.

Three main EHD phenomena could be applied in order to
put a liquid into motion. The first, which will be applicable in
this study, is the conduction phenomenon [1]; it develops at
relatively low electric fields. It is based on the dissociation-
recombination occurrence and also due to the creation of
heterocharge layers in the locality of the electrodes. The second
phenomenon is injection of ions in a dielectric liquid [2], which
is obtained when the electric field reaches a threshold value.
The third one is induction [3], which can happen when a
thermal gradient is present.
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There are three types of electric forces that can be applied
on a liquid in the presence of an electric field:

» Coulomb force: proportional to electric charge of
a particle.

» Dielectrophoretic force: proportional to the
gradient of permittivity of a particle.

» Electrostriction force: related to the polarity of a
particle and the change of its shape.

In this study, the focus is to estimate the electric force
generated in this system by using the momentum integration
method, over the volume and the surface, on the velocity field
obtained from simulated model having the same geometry as
an experimental procedure that is regarded as the focal point in
the future of this work. It is then, necessary to calculate the
pressure gradient using the velocity field vectors. Then, a
comparison is shown between resultant forces based on
pressure provided by the simulation and the one calculated for
both integrations: volume and surface. Having a good
agreement between the results can approve the effectiveness
and efficiency of the model and the method used for
calculations.

This method is established on a backward calculation from
the velocity field acquired by PIV or numerical simulation. In
this article, the global electric force is determined inside a fixed
control volume by using the momentum equation in the
integral form. This method was applied successfully in many
different studies with different geometries such as: a typical
blade-plane actuator [4], a dielectric barrier injection system
(DBI) [5]. Also, it was successfully utilized to calculate both
drag and lift coefficients from forces exerted on a wing inside a
control volume [6].

Fig. 1. Exploded view of the experimental cell



The use of the Particle Image Velocimetry (PIV) technique
on electrohydrodynamic flows has allowed obtaining global
velocity maps in the system. As for the simulation model it
provides in addition to the velocity field vectors, a pressure
distribution that will be the vital in this study to prove the
legitimacy of the method used.

Il. NUMERICAL SETUP

A. Geometrical Model

The apparatus presented in Fig. 1 consists of a 10 cm x 8
cm x 5 cm closed cell made of PMMA, filled with
Hydrofluoroether Engineered Fluid (HFE-7100).

The setup is based on a symmetrical cylinder-to-cylinder
electrode assembly, made of copper, installed and mounted
horizontally in the middle of the tank. Both electrodes have a
diameter of 2.2 cm, sat along the 5 cm depth of the cell and
both being spaced by 1 cm of gap between them. A DC voltage
(+ or -) is applied to either one of the electrodes while the other
electrode is grounded. When a high voltage is applied to one of
the electrodes, an electric force is generated which leads to the
creation of a flow inside the tank.

The dielectric liquid used in these experiments is HFE7100
whose properties are given in Table |

TABLE |. PROPERTIES OF HFE 7100 AT 25°C [7]

Property Unit
Density 1510 kg/m®
Kinematic viscosity 3.8 cSt
Electrical conductivity 1.15.10° S/m
Absolute viscosity 0.58 cP
Relative permittivity 7.4

Fig. 2 displays a PIV result of the setup and it represents the
velocity contour and velocity field map of the fluid around the
EHD system at work when a voltage of 2kV is applied to the
cylinder on the right.

B. Numerical Model

The theoretical model used in the simulation part was
inspired from a model developed by Atten and Seyed-Yagoobi
[8] and Jeong et al. [9], that was adopted by Yazdani and
Seyed-Yagoobi [10]. In this study, the geometry can be
considered somehow complex with no contribution of charge
injection from the electrodes surface. As for the dielectric
liquid,; it is considered to be incompressible. In addition to that,
positive and negative charge mobilities are different and in this
study one specific mobility ratio of b,, = 10 is considered.
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Fig. 2. Velocity contour with velocity field map at 2 KV (P1V)

The chosen geometry for the simulation, as shown in Fig.
3, is technically half the actual apparatus of the experimental
part that will be studied in the future. This is chosen under the
assumption that the results should be symmetrical with respect
to the x-axis and for this size, reaching convergence is faster
when simulating especially while having a relatively small
mesh (to contain the charged layer). The mesh is created with
181201 points in 2D (half model). Fig. 3 presents also the
boundary conditions applied to the model.

The system is then governed by the continuity, momentum,
and Poisson’s equations:
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When it comes to normalizing the dimensions, the gap
space between the two cylinders was considered as a reference
value d =10 mm . This resulted in the creation of the
following dimensionless coefficients:

— bsV —
Reena = v’ M= b2(1+i) @
pbY by
od? D KpT by
0 = — , QA== — , bT = —
byev byV ev b_

With the implementation of dimensionless coefficient,
Equations (1), (2) and (3) become:
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Fig. 5 represents the velocity glyph attained through the
simulation and it shows a similar flow patter to the one in
Fig.2.
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Fig. 3. Numerical geometry of the system



C. Selection of control volume

In this study, the electric forces are produced on the
circumference of the cylinders. In order to have the full
spectrum of the forces present in the closed cell, it is desired to
avoid interference with the edges of the closed cell and the
cylinders. What is different in this case when compared to
previous studies is that the obstacles, which are the cylinders,
should be present inside the control volume to apply the
calculation method (as seen in Fig. 4).

As mentioned earlier, one part of this work is to study the
effect of the size of control volume when using the momentum
equation method to calculate the force, 17 different sizes of
control volume are analyzed, before touching the cylinders.
These control volumes (CV) are numbered from 0 to 16, with
number 0 having the largest surface without touching the edges
of the tank and number 16 having the smallest surface without
touching the cylinders.

D. Force calculation

The momentum integration method is a calculation
technique that enables the estimation of the electric (Coulomb)
force generated by the EHD device when it is applied to the
velocity field created by/present around that device. This
process has been successful in various previous studies; Yan
measured the mean force produced by plane-plane actuator and
[4], in another study, the force produced by a DBI in a blade-
blade setup [5].
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Fig. 5. Velocity glyph of the simulated model

In addition to that, this type of calculation was used by David
et al. [6] to estimate the drag and lift forces exerted on a wing
that led to the determination of both drag and lift coefficient.

In this paper, the force present inside the tank F, which is
the resultant of electric and friction forces, is calculated by
integrating the Navier-Stokes’ momentum equation over a
control volume €.
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This study carries a different route as it focuses on one case
while changing the parameters of the control volume that is

investigated to determine how the size and shape of the control
volume affect the clarity of results.

In order to present that, the calculations should be devised
into each term that consist the Navier-Stokes’ equation and by
doing so, one can determine which term is the most dominant
when it comes to calculating the electric force.

First, the pressure at every point on the surface of the
control volume is evaluated by integrating the pressure
gradient. The computation starts at an arbitrary point A that is
assigned an arbitrary pressure Po. In this study, the arbitrary
pressure is chosen to be the same as the one extracted from
simulated model results at the same point to have the same
starting point and be able to compare both results effectively.
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Where L is the curvilinear coordinate.

The term f is neglected in the pressure gradient calculation
due to the fact that the edges of the selected control volume do
not touch the electrodes nor the edges of the tank.

The pressure component can be estimated for both
horizontal, at S 1 and 0S_3, and vertical, at 6S 2and 0S 4,
edges.

The different terms of Naviers-Stokes’ momentum equation
in surface integral are as follows:

Convective term: Feony = p$Ps(u.n)u.dS (12)
Pressure term: Fp = b P.n.dS (13)
Viscous term: Fyise = ¢fs Vu.n.dS (14)

Fig. 6. Pressure distribution on the Control Volume edges for CV number 10



The total force is:

F = Feonvt Fp — Fuisc + Temporal term

Flectric Force in the x.direction

Fig. 7. Resultant Force in the x-direction in function of the control volume
number

I11. DISCUSSION

The estimation of the pressure present in the system is done
by calculating the pressure gradient using the velocity fields
extracted from the simulation model. Fig. 6 shows both the
pressure calculated and extracted from simulation results at the
level of the control volume number 10, also it is divided by
each edge with a starting point being at the left lower corner.
The resultant graph shows a good agreement between both
pressures which shows the legitimacy of the method used.

The integration of the momentum equation when applied to
estimate the electric force induced by a cylinder-to-cylinder
EHD system vyields the results shown in Fig. 7. The graphic
shows that when using the pressure extracted directly from the
simulation, the resultant force is constant throughout the
process of changing the size of the control volume. It is
apparent that when integrating over a volume and a surface
there is a difference in the outcome. Nonetheless, the
difference between the results remains quasi-constant which is
logical due to loss of one dimension when implementing the
extracted variables.

When it comes to the results calculated through the
calculated pressure, it is shown that in this case, the effect of
the control volume size is more significant. This can be related
to the fact that cumulative error is present when analyzing the
pressure using the wvelocity fields. The larger the control
volume is, the longer the path it would take to evaluate the
pressure on the contour of the selected volume which leads to
attaining more errors along the way. A fluctuation in the results
appears throughout the first 5 control volume sizes. However,
starting with the control volume number 5 and closing in on the
system, the results start to converge towards the ones acquired
through the extracted pressure until they are superimposed at
control volume number 9 and remain constant until CV
number 15. The resultant forces start to change at the CV
number 15 although the CV does not cross the system. This
can be attributed to the fact that the CV is crossing the charged
layer which means it has crossed the placement of the force as
well as the fact that the calculation method is based on using
the variables around the CV that can interfere with the
geometry of the system.

IV. CONCLUSION

The momentum equation method was applied to a
simulated model that is based geometrically on a PIV
experiment. The results show good agreement when integrating
the momentum equation on the volume and the surface of a
selected control volume. The difference between both results
remains constant which is logical due to the fact of losing a
dimension during the calculations. In addition to that, the effect
of the size and position of the control volume is presented and
it shows that with decreasing the size of the control volume the
cumulative errors decrease and it would lead to more accurate
results. When the control volume is spaced out, it is shown that
the calculations can lose some accuracy, but with closing in on
the system in study, the resultant force becomes constant until
it reaches the vicinity of the cylinders. Finally, this method will
be applied to PIV results in the future that show similar flow
pattern as presented by the simulated case studied in this work.
This will help in estimating the force generated by the system
as well as in finding an approximated ionic mobility ratio of
HFE-7100 fluid when operating in EHD devices.
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