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ABSTARCT

Electrohydrodynamic (EHD) is the study of the interactions between an electric field and fluid
flow field. This is obvious that an electric field can impress on the behavior of a fluid flow. In
the event that ionization of air is present it leads to an induced flow as corona wind or ionic
wind. Corona wind is created by electric discharge at a high voltage (in the kV range). While
the applied voltage may be high, the current intensity is usually small (in the range varying
from uA to mA). This indicates that power consumption has an amount almost negligible that
this energy-efficient feature of corona wind can be used in many industrial processes such as
cooling. A numerical investigation has been conducted to study the effect of shape of ground
collector on gas velocity and electric energy consumption for a wire-plate type EHD-jet. It was
numerically revealed that the flow features as well as performance of electrohydrodynamically
induced gas flow in a wire-plate electrode system were changed depending on the shape of the
grounded electrode. Moreover, numerical results showed the gas velocity for the cases of curve
grounded electrode to that for the case of flat grounded electrodes have positive sides in aspect
of cooling and energy consumption. Besides, the gas velocity increases with increasing applied
voltage.

1 INTRODUCTION

With demanding of minimizing energy consumption accompanied by miniaturizing devices,
researchers have been compelled to spend a great deal of effort to attain higher performances.
Electrohydrodynamics (EHD), as an active method, enables industries to go beyond the limits.
It is one of the more promising methods among various techniques because of its several
advantages, e.g. low energy consumption, short response time, compatibility with chips and
chip-level structures and controllable air flow without moving parts. The mechanism of this
approach involves the interactions between electric field, flow field, and temperature field.
Under a high voltage applied to a corona electrode, the air in its vicinity ionized and reveals as
the corona discharge. A great aspect of corona discharge is the generation of corona wind. This
phenomenon is caused by the migration of the ions, propelled by the Coulomb force, from the
corona electrode toward the collector electrode. During the travelling, the ions impart their
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momentum to neutral molecules via collision. This leads to formation of a bulk flow known as
corona wind. The characteristics of corona discharge are dependent mainly on the device
configuration, which are mostly specified by the purpose of its application and directly affect
the energy efficiency. Applying a high voltage has applications in various fields and is
considered a highly powerful tool for improving combustion processes [1,2], drying wet
materials [3], controlling fluid flow [4], enhancing natural convection heat transfer [5], and
increasing forced convection heat transfer [6].

Takeuchi et al. [7] examined the effects of discharge electrode parameters on the flow
velocity distribution of a wire-rod type electrohydrodynamic gas pump. Upon applying high
voltage to the wire, they observed a gas flow generated in the direction from the wire electrode
toward the rod electrode in atmospheric air.

A new design of collecting electrodes, comprising different grounded -electrode
arrangements in two types of wire and plate, was examined by Taghavi Fadaki et al. [8]. Their
numerical evaluations confirmed that, in terms of thermal enhancement factor, the
electrohydrodynamic phenomenon with collecting wires can be more effective in comparison
to the case with the grounded plate. Nonetheless, it is more cost-effective to employ plate
collector than wire collector, since it has higher EHD efficiency. They also observed a negative
effect on the heat transfer enhancement in some specific conditions which depends upon the
Reynolds number and applied voltage values.

Regarding the above mentioned reports, the device configuration significantly affects the
corona discharge performance. As well, the type of collecting electrode is directly related to the
corona wind direction. Nevertheless, few researchers have studied the effect of grounded
electrode on the flow characteristics and electric power consumption, which is the main purpose
of this paper.

2. MATHEMATICAL METHODOLOGY

2.1. Physical model

A structure similar to the one proposed by Tsubone et al. [9], which will also be used for
validation in later sections, has been selected as the reference model for this study due to its
compactness and simplicity. The schematic of the physical model with dimension is shown in
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Figure 1. Schematics of the reference case used in the present study: (a) Flat collector (conventional type);
(b) Curved collector (novel design).
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2.2. Electro-hydrodynamic governing equations

The equations governing the electro-hydrodynamic part of the problem include Gauss’s law
and electric charge continuity equations which are given as follows [8]:

Gauss’s law:
v. (EE ) = pe 1)
Electric charge continuity:
dp.
= 2
o =0 @

where p, E, € are charge density, electric field and fluid permittivity, respectively. Also, f
the current density vector and E the electric field vector in equations (1) and (2) are defined as:

E=-vop €)
f = pcu—d) + pcﬂ - DVpc (4)

In equation (4) U is the flow velocity and u is the drift velocity which causes the collision
of the ions of fluid and neutral molecules and it is described by:

U, = bE ®)

In equation (5) b is the ion mobility. The terms p.u and DV p, have infinitesimal amounts
compared to the first term of the equation (4) and are negligible [10]. Thus, the equation (4)
would turn into the following equation:

J = pcbE ©)

Using Equations (6) and (3), the main governing equations (equations (1) and (2)) are
simplified as:

vz = %)
P €
Pc
= 8
Frald Vo) =0 3

The net effect of the presence of high electric field and a region of ionized particles is an

electrohydrodynamic body force Fe) which must be taken into account in the governing equation
of the fluid, see equation (15).

2.3. Governing equations of fluid flow and energy transfer

The working fluid is air at room temperature, and it is considered to be single phase,
incompressible, and the presence of gravitational forces is neglected. The equations governing
the fluid flow and energy transfer in steady state are as follows [11]:

Continuity equation:

agp;fl) _ ©)

Momentum equation
aul ou;
(puluj) ——+—[(u u:)( . )]+Fei (10)
The eddy V1sc051ty is computed from:
k2
U = 'DC# ? (11)
The Realizable k-¢ turbulence model has been chosen to treat the turbulence flow and heat

transfer. This model had shown to be compatible to EHD problems. This turbulence model has
been shown to be particularly effective in predicting turbulence characteristics in impinging jet
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flows, which are relevant to the flow control system studied here. The governing equations of
the Realizable k-¢ turbulent model are as follows:

d(pku;) d ( yt) ok
ax] ax] a + O ax] + k pe ( )
d(peu;) 0 < ,ut) de g2
=— +—|=— |+ CpSe —C,p—— 13
axj ax] H O¢ ax] 1P 2P k + \/& ( )

In the above equations, Gy, is the production of the turbulent kinetic energy due to mean flow
velocity. Also, the constant C; is also defined as:

n k
C, = max {0.43,m},n =55 = /zsi]-sij (14)

where §;; is the strain rate.
The last term in the right hand side of equation (10) is the electrohydrodynamic body force
and is defined as follows:

F = p.F — S|EPY +1|7[|E|2 ae] (15)
e=pck—3 €t 3
The term p E in equation (15) is known as the Coulomb force and possesses a remarkable

share of the magnitude of the induced source term. For corona discharge in air under
atmospheric pressure and at room temperature, electric permittivity can be assumed to be

constant for a single phase fluid. Therefore, the terms % |E|?Ve and é v [lE 12p Z—;] can be ignored

[6]. Thus, the EHD induced body force in the momentum equation can be expressed as:
F, = p.E (16)
Energy equation:

d a cpte\ 0T

a_xi [pcpuiT] = a_x, [(K + Pr, )6_xj 17)
Where C, is the specific heat coefficient, K is the thermal conductivity of the flow, T is flow

temperature, and Pr, is the turbulent Prandtl number.

2.4. Boundary conditions of the mathematical model

The value of the electric potential at different boundaries, including the electrodes, is known
and determined. However, it is not easy to determine the value of the boundary condition of
electric charge density on the electrode. Several methods have been proposed to calculate the
amount of charge density on the emitting electrode. However, due to the lack of experimental
data on the electric current, the Kaptzov hypothesis is used to determine the charge density on
the emitting electrode. The Kaptzov hypothesis provides a path that can be directly used in
numerical analysis to find the amount of charge density. In this method, an initial estimate of
the charge density on the injecting electrode is made. The magnitude of the electric field at the
injecting electrode is then calculated through numerical analysis. If there is a discrepancy
between the electric field magnitude obtained from Peek's formula and the numerical analysis,
the charge density on the injecting electrode is adjusted, and a new estimate is selected. This
process is repeated until the magnitude of the electric field obtained from the numerical analysis
closely matches the value derived from Peek's formula. Peek presented a relationship for the
maximum value of the electric field on a cylindrical electrode after the commencement of the
corona current as follows [12]:
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] 0.308
Epeer = 3.1 x10°( 1 +

2n
7
In this equation, 7, is the radius of the electrode in centimeters. The boundary conditions
applied to the present numerical model are shown in Figure 2.

Patm = 0; 0V /0y = 0;0p;/dy = 0

u=v=0;V =0kV;dp.,/0n=0

A
/
! u=v=0;
Patm = 0; av/ox = 0;
v /ox = 0; dp./9x =0
dpc/0x =0 u=v=0;
V =12kV;
Pc = Pco I\~
v

u=v=0;V =0kV;dp./0n=0

Patm = 0; 0V /3y = 0;0p./dy = 0

FIGURE 2. Flow filed and electric fields boundary conditions.

3. NUMERICAL PROCEDURE AND GRID INDEPENDENCY TEST

Given the assumptions made, only the governing equations for the fluid flow field are
dependent on the electric field. Therefore, to perform the numerical estimation of the governing
equations, the equations governing the electric field must be solved first (Equations (7) and (8)),
followed by the flow and energy equations.

In this study, the geometry and computational grid were generated using Pointwise software
version 18.3. The grid is structured, non-uniform, and rectangular, with higher density in
regions where steep gradients are expected. For instance, the electric field parameters around
the emitting and collecting electrodes and the velocity variations near the walls exhibit
significant gradients. Therefore, as shown in Figure 2, the grid density in these areas is higher
than in other regions. Additionally, the computational domain has been divided into several
sections to allow for better control over the generated grid. For example, around the electrodes,
different blocks have been considered to create a structured grid and ensure appropriate grid
density. To achieve grid-independent results, the average velocity at the exit of nozzle was
examined for various grids. Finally, the average velocity for grids with 64,680 and 89,140 cells
is nearly identical. Therefore, to reduce computational costs in the numerical analysis, the grid
with 64,680 cells was selected.
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FIGURE 3: A schematic of the computational mesh used for the simulation.

4. VALIDATION

For the validation, the results of the numerical simulation were compared with the
experimental results of Tsubone ef al. [9]. The wire was placed midway through the channel
length and the grounded electrodes are inclined at the angle of 3 degrees. The working fluid is
air and its properties are assumed to be constant. The air properties at room temperature and
atmospheric pressure are indicated in Table 1.

Table 1. Air properties used in the numerical simulation.

Property Value Unit
Density, p 1.225 kg/m?
Viscosity u 1.78e x 1075 kg/m.s
Heat capacity, c, 1006.43 J/kg. K

Thermal conductivity, k 0.0242 W/m.K

The results of the numerical simulation results of different turbulence models and the laminar
model for the discharge current and average flow velocity at 5 mm downstream of the outlet of
the channel, as a function of the applied voltage, are compared with the experimental results of
Tsubone et al. [9] in Fig. 4. It can be seen that the numerical results are well in line with the
experimental data; the disparity between the experimental data and the current simulations is
less than 5%. Therefore, the reliability of the numerical model can be assumed verified.
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FIGURE 4. Validation of the numerical results in comparison with the experimental data of [9] for average
velocity at a vertical line 5 mm downstream of the outlet of the channel.

5. RESULTS AND DISCUSSION

Figs. 5 illustrates the electric field vector, space charge density distribution and velocity
vector. Fig. 5a shows electric field vectors which move outward from corona wire to the
grounded plate and are concentrated at both electrodes. In addition, the space charge is centered
around the emitting electrode and spreads downwards to the collecting electrode (Fig. 5b).
Therefore, the maximum values of electric body force are generated in the region around the
corona wire which clearly is obvious around the emitting electrode.
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FIGURE 5. Distribution of (a) electric field vectors; (b) space charge density distribution.

Fig. 6 highlights the impact of increasing the applied voltage on the generation of body force

and the formation of secondary flow due to ionization. As the voltage increases, more ionization
occurs in the environment, leading to the production of more electric charges. These electric
charges, create stronger bulk flow.
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FIGURE 6. The effect of applied voltage: (a) 10kV; (b) 12kV; (c)14 kV.

In order to evaluate the effect of position of the emitting electrode (L) on both configurations
(flat and curve) on flow pattern, three locations were considered. Fig. 6 depicts the velocity
contours for the different configurations of electrode positions in the horizontal direction. It is
clear that the horizontal position variation of electrode causes considerable changes in the flow
pattern. It seems that there is an optimum point to produce maximum velocity. It is highlighted
that the shape of grounded collector strongly affects Coulomb force as well as electric fields
distribution which directly corresponds to flow pattern. In this regard, the effect of the shape of
grounded collector (flat and curve) on the airflow is examined in Fig. 7. As would be observed,
using a curve electrode results in the complexity of the flow pattern and makes massive and
strong bulk flow in the nozzle.
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FIGURE 7. Flow field at different location of emitting electrodes: (a) L=4.7cm; (b) L=4cm; (c) L=3cm.



F. Dolati, F. Hasani, J.C. Pascoa and M. Abdollahzadeh.

Achieving to a system with a high velocity does not guaranty to find an optimum and
appropriate configuration. In fact, other parameters such as electric power consumption as well
as the efficiency of system must be checked. Fig. 8 displays the effect of location of emitting
electrode on average velocity, electric power consumption and efficiency. It can be seen that
after a specific distance (L>4cm), the average velocity in the curved configuration is lower than
in the flat configuration. As the distance increases, the electric energy consumption decreases
in both scenarios. Additionally, at greater distances, the energy consumption for the curved
configuration is much higher than for the flat configuration. Finally, in aspect of efficiency,
although the curved configuration has a higher average velocity, it does not have more effective
performance compared to the flat configuration. To understand why these conditions have
occurred, the physics of the flow in the curved configuration needs to be examined more
closely, and a solution should be proposed to address it. By understanding the flow physics, our
suggestion is to use a novel collector, part of which is connected to the ground.
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FIGURE 8. Effect of location of emitting electrode on: (a) average velocity; (b) power; (c) efficiency.
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In Fig. 9, the streamlines for cases where part of the collector electrode is connected to the
ground is shown. As can be seen, with the increase in the angle (a measure to specify the region
connected to the ground), the “vena contracta”, as a barrier, significantly decreases.
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Figure 9. Streamlines at different configurations.
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Fig. 10 depicts the effect of partially grounded electrode on average velocity ratio, electric
power consumption ratio and efficiency ratio. With changing in the amount of the collector, it
is observed that while maintaining the advantage in average velocity, the power consumption
has also decreased (Figl0a). Therefore, according to Fig. 10b, the performance of system
performance has improved compared to the flat configuration.
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FIGURE 10. The effect of partially grounded electrode on: (a) average velocity ratio, electric power
consumption ratio; (b) efficiency ratio.

6. CONCLUSION

According to the numerical achievements, it can be clearly seen that the flow pattern and
electric energy consumption strongly depend the grounded electrode. The main findings of the
present work are as below:

e The voltage applied to the wire has a direct relationship with both the mean velocity at
the nozzle exit and power consumption.

e In both types of collecting electrodes, increasing the value of L from its lower bound to
the center point value causes the mean velocity to increase, while further increasing its
value results in reduction of the mean velocity at the nozzle exit.

e By increasing the parameter L electric power consumption saw a significant decrease
due to growth in distance between electrodes.

¢ In the first prototype of collecting electrode (curve collector), the performance of EHD-
jet system, &, did not show an improvement.

e By applying partially grounded electrode, the performance of EHD-jet system (¢)
witnessed a considerable enhancement.

The proposed EHD system is highly power efficient, with a high performance gas blower,
making it an ideal choice for cooling electronic devices or other objects in compact areas where
the installation of fans or other cooling devices is not feasible. Additionally, our proposed EHD
system has the advantage of being suitable for cooling applications in areas where rotary
systems cannot be utilized.
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