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Experimental and Numerical
Investigation on Flow
Characteristics of Large Cross-
Sectional Ionic Wind Pump With
Multiple Needles-to-Mesh
Electrode
Ionic wind pumps have attracted considerable interest because of their low energy con-
sumption, compact structures, flexible designs, and lack of moving parts. However, large
cross-sectional ionic wind pumps have yet to be numerically analyzed and experimentally
optimized. Accordingly, this study develops a large cross-sectional ionic wind pump with
multiple needles-to-mesh electrode, as well as analyzes its flow characteristics using a
proposed full three-dimensional simulation method validated with experimental data. To
obtain a considerably high outlet average velocity, experimental studies and numerical
methods are employed to optimize the pump’s configuration parameters, including needle
electrode configuration, needle diameter, grid size, and gap between electrodes. The
breakdown voltage and highest velocity corresponding to the breakdown voltage increase
with an increase in the needle tip-to-mesh gap. After parametric optimization, a maxi-
mum velocity of 2.55 m/s and a flow rate of 2868 L/min are achieved.
[DOI: 10.1115/1.4041391]
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1 Introduction

When a high electric potential difference is applied between two
electrodes with different curvature radii, the air molecules around the
discharge region are ionized and moved thereafter to the collector
electrode using Coulomb force. The moving ions will collide with
neutral air molecules and transfer momentum to the surrounding mol-
ecules. Thereafter, an airflow, which is called ionic wind, is produced
between the corona and collector electrodes. Meanwhile, wind-driven
devices that operate based on the ionic wind principle are called elec-
trostatic air accelerators, ionic wind generators, or ionic wind pumps.
The devices have attracted considerable attention for their various
applications, such as flow control [1,2], heat transfer [3,4] and
enhanced combustion [5,6], and propulsion by electrohydrodynamic
(EHD) thrusters [7,8] due to of their low energy consumption, com-
pact structures, flexible designs, and lack of moving parts [9,10].

Many researchers have focused on increasing ionic wind velocity
and flow rate, which are the key challenges for ionic wind pump.
Different electrode configurations, many of which are experimental
in nature, have been developed for ionic wind pump. Rickard et al.
[11] investigated an ionic wind generator with a pin-to-ring elec-
trode system and attached a converging nozzle to the downstream
of the collector electrode; however, velocity was only slightly
increased. A wire–non-parallel plate EHD gas pump was investi-
gated by designing a converging electrode configuration instead of
attaching a nozzle to the exit of the pump due to the nonparallel
plate electrode; a maximum velocity of 1.9 m/s and volumetric
flow rate of 44 L/min were observed [12,13]. The flow characteris-
tics of a wire-to-rod EHD gas pump were experimentally

investigated and determined that a maximum gas flow rate of
40.1 L/min was generated for a pipe with a diameter of 20 mm,
grounding rod electrode diameter of 3.1 mm, and corona wire-to-
rod electrode gap of 12.6 mm [14]. Moreover, several researchers
attempted to enhance the velocity by staging several ionic wind
generators in serials. A serial-staged EHD gas pump was developed
under a negative corona discharge in air, in which the flow velocity
was dependent on the number of serial stages and pressure loss
[15]. Their study indicated a maximum average flow velocity of
7.39 m/s and flow rate of 140 L/min. In their later research [16],
Qiu et al. observed a maximum velocity of 16.1 m/s and volumetric
flow of 303.5 L/min in a 25-stage gas pump. Lee et al. [17] aimed
to further increase flow rate using a novel ionic wind generator, in
which many single ionic wind generators were tightly integrated
parallel to printed circuit boards. This integrated system achieved a
wind speed of 2.2 m/s and flow rate of 800 L/min. Huang et al. [18]
designed an EHD-integrated cooling system, in which needle-
arrayed electrodes generated ionic wind to cool down a plate fin
heat sink. Experiments were performed in a 0.5 m� 0.5 m� 0.65
m (L�W�H) chamber and achieved a heat transfer enhancement
ratio of approximately 3–5 under a moderate test condition with
preferable normalized electrode height. However, the needle elec-
trodes were simply arranged in arrays; hence, the system was not
optimized. In spite of the effort exerted by the aforementioned
researchers, a few limitations still exist. First, many of the investi-
gated devices had small cross-sectional areas or limited outlet
velocities. Therefore, their volumetric flow rates cannot meet the
demands of commercial applications [16,19]. Moreover, the para-
metric configurations have yet to be investigated in detail, particu-
larly for large cross-sectional ionic wind pump.

Compared with experiments, numerical simulations can provide
a substantially detailed analysis of the electrical and flow charac-
teristics of ionic wind pump at a significantly low cost. Various
two-dimensional (2D) numerical techniques have been used to
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predict the EHD flow pattern [20]. A numerical modeling was cre-
ated for both ion-drag pumps and induction EHD pumps using the
commercially available computational fluid dynamics software
package FIDAP [21]. The simulation results showed that the effi-
ciency of EHD pumps exhibited a strong dependence on bulk fluid
velocity. Zhao and Adamiak [22] aimed to obtain the characteris-
tics in the pin-plate and pin-grid configurations by solving the
electric field and space charge densities using a numerical
algorithm, as well as solving the airflow using the commercial
code FLUENT. Experimental data obtained with a hot-wire ane-
mometer were used to validate the simulation results. A computa-
tional fluid dynamics analysis of an ionic wind generator with a
cantilever structure was conducted for forced convection cooling
[23]. The electrostatic, charge transport, fluid dynamic, and heat
transfer domain equations were solved in COMSOL MULTIPHYSICS

(formerly FEMLAB). The three-dimensional (3D) cantilever
structure was approximated using a 2D axial symmetry model. A
few assumptions, which included rounded cantilever tips and
cross-sectional corners, nonexistent electric field, and fluid
dynamics caused by the rest of the cantilever structure, were used.
In their later research, Jewell-Larsen et al. [24] developed a
numerical model to predict particle motion and address the prob-
lem of dust particle accumulation in the EHD systems by adding
particle collection behavior to their previous model. The numeri-
cal model was verified by operating the ionic wind generator in a
dust testing system and measuring the thickness and size of the
dust collected. Some researchers also use simulation methods to
investigate on dielectric barrier discharge, which is an EHD pump
with alternating current (AC) supply [25]. A computational
method was developed [26] to couple the EHD body forces
induced by dielectric barrier discharges actuation with unsteady
Reynolds-averaged Navier–Stokes model or large eddy simulation
for incompressible flows. The EHD body force model is based on
solving the electrostatic equations for electric potential and net
charge density. The boundary condition for net charge density on
the dielectric surface is obtained from a space–time lumped-
element circuit model or an empirical model. The aforementioned
2D approaches adopt numerous assumptions, thereby possibly
causing low accuracy. A 3D numerical model was established
with wire-duct configuration in FLUENT by adding user-defined
functions [27]. This researcher also used the simulations to discuss
a range of monodisperse particle diameters, dilute particle concen-
tration, and negligible particle space charge. The influence of the
EHD flow on particle collection was also investigated. A small
duct or a typical unit has been applied as the numerical model in
the previous numerical studies. To the best of our knowledge, the
flow characteristics of large cross-sectional ionic wind pump have
yet to be simulated using numerical analyses.

This study designs a large cross-sectional ionic wind pump
with multi-needle-to-mesh electrode system. A 3D model of the
pump is established and validated by experimental measurements.
Thereafter, a simulation method is adopted to obtain the flow
characteristics of the ionic wind pump and to optimize the space
between the needle electrodes. Grid size, needle tip-to-mesh gap,
and diameter of the needle electrode are optimized through
experiments. Finally, the ionic wind pump with the optimized
parameters is tested experimentally.

2 Experimental Rig Design

The experiment setup is shown in Fig. 1(a). The main compo-
nents of the experimental system include a high-voltage power
supply, ionic wind pump test unit, and rotating anemometer. The
high-voltage direct current (DC) power supply (TRC2020N20-
300, 50 kV, 300 W) is used to apply a high electric potential dif-
ference between two electrode boards. The corona electrode board
is charged with a high negative voltage, and the collector elec-
trode board is grounded. The voltage and total current are
obtained from the voltmeter of the power supply and the maxi-
mum measured error is 0.1%. The wind speed is measured using a

rotating anemometer (Victor 816B), and the uncertainty is 0.32%.
The anemometer is placed in six different locations at the exit to
obtain the average outlet velocity. The flow rate of the ionic wind
pump is calculated by multiplying the average velocity with the
cross-sectional area of the board. All results, including the applied
voltage, time-averaged current, and velocity, are tested five times
to obtain the average values.

Fig. 1 Experimental setup and ionic wind pump: (a) diagram of
the experimental setup, (b) the corona electrode board, (c) the
collector electrode board, and (d) diagram of the needle config-
uration, needle diameter, needle tip-to-mesh gap and grid unit
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An ionic wind pump with a multi-needle-to-mesh electrode
configuration is developed (see Fig. 1(b)). The pump comprises a
corona electrode board and a separate collector electrode board
(see Figs. 1(c) and 1(d), respectively). The corona electrode board
consists of several metal strips with small holes. The diameters of
the holes are slightly smaller than those of the needle electrodes,
thereby enabling the needles to be directly embedded into these
holes. Accordingly, this system can effectively reduce contact
resistance and enhance the electrical conductivity of the needle
electrodes. The needles are made of tungsten, thereby making the
device stable and durable. A high negative voltage is applied to
the needle electrodes, and the sharp tips of the needle electrodes
face the collector electrode board. The iron wire mesh is used as
the collector electrode board. The size of the cross section of the
boards is 250 mm� 75 mm (L�W). A glass shell with the same
cross-sectional area as the electrode boards is designed to assem-
ble the electrode boards. The two electrode boards can be directly
assembled into the shell, and the distance between the two boards
can be adjusted with a gap of 3 mm. The test unit, including the
two electrode boards and the glass shell, is tested in the measuring
system (see Fig. 1(a)) to obtain the experimental results.

The geometric parameters of the wind pump are illustrated in
Figs. 1(e) and 1(f). The needle electrode configuration for the
transverse space between the two adjacent needles is defined as
S1, while the longitudinal space between the two metal strips is
defined as S2. The diameter of the needle electrode (d), grid size
of the mesh, (a) and gap between the needle tip and mesh (d) are
measured. A default model is established as the starting point of
the present study. Table 1 shows the parameters of the default
model. A few parameters are discussed and changed, and other
parameters are maintained as default values.

3 Physical and Mathematical Models

3.1 Physical Model. The default model is established to sim-
ulate the electrical and flow characteristics of the ionic wind
pump. The physical model comprises needle and collector elec-
trode boards (see Fig. 2(a)). A computational domain with a side
length of 40 mm is selected to reduce computational time and
cost. Air is introduced at the inlet and flows through the area
between the two electrode boards. Thereafter, the airflow reaches
and flows through the mesh electrode.

3.2 Governing Equations and Boundary Conditions. The
electrical potential in the inter-electrode space of the ionic wind
pump is described by Poisson’s equation for electrostatics as
follows:

r2V ¼ � q

e0

(1)

Where q is the space charge density, which is the measure of the
amount of electric charge per unit volume. The dielectric permit-
tivity of free space e0 is chosen as 8.85� 10�12 F/m. The electric
field is represented by E, where

E ¼ �rV (2)

The conservation of current density equation is as follows:

rJ ¼ 0 (3)

where J is the current density. Electric current is a combination of
three effects: conduction, convection, and diffusion [23]. There-
fore, current density J can be calculated from the following
equation:

J ¼ lEEqþ Uq� Drq (4)

where lE is the air ion’s mobility in an electric field and is chosen
as 2.7� 10�4. D is the diffusivity coefficient of ions. Considering
that the velocity of charged particles is far larger than the air flow
velocity and the diffusivity coefficient of ions is quite small [28],
the current density is simplified as

J ¼ lEEq (5)

The continuum equation is as follows:

r � ðqUÞ ¼ 0 (6)

The bulk body force couples the electrostatic equations with the
NS equation that governs the flow of the neutral gas medium as
follows:

U � r Uð Þ ¼ � 1

q
rpþ �r2Uþ Fe

q
(7)

where Fe can be expressed as follows:

Fe ¼ qE (8)

The boundary conditions of the electrostatic, space charge, and
velocity fields are provided to solve the preceding equations, as
shown in Table 2. A constant DC voltage is applied to the needle
electrode board, and the collector electrode board is grounded.
The other surfaces, including the inlet and outlet, are assumed to
be zero charge. For the charge transport, the gap between the
corona and collector electrodes can be divided into two regions,
namely, the ionization and drift zones. In the ionization zone, the
air is positively and negatively ionized. In the drift zone, the elec-
tric field produces a single polarity of negative ions. The effect of
the bipolar region of the ionization zone is ignored because the
majority of the ionization region volume has a net space charge.
After neglecting the ionization zone, the effect of ionization zone
is assumed as a boundary condition (q0) of the interface crossing
ionization zone and drift area. The determination of the value of
q0 is based on the Kaptsov [29] hypothesis and Peek’s formula
[30]. It is assumed in the hypothesis that the interface electric field
will preserve its corona onset value after the corona is initiated.
The corona onset value can be obtained with Peek’s formula [30]
as shown in the following equation:

Ee ¼ E0ð1þ 2:62� 10�2=
ffiffiffiffiffi
Re

p
Þ (9)

where Re is the needle electrode’s radius and E0¼ 3.31� 106 V/m
is the breakdown electric strength of air.

The solved interface electric field can match with Peek’s for-
mula [29] with appropriate assumed q0. Therefore, the q0 can be
gained using the iteration method. The supposed value of q0 is
used to solve the Poisson’s equation and the current density con-
servation equations to obtain the value of Ee. Thereafter, the
solved value of Ee is compared with the result from Peek’s for-
mula. The initial assumption for q0 is eventually updated and iter-
ated continuously until the relative deviation of Ee between two
successive iterations is below 3%. The solution is conserved to be
converged and the final fields of charge density are obtained. A
zero diffusive charge flux condition is imposed on the surface for
all the other boundaries. As is shown in Table 2, pressure condi-
tions are assigned to the inlet and outlet surfaces for fluid dynam-
ics, and no-slip boundary conditions are applied to the surfaces of
the electrodes and other walls.

Table 1 Parameters of the default model

Transverse
space (S1)/mm

Longitudinal
space (S2)/mm

Grid size
(a)/mm

Needle
tip-to-mesh
gap (d)/mm

Needle
electrode

diameter (d)/mm

10 10 4 16 0.85
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3.3 Solution Methods. The commercial software COMSOL

MULTIPHYSICS is used to generate regular tetrahedral mesh sets for
the simulation process. The mesh around the needle and collector
electrodes has been densified to improve the calculation accuracy.

Five mesh sets (i.e., 85,015, 165,234, 335,100, 632,210, and
1,485,695) are generated in the mesh independence analysis. The
evaluation index is the average outlet velocity, which increases by
only 0.78% between the fourth and fifth mesh sets when the mesh
number increases by 135%. Therefore, the fourth mesh set (i.e.,
1,485,695) is selected by a compromise between accuracy and
computational consumption. The mesh of the physical model is
shown in Fig. 2(b).

The simulation is also operated in COMSOL MULTIPHYSICS (see
Fig. 2(c)). First, Poisson’s equation is solved in the electrostatic
module. For space charge density, a coefficient partial differential
equation module is adopted to solve the current density continuity
equation. The value of q0 on the surface of the needle electrode is
iterated until the needle electrode electric field is sufficiently close
to the Peek’s value. This method provides an indirect boundary
condition for space charge density. Finally, the flow characteris-
tics are simulated in the laminar flow module.

3.4 Numerical Model Validation. The default model is
selected to verify the simulation method. The simulation values of
the average outlet velocity are compared with the experimental
results tested in the experimental test rig with the applied voltages
ranging from 10 kV to 15 kV. The results of the simulation valida-
tion are presented in Fig. 3. The maximum relative deviation of
the average outlet velocity is 8.8% under an applied voltage of
15 kV. Therefore, the simulation method is reliable.

4 Numerical Results and Discussion

4.1 Flow Characteristics of the Ionic Wind Pump. The
default model is calculated to obtain the electrical and flow char-
acteristics of the ionic wind pump. The electrical and flow field
distribution of the default model under an applied voltage of
15 kV is illustrated in Fig. 4. The electrical potential of the needle
electrodes and metal strips is higher than that of the mesh electro-
des (see Fig. 4(a)). Hence, Coulomb force is produced due to the
potential difference and pushes the air to flow toward the outlet.
The 3D fluid field distribution is shown in Fig. 4(b). Air is intro-
duced through the gaps between two adjacent metal strips and
continues to flow toward the mesh electrode. Wind speed is
locally intensified around the needle electrode because air has
been accelerated by the Coulomb force around the needle electro-
des. After flowing through the mesh electrode, airflow becomes
increasingly separated and accelerated in several local areas near
the outlet. A slice in the y–z plate (x¼ 20 mm) of the fluid field is
shown in Fig. 4(c). The highest velocity appears near the outlet
due to the locally accelerating effect of the mesh electrode.

4.2 Numerical Optimization of the Needle Electrode
Configuration. The simulation method is adopted based on the
flow characteristics of the ionic wind pump to optimize the
arrangement of the needle electrodes and obtain a high outlet
velocity. If experiments are adopted to optimize the needle elec-
trode configuration, then electrode boards with different needle

Fig. 2 Physical model: (a) physical model, (b) mesh of the cal-
culation model, and (c) simulation process

Table 2 Boundary conditions of the physical model

Surface Electrostatic field Space charge field Velocity field

Corona electrode V¼V0 q¼ q0 U¼ 0

Collector electrode V¼ 0
@q

@n
¼ 0 U¼ 0

Inlet
@V

@n
¼ 0

@q

@n
¼ 0 p¼ penv

Outlet
@V

@n
¼ 0

@q

@n
¼ 0 p¼ penv

Others
@V

@n
¼ 0

@q

@n
¼ 0 U¼ 0
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electrode configurations need to be built. Nearly 100–200 needles
need to be installed on each board, which is a time-consuming
process. However, the transverse and longitudinal spaces of the
needle electrodes can be easily adjusted when building the simula-
tion models.

Two models are established to optimize the design of the needle
electrodes. The longitudinal spaces S2 remain to be 10 mm and
8 mm for models A and B, respectively. Here, the effect of longi-
tudinal space is not mainly considered. With decreasing the longi-
tudinal space, the number of needle strips increases, leading to the
significant increase of needle numbers. This will increase the
power consuming and manufacturing cost, which is not suitable
for the practical utilization of the pump. So, the main parameter
discussed in this paper is the transverse space between needles.
The average outlet velocity of each model is measured when the
transverse space ranges from 4 mm to 16 mm (the gap is 2 mm).
The average outlet velocity is a function of the transverse space
(see Fig. 5). A considerable amount of air is ionized near the nee-
dle electrodes to enhance wind speed in a small transverse space,
in which many needles are arranged on one metal strip. However,
the interference between the adjacent needle electrodes becomes
increasingly noticeable. As indicated in Refs. [17] and [18], this
interference negatively affects velocity. Therefore, the two oppos-
ing effects compete to cause the velocity of both models to first
increase and then decrease with increased S1. The maximum
velocity is obtained with the transverse space of 8 mm. In addi-
tion, the velocity of model A is higher than that of model B with
the same transverse space as S1. Therefore, the reference trans-
verse and longitudinal spaces are selected as 8 mm and 10 mm,
respectively. Accordingly, an average outlet velocity of 2.42 m/s
is obtained as reference for further optimization.

5 Experimental Characterization of Ionic Wind Pump

Experiments are adopted based on the optimum needle elec-
trode configuration to analyze the effect of needle electrode diam-
eter, mesh grid size (collector electrode), and needle tip-to-mesh
gap on the flow characteristics of ionic wind pump. The adjust-
ment of the aforementioned parameters can be easily realized in
the experiments. The tip-to-mesh gap may significantly affect the
breakdown voltage, which determines the maximum velocity.
However, the breakdown value cannot be predicted in the current
simulation method. Therefore, experimental measurements are
indispensable when analyzing the tip-to-mesh gaps. Therefore,
experimental methods are adopted for analysis and optimization.

5.1 Effect of the Needle Electrode Diameter. Needle diame-
ters of 0.85 mm and 1 mm are investigated. The average outlet

velocity at the two needle electrode diameters is shown in Fig. 6.
Accordingly, the thinner the needles, the higher the velocity that
can be obtained. With thin needles, the curvature radius difference
of the needle and collector electrodes becomes substantially large,
thereby causing more non-uniform electric field, resulting in the
ionization of numerous air molecules around the needle electro-
des. Therefore, space discharge density increases, thereby leading
to the increase of the average outlet velocity. The diameter of the
needle electrode is set at 0.85 mm, which is the smallest needle
diameter that can be adopted in the experiments due to the limita-
tion of our manufacturing process for drilling holes in the metal
strips of the corona electrode board.

5.2 Effect of the Mesh Grid Size. The fundamental role of
the geometry of the collector electrode is investigated. The effects
of grid size on the average outlet velocity and power consumption

Fig. 3 Verification of the simulation method

Fig. 4 Electrical and flow field distribution (default model): (a)
3D electrical field distribution, (b) 3D flow field distribution, and
(c) slice of the flow field distribution (y–z plate, x 5 20 mm)
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are illustrated in Fig. 7. Velocity increases with an increase in the
applied voltage (see Fig. 7(a). At the same applied voltage, an
optimum grid size is obtained and associated with the highest
velocity. Two competing factors influence wind speed with an
increase in grid size. On the one hand, the available collector area
for the mesh electrode becomes smaller as the grid becomes
larger, thereby possibly reducing the outlet velocity. On the other
hand, flow resistance rapidly decreases as the mesh electrode
becomes less dense, thereby resulting in an increase in wind
speed. The optimum value to obtain the maximum velocity is cho-
sen as 4 mm, which is due to the combined effects of available
area of collector electrode and the flow resistance.

The power consumption of ionic wind pump is also influenced
by the electrical and flow characteristics. The power consumption
of the pump at different grid sizes is illustrated in Fig. 7(b). Power
is the highest at the grid size of 2 mm, which may be attributed to
the high flow resistance accompanied by a substantial energy loss.
The power consumption is close for a¼ 6 mm and a¼ 8 mm. By
comprehensively considering the velocity and power consump-
tion, the optimum grid size of 4 mm is selected.

5.3 Effect of the Needle Tip-to-Mesh Gap. The gap between
the needle tip and mesh is another geometric parameter that sig-
nificantly affects the performance of ionic wind pump. The

average outlet velocity at different gaps and applied voltages is
presented in Fig. 8. A substantially high voltage is required to
achieve the same average outlet velocity with a large gap. This
requirement is attributed to a large gap between two electrodes
that may result in weak electric field strength accompanied by
weak forces and low wind speed. At a fixed gap, the achieved
velocity increases with increasing the applied voltage, and the
maximum velocity can be obtained at the breakdown voltage. The
breakdown voltage increases with the increased tip-to-mesh gap
because a considerably high voltage is required to reach the
energy limit for breakdown with a large gap. In addition, the
achieved maximum velocity increases slightly with an increase in
the gap. Evidently, maximum velocity exhibits small incremental
increases. When the gap ranges from 10 mm to 22 mm, the maxi-
mum velocity increases by only 27%, whereas the applied maxi-
mum voltage increases by 130%. This result means that
considerable energy consumption is necessary at a large gap to
achieve a higher velocity.

To obtain high wind speed with low energy consumption, the
effect of the needle tip-to-mesh gap on the electric-to-kinetic
energy conversion efficiency [31] is investigated. The efficiency
is defined as follows:

g ¼
1
2

_mU2
avg

P
¼

1
2
qAU3

avg

P
(10)

Table 3 shows the breakdown voltage, average outlet velocity,
power consumption, and efficiency at different needle tip-to-mesh

Fig. 5 Average outlet velocity as a function of the transverse
space

Fig. 6 Average outlet velocity at different diameters of the nee-
dle electrode

Fig. 7 Effects of different grid sizes: (a) the average outlet
velocity at different grid sizes and (b) the power consumption
at different grid sizes

031105-6 / Vol. 141, MARCH 2019 Transactions of the ASME



gaps. An increase in the gap results in the initial increase and
eventual decrease in efficiency. The efficiency is highest when
d¼ 16 mm. The required voltage substantially increases with
maximum speed. Therefore, the efficiency decreases when d
increases from 16 mm to 22 mm. When d¼ 16 mm, the maximum
velocity is 2.55 m/s, which is acceptable for a large cross-
sectional ionic wind pump. In addition, the efficiency is highest at
this gap. Therefore, 16 mm is selected as the best value of d.

5.4 Test Performance of the Optimized Ionic Wind Pump.
A preferred parameter combination (S1¼ 8 mm, S2¼ 10 mm,
d¼ 0.85 mm, a¼ 4 mm, and d¼ 16 mm) is selected based on the
parametric optimization by simulation and experimental methods.
The performance of the ionic wind pump is tested experimentally
using the aforementioned structural parameters. Table 4 shows the
results. The average outlet velocity is 2.55 m/s when the voltage
is 15 kV. The speed is improved compared with the integrated
ionic wind generator developed by Lee et al. [17]. The flow rate
per unit power is 1.47 L/(s W), which approximates that of con-
ventional fans ranging from 1 L/(s W) to 4 L/(s W) [32]. In addi-
tion, ionic wind pump are advantageous because they have
compact structures, low noise levels, and no moving parts. There-
fore, ionic wind pump can be applied for air supply and heat trans-
fer enhancement.

6 Conclusion

An ionic wind pump is developed, and numerical and experi-
mental analyses are performed to evaluate its flow characteristics
and to optimize its parametric configurations. The numerical
method is validated by the experimental results. The optimum val-
ues of the transverse and longitudinal spaces of the needle electro-
des have to be met to obtain a high outlet velocity because of the
comprehensive effect of interference between the needles and
increase in needle density. The optimum values are 8 mm and
10 mm for S1 and S2, respectively. Accordingly, the thinner the
needles, the higher the average outlet velocity. The optimum
value of a is set at 4 mm due to the combined effect of increasing
the grid unit length, and the power is also the lowest. The larger
the tip-to-mesh gap, the higher the maximum speed that can be
obtained and the higher the required voltage. A tip-to-mesh gap of
16 mm is selected to obtain the highest efficiency value. After
optimization, the average outlet velocity is 2.55 m/s, and the volu-
metric flow rate is 2868 L/min. The flow rate per unit power is
1.47 L/(s W), which approximates that of conventional fans.
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Nomenclature

A ¼ cross-sectional area, m2

A ¼ length of the grid unit, mm
d ¼ diameter of the needle electrode, mm
D ¼ diffusivity coefficient of ions, m2 � s�1

E ¼ electric field intensity, V �m�1

F ¼ electric force, N
I ¼ current, A
J ¼ current density, A �m�1

m ¼ mass flow rate, kg � s�1

n ¼ normal direction, m
p ¼ pressure, Pa
P ¼ electric power, W
q ¼ space charge density, C �m�3

Q ¼ flow rate, L �min�1

R ¼ radius of the needle electrode, mm
S ¼ space between needles or metal strips, mm
d ¼ tip-to-mesh gap, mm
U ¼ velocity, m � s�1

V ¼ voltage, V

Greek Symbols

e ¼ dielectric constant, F �m�1

g ¼ electric-to-kinetic energy conversion efficiency, %
l ¼ ionic mobility, m2 � V�1 � s�1

� ¼ kinematic viscosity, m2 � s�1

q ¼ density, kg �m�1

Subscripts

avg ¼ value of the average
E ¼ value under the electric field

env ¼ environment
max ¼ value of the maximum

0 ¼ value of initial
1 ¼ transverse value
2 ¼ longitudinal value
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Fig. 8 Average outlet velocity at different needle tip-to-mesh
gaps
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