International Journal of Thermal Sciences 139 (2019) 176-185

International
Journal of
Thermal
Sciences

Contents lists available at ScienceDirect

International Journal of Thermal Sciences

journal homepage: www.elsevier.com/locate/ijts

Numerical and experimental study of heat-transfer characteristics of needle-
to-ring-type ionic wind generator for heated-plate cooling

Check for
updates

S. Wang, J.G. Qu, L.J. Kong, J.F. Zhang", Z.G. Qu

Key Laboratory of Thermo-Fluid Science and Engineering, Ministry of Education, School of Energy and Power Engineering, Xi'an Jiaotong University, Xi'an, 710049, China

ARTICLE INFO ABSTRACT

Tonic wind generators have shown significant application potential in devices for cooling, air actuation, and flow
control. In this study, a needle-to-ring electrode ionic wind generator with optimized parameters was employed
to cool a heated copper plate. A three-dimensional numerical simulation was conducted to obtain the electric,
flow, and temperature fields of the ionic wind generator. To verify the ionic wind generator's capacity to cool the
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E’(‘)lz‘f;mem heated plate, an ionic wind generator prototype was fabricated and experimentally tested. The temperature
Hot Spit distribution of the plate heated by a uniform distributed heat flux and non-uniform heat flux with a local hot spot

was analyzed. Results show that the applied voltage should be less than the threshold voltage of spark discharge
to ensure effective and stable operation of the ionic wind generator. When the plate is heated by a uniform heat
flux, the temperature distribution in most areas around the center of the plate is relatively uniform. If a hot spot
exists, the temperature of the central plate is higher than that of the surrounding areas, and the radial tem-
perature difference gradually increases with the increase of the hot-spot heat flux. Moreover, the high-tem-
perature area in the center of the plate gradually expands with increasing hot-spot radius. Besides, the increase
in the copper plate thickness has little influence on the final temperature distribution. The heated plate with a
uniform heat flux below 2 kW/m? could be cooled to below 80 °C by the ionic wind generator at an applied
voltage of 11 kV. When the plate is heated by a non-uniform heat flux with a hot spot, compared with the
experimental results of natural convection, ionic wind can effectively reduce the temperature of the plate (a
temperature drop of at least 45 °C was observed). This study provides a potential solution for commercial chip
cooling with needle-to-ring-type ionic wind generators.

1. Introduction

Ionic wind is the air flow driven by an electric discharge field. When
a high voltage is applied between electrodes, air molecules around the
corona electrode are ionized under an uneven electric field. The ionized
air molecules are accelerated by Coulomb force and then collide with
neutral air molecules, thereby resulting in momentum transfer to the
neutral molecules. Thus, an air stream is formed between the corona
and collector electrodes. Fig. 1 shows the basic principles of ionic wind
generation. Wind-driven devices based on the ionic wind principle have
shown significant potential in fields such as electronic cooling [1,2],
flow control [3,4], and air actuation [5,6] because of advantages such
as low energy consumption, absence of moving parts, compact struc-
ture, and flexible design. Numerous electrode geometries have been
proposed for ionic wind generators, including wire-to-plate [7], wire-
to-cylinder [8], needle-to-plate [9], and needle-to-grid [10].

In the past few years, many studies have explored the enhancement
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of natural and forced convection heat transfer using ionic wind gen-
erators with various configurations. Owsenek and Seyyed-Yagoobi [11]
experimentally investigated the electro-hydrodynamic (EHD) en-
hancement of natural convection using an ionic wind device with a
needle-to-plate structure. Go et al. [12]discussed the local cooling en-
hancement of bulk flow due to ionic winds, and a more than two-fold
enhancement of local heat-transfer coefficient was observed. Heat-
transfer enhancement for a plate-fin heat sink subject to needle-arrayed
electrodes was experimentally investigated by Huang et al. [13]; the
enhancement ratio was 3-5 with a preferable electrode height. Pour
and Esmaeilzadeh [14] experimentally investigated the heat-transfer
enhancement of a cylindrical heat source using an EHD actuator in a
duct. It was found that the heat-transfer enhancement is more effective
at a low Reynolds number.

Among the various types of configurations, a needle-to-ring type is
of particular interest because of the high permeability of the collector
electrode, the flexible modification of the ring electrode, and the
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Nomenclature
c Specific heat, J-kg—'K~!
d Diameter of needle electrode, mm
D Diameter of ring electrode, mm
E Electric field intensity, V-m™!
F Electric force, N
G Gaps between two electrodes, mm
h Heat transfer coefficient, W-m=2K~!
I Current, A
J Current density, A-m~2
l Length of needle electrode, mm
T Temperature, K
p Power, W
p Pressure, Pa
q Space-charge density, C-m~3 /(heat flux), W-m™2
r Distance from plate center
x Gap between outlet and plate surface
Q. Joule heat, J
R Radius of ring electrode, mm

U Velocity, m/s
Vv Voltage, V
w Length of square plate

Greek Symbols

7 Ionic mobility, m?V-1s~!

v Kinematic viscosity, m?-s™!
o Density, kgm™3

S Experimental error
Subscripts

0 Initial value or standard value
a ambient value

e Value under electric field
f Value of heat flux

h Value of hot spot

max Value of maximum

potential for application of generators in a row or series. The flow speed
in a wind generator with a needle-to-ring configuration is approxi-
mately 1-5m/s according to experimental results [15,16]. Consider-
able efforts have been devoted to designing the electrode configurations
that are effective for achieving high-speed airflow. For example,
Rickard and Dunn-Rankin [17] measured the dependence of the ionic
wind velocity on the distance between electrodes for specific diameters
and lengths of collector electrodes. Moreau et al. [18] reported that the
serial connection of multiple needle-to-cylinder ionic wind generators
can increase the airflow velocity. Kawamoto et al. [19] used a needle-
plate-type ionic wind generator to study the ionic wind flow, heat-
transfer enhancement, and rules of ozone generation. In Kawamoto's
work, the collector electrode is a plate with a hole in the center. Qiu
et al. [20] proposed a needle-array—to-ring-type serial-staged EHD gas
pump under negative corona discharge. In their study, the flow velocity
was dependent on the stage number and pressure loss, and a maximum
velocity of 7.39m/s was achieved. Lee [21] reported an integrated
needle-to-ring-type ionic wind generator and enhanced the volumetric
flow rate on the basis of a large cross-sectional area. The interference
between parallel air jets was reduced by adding a shielding layer be-
tween two electrode boards. Li et al. [22] suggested an empirical model
for the ionic wind velocity as a function of the geometric factors.

Most of the aforementioned studies are based on experiments, while
numerical methods can provide further details about the velocity and
temperature field at a lower cost. Furthermore, few studies have fo-
cused on the heat-transfer performance of generators with needle-to-
ring electrodes for cooling a heated plate with uniform flux and non-
uniform heat flux, while the impinging flow of the generators has the
potential for local cooling of microelectronics.

In the work reported in this paper, an optimized ionic wind gen-
erator with a needle-to-ring electrode system was fabricated and
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Fig. 1. Physical model and principles of ionic wind formation.
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experimentally studied to analyze its cooling capacity for a heated plate
with a uniform heat flux and non-uniform heat flux with a local hot
spot. The influences of the applied voltage, heat flux, and hot spot on
the cooling capacity are discussed in detail.

2. Physical model and mathematical formulation
2.1. Physical model

As shown in Fig. 1, the ionic wind generator comprises a ring
(collector) electrode with a diameter D and a needle electrode with a
diameter d and a length l. The distance between electrodes is defined as
G. Air is introduced at the inlet and an impinging flow forms out of the
outlet. Based on our previous study on configuration optimization of
ionic wind generators with needle-to-ring electrodes, the optimal ratio
G/D to obtain the maximum velocity of air flow is 0.2-0.3 [23]. The
optimized parameters of the ionic wind generator are shown in Table 1.

A heated square plate made of Cu was added at the outlet of the
generator to study the cooling performance of the ionic wind. The
physical model is shown in Fig. 2. The length of the square plate (W) is
80 mm and the plate is heated with a heat flux of g. Air is introduced at
the inlet, and an impinging flow forms out of the outlet. The plate is
then cooled by the impinging flow of the generator.

2.2. Governing equation and boundary conditions

To obtain the electric field, flow, and heat-transfer characteristics of
the generator and determine the values of electric potential (V), space-
charge density (q), velocity (U), and temperature (T), the following
equations must be solved: Poisson's equation for electrostatics,

vy =_4

2]

@

Table 1
Optimized parameters of ionic wind generator.

Parameters Default value
Needle electrode diameter, d (mm) 0.7

Radius of curvature at the needle tip (um) 70

Needle electrode length, [ (mm) 4

Ring electrode diameter, D (mm) 25

Gap between needle and ring electrodes, G (mm) 5
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Fig. 2. Physical model (with heated Cu plate).

the current-density-conservation equation,
Vi =0 @
the continuum equation,
-
V-(pU) =0 3)
and the momentum-conservation equation,
1 i
- = -
U-V(U)=—-—Vp + WU + —
e 2 C))

Furthermore, the electric field (?), current density (7), electric
field force (E), and Joule heat (Q;) can be expressed as follows:

T =-vv 5
- —

J =ug Eq (6)
H =qF @)

The boundary conditions of the electrostatic, space-charge, velocity,
and heat-transfer fields are provided to solve the preceding equations.
For the electrostatic field, the needle electrode is applied with a con-
stant DC voltage and the ring electrode is set to be grounded. It is as-
sumed that no charges are on the other surfaces, including the inlet and
outlet. For fluid dynamics, ambient pressures are assigned to the inlet
and outlet surfaces, and no-slip boundary conditions are applied to the
surfaces of the electrodes and other walls. The detailed boundary
conditions are shown in Table 2.

For the charge transport, the intermediate region of the corona and
collector electrodes can be divided into ionization and drift zones. The
ionization zone of the corona discharge is very thin relative to the
transport zone, so the ionization zone can be neglected and it is handled
by a boundary condition for charge density on the needle electrode
surface. In this simulation, the Kaptzov hypothesis is adopted to obtain
the space charge density on the needle electrode surface for different
corona discharge voltages. Kaptzov hypothesis states that the electric
field at the corona electrode proportionally increases to the applied
voltage below the corona onset, but it remains constant as the value at
the corona onset voltage after the corona is initiated. This critical
electric field on the surface of corona electrode is given by Peek for-
mula. For a needle with a spheroidal tip [24], Peek's value is

Eonset = 3.1 X 1065(1 4+ 0308 ]

/0.56r1, (8)

where r. is the electrode tip radius of curvature in cm, § is determine by
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s=hP
TR

To, Po are the standard temperature and pressure, respectively.
Namely, T, is 273.15K, and P, is 101325Pa. T and P are the actual
temperature and pressure of gas.

Therefore, the initial value of charge density qq is assumed and it-
erated until the electric field strength on the electrode surface is suffi-
ciently close to the value determined by Peek's value. For all of the
other boundaries, a zero diffusive charge flux condition is imposed on
the surfaces. In order to obtain more accurate results, the ion mobility
ug in eq. (6) is modified by eq. (9) [24] based on the current-voltage
characteristics of the ionic wind generator in the experiment.

Id

Mg = —————
F aEV(V - Vonset)

9
where I and V are the corona discharge current and voltage, respec-
tively. Vonset is the onset corona discharge voltage, and a is a constant
value, which is close to 1.58. ¢ is the gas permittivity, and d is the
distance between the two electrodes.

Apart from Egs. (1)—(7), the energy-conservation equation also must
be solved for the heat transfer,

V(T = V(LVT) + 2
Pep Pep (10)
where Joule heat (Q.) can be expressed as:
- — —2
Q=J-E =pugqE (11)

For boundary conditions, the plate is applied with a heat flux of g¢
and the inlet and outlet surfaces of the calculation domain are applied
with an ambient temperature of T, = 296.15K, while the insulation
condition is imposed on the outside of the bottom surface of the plate.

2.3. Simulation method

The finite-element method (FEM), as implemented in COMSOL’
MultiPhysics software, is conducted to establish the simulation model
and solve the coupled equations (1)-(7) and (10). For electrostatics,
Poisson's equation is solved in the electrostatic module. For space-
charge density, a coefficient partial-differential equation module is
conducted to solve the current-density continuity equation. Further-
more, the flow characteristics are simulated in the laminar-flow
module. The continuum and momentum conservation equations are
solved to obtain the velocity distribution in the computational domain.
Fig. 3 shows the computational domain.

3. Experimental apparatus for heated-plate cooling
3.1. Experimental apparatus

The experimental setup of the present study is shown in Fig. 4, and
it consists of a high-voltage power supply, a Cu plate with a heating film
on the bottom surface, an Agilent signal acquisition system, T-type

thermocouples, a laptop, a steady-voltage power supply, and the ionic

Table 2
Boundary conditions.

Surface Electrostatic field ~ Space-charge field  Velocity field
Corona electrode (0a)” V=V, qc = qo No slip
Collector electrode V=0 Zero flux No slip

Inlet (ab) Zero charge Zero flux Pressure
Outlet (bc) Zero charge Zero flux Pressure
Plate (de) Zero charge Zero flux No slip
Others Zero charge Zero flux No slip

@ Letters in parentheses denote line segments in Fig. 2.
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Fig. 3. Computational domain.

wind generator. The material of the needle electrode and ring electrode
in the ionic wind generator are wolfram and stainless steel, respec-
tively. The geometric size of the ionic wind generator is consistent with
the optimized results shown in Table 1. The steady-voltage power
supply is used for powering the heating film. The heating film is of the
same size as the Cu plate. Another round heating film representing the
hot spot is attached to the center of the above-described heating film.
The thermocouples are all fixed in a groove located on the bottom
surface of the plate to collect the temperature signals. The bottom side
of the heating film is in contact with the thermal insulation material to
maintain the adiabatic boundary condition. Table 3 details the name,
type, specification, or precision of the instruments used in this experi-
ment. Fig. 5 is a photograph of the experimental device.

3.2. Experimental uncertainty analysis

3.2.1. Velocity uncertainty

The uncertainty of experimental results is usually used to evaluate
the magnitude of the error. The velocity errors are mainly induced by
the hot-wire anemometer's measurement error and the accidental error
in the measurement. The measurement error of the hot-wire anem-
ometer is calculated by:

Polgmethyl methacrylate
holder (electric insulated) =S

DC high voltage
power supply

Agilent data
acquisition system

Cross-section A
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Table 3
Characteristics of experimental facilities.

Experimental Facilities Properties

DC high-voltage power supply (Teslaman
TRC2020, Dalian Teslaman Technologies
Co. Ltd., Dalian, China)

Output voltage range: 0 to
+50 kv

Resolution: 0.001 kV, 0.001 mA
Accuracy: + 0.1%

Stability: less than 0.1% per 8 h
after boot-up half an hour later
Temperature measurement
range: 100 °C-400 °C"
Accuracy: + 1°C*

Resolution: 0.001 °C
Temperature measurement
range: —100°C-400°C
Accuracy: = 0.5°C

Velocity measurement range:
0-20m/s

Accuracy: + 0.03 m/s +5% of
reading

Resolution: 0.01 m/s

Output voltage range: 0-30 V
Accuracy: + 1% + 1 dgt”
Resolution: 0.01V, 0.01 A

Agilent signal acquisition system (Agilent
34970A, Agilent Technologies Co. Ltd.,
Santa Clara, CA, USA)

T-type thermocouples

Hot-wire anemometer (Testo 425, Testo SE &
Co. KGaA, Schwarzwald, Germany)

Steady-voltage power supply (Maisheng MS-
303D, Maihao Electronic Technology Co.,
Ltd., Dongguan, China)

@ Temperature range and its accuracy are for T-type thermocouples.
b dgt denotes resolution.

dym = +£0.03m/s + 5% of reading 12)

The accidental error §,, is calculated by:

13)

where v is the measured mean velocity of 10s time duration, o the
mean velocity of five repeated measured values, and n the number of
repeated measurements. Therefore, the total uncertainty of the mea-
sured velocity is:

Polymethyl methacrylate
(electric insulated)

——— Needle electrode

Power supply with steady voltage
-

—~— Cross-section A
~~— Copper plate

" Polymethyl methacrylate base
(electric Klsulated)

__Copper plate

Hot spot heating film

Heating film

“Thermal insulation material

Fig. 4. Experimental setup used for heating plate cooling by ionic wind.
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Fig. 5. Photograph of the experimental device used for cooling the heated plate.

8y = /8o + 62

Detailed uncertainty values of the airflow velocity are shown in
Fig. 6.

(14

3.2.2. Temperature uncertainty

The temperature errors are mainly induced by the thermocouples’
measurement errors, display errors of the Agilent data acquisition
system, and accidental errors in the measurement. To obtain tempera-
ture results of higher accuracy, the thermocouples were calibrated be-
fore measurement.

In the temperature calibration, the T-type thermocouples, which
were all connected to the Agilent data acquisition system, were placed
in a constant temperature tank together with a standard mercurial
thermometer (accuracy 0.2 °C, resolution 0.1 °C). After calibration, a
linear fitting correlation was obtained for temperature measurement of
the thermocouples. Therefore, the uncertainty of the measured results
includes three parts: the linear fitting error 8, error of the mercurial
thermometer &, and measurement accidental error &.. For each
temperature calibration point, the measured values of thermocouples
were taken into the correlation equations, and then the calculated re-
sults compared with the readings of the mercurial thermometer to ob-
tain the linear fitting error. The maximum linear fitting error in this
calibration is:

Sitmax = £0.07°C (15)
the system error of the mercurial thermometer is:
8im = £.0. 2°C (16)
and the accidental error §,, is calculated by:
P Y, (= T

n(n—1) a7

where T is the mean temperature of the 10 repeated measured values
and n the number of repeated measurements. The maximum accidental

erIT0r 8ta max Of all the thermocouples in this experiment is:
5ta,max = iO-ISOC (18)

Therefore, the maximum total uncertainty of the measured tem-
perature is:

6 = £y 51%,max + 6 + B

After calculation, the maximum absolute error of the measured
temperature is:

19

180
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Stmax = 0.25°C (20)

4. Cooling effect of ionic wind generator on heated plate

The ionic wind generator with the optimized configuration was used
in the experiment to cool a heated square plate to test the heat-transfer
performance. In the following sections, we discuss the current-voltage
characteristics, air-flow velocity of the ionic wind generator, and the
temperature distribution of the Cu plate.

4.1. Air-flow velocity

Fig. 6 shows the relationship between measured air-flow velocity
and applied voltage. The velocity is measured at the point that is 22 mm
above the plate surface along the central line of the ionic wind gen-
erator, as shown in Fig. 2. The air-flow velocity increases gradually with
increasing applied voltage. In the experiment, when the voltage ap-
proaches 12kV, the noise in the process of discharge suddenly in-
creases, and the discharge tends to be unstable, which indicates that the
voltage of 12kV is close to the breakdown voltage. The applied voltage
should be less than 12 kV to ensure effective and stable operation of the
ionic wind generator.

Different corona voltages from 6 kV to 12kV were taken to simulate
the ionic wind and its cooling effect for the copper plate. Both the
numerical and experimental results of velocity at the monitored point
are also shown in Fig. 6. The results of the experiment and numerical
simulation agree well with each other at low voltages, less than 9kV,
but a deviation exists if the voltage is larger than 9 kV. This is because
Peek's formula is only applicable to the corona electrode with a uniform
electrode field strength on its surface after the corona is initiated. For
the case of a needle electrode, using Peek's formula for simplification
will obtain a good result, if the needle is not extremely sharp, radius of
curvature at the tip larger than 90 um [24]. For a sharp needle, the
shape of its tip is random and complex from the microscopic view, and
may not be approximately a spherical geometry as shown in Fig. 7. This
is a major reason for numerical simulation deviation. Besides, the
manufacturing roughness, which can affect the electrical field strength
on the electrode surface, may be another reason affecting the simula-
tion accuracy.

Since a hot-wire anemometer can only measure the air-flow velocity
at a single point, a numerical method is used to obtain the velocity
distribution of the entire flow field. Fig. 8 shows the results of velocity
distributions at corona voltage 11 kV and electric field lines of the si-
mulation model. The electric field lines represent the direction of
electric field force, which is the driving force of the air flow. It can be
seen from Fig. 8 that air flow generated by an ionic wind generator with

3.0 : : : : : — 3.0
[ | —=— experimental result ]
25 7 —A— numerical result 1 , 25
@ 20Ff 120
S [ ]
EO / E ]
© i 1
> i/
101 o 1o
L i:{/f —
05 [ | . | . | . | . | . | . | ] 05
6 7 8 9 10 11 12

Voltage (kV)

Fig. 6. Air-flow velocity at different applied voltages.
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100um

Fig. 7. Shapes of a needle tip shown under a scanning electron microscope.

needle
ring \7 m/s
2
1.5
|
0.3
late
p 0
m/s
2
1.5
1
0.5
0

(b)

Fig. 8. Air-flow velocity distribution of cooling the plate using ionic wind
generator at applied voltage 11 kV: (a) whole view of the velocity distribution;
(b) local distribution of the velocity and the electric field lines in the ionic wind
generator.

a needle-ring electrode configuration is similar to jet flow. Air flow
coming out from the ring outlet directly impinges the surface of the
plate, and then spreads along the plate surface, in which process heat is

Measurement points by thermocouples

: '
Copper plate, y

(a)

110

removed from the plate through convection. Air-flow velocity is high in
most areas around the axis of the needle electrode (> 1.5m/s), but it is
lower near the surface of the ring electrode. This is because the closer
the distance from the point to the surface of the ring is, the greater the
angle between the field line and the axis of the ring will be. Near the
ring electrode's surface, the electric field line is nearly perpendicular to
the central axis of the ring, as shown in Fig. 8 (b). As a result, the axial
component of the electric field force (along the needle axis) loading on
the air particles gradually decreases, and the macroscopic manifestation
is the gradual reduction of air-flow velocity.

4.2. Temperature distribution of plate with uniform heat flux

To show the effects of voltage and heat flux on the temperature
distribution of a plate under ionic wind cooling, Fig. 9(a) presents the
arrangement of thermocouples on the plate surface. Fig. 9 (b) shows a
comparison of the temperature between the numerical and experi-
mental results of temperature distribution along the radial direction of
the plate heated by a uniform heat flux of 1 kW/m2 at three different
applied voltages, namely, 9kV, 10kV and 11kV, for the ionic wind
generator. It can be seen from Fig. 9(b) that the temperature distribu-
tion of along the plate surface is relatively uniform, which is attributed
to the high thermal diffusivity of copper, and the mean temperature of
the plate at applied voltage 11kV is 53.14°C. All the results at the
above three different corona voltages obtained by the two methods are
in good agreement. The maximum deviation is less than 2.8%, which
indicates that the numerical method is reliable.

Fig. 10 presents the temperature distributions along the radial di-
rection of the plate surface cooled by ionic wind with different applied
voltages and heat fluxes. In Fig. 10, r is the distance between the
measurement point and the plate center. It can be seen from the figure
that when the plate is heated by a uniform heat flux, the temperature
distribution in most areas around the center of the plate is relatively

T T T T T T
11kV: —=— Experimental results ©  Numerical results
[ 9kV: —a— Experimental results Numerical results ]
| 7kV: —v— Experimental results ¢ Numerical results |
B z o o - —0
=" = TS IS e
n o SR
1 1 1 1 1 1
0 10 20 30 40 50
r(mm)
(b)

Fig. 9. Temperature distribution of the plate: (a) thermocouples arrangement; (b) comparison of the temperature between the numerical and experimental results
along the radial direction of the plate heated by heat flux 1 kW/m? at different voltages.

181



S. Wang, et al.

International Journal of Thermal Sciences 139 (2019) 176-185

110 — , , , , , 110 — : : : , ,
e TRV e BV A OV - 7KV —e— 8KV —4— 9kV
1001 o jokv —e—11kV +12kvw' 100 | o 10k —e—11kV —e—12ky [fica flux: 0 SkW/m |4
90} ] o0 ]
80} ] 80| ]
70} 1 7! ]
o o
< 60} 1 Zeol ]
~ ~
50| ] 50 ]
4or 1 4op —— 1
30+ 4 30+ d
20 L L ) L L ) 20 L L L L L L
0 10 20 30 40 50 0 10 20 30 40 50
r(mm) r (mm)
(a) (b)
110 — x x x — 110 — x x x x x
100 1 v 10kV —&—11KV—4—12KV —o— 0KV | iy v 10kV ——11KV 12kVM‘
o0—o——o0—— o5
90 — ==l] 90} ]
8o ]
oot )
= 60| 1
50 | 1
40t ]
30 ] 30 - ]
20 L . . . . .
20 1 1 1 1 1 1
o 10 20 0 20 0 0 10 20 30 40 50
r (mm) r(mm)
(c) (d)
110 — T T T T T
IR 11k ety et o 2w
100 & qokv e 11ky —<—12kV M 1
90 + DG T
[0 S S .
oY —— (]
< 60 ]
~
50 + i
a0l ]
30+ i
20 1 1 1 1 1 1
0 10 20 30 40 50
r (mm)
©)]

Fig. 10. Temperature distribution along the radial direction of the plate at different. voltagesL: (a) plate heat flux 0.1 kW/m?; (b) plate heat flux 0.5 kW/m?; (c) plate
heat flux 1 kW/m?; (d) plate heat flux 1.5 kW/m? and (e) plate heat flux 2 kW/m?.

uniform, and the temperature decreases only in the areas close to the
edge of the plate. This is because, although the impingement cooling of
ionic wind may lead to a large radial temperature difference, the ma-
terial of the plate is Cu, which has a high thermal diffusion rate, thus
making the temperature of the plate tend to be more uniform. However,
considering the thickness of the Cu plate, heat dissipation can occur at
the side surface of the plate, resulting in a decrease in the temperature
of the edge area of the plate.

When the heating flux is 100 W/m?, the plate-surface temperature
maintains a relatively low value (slightly higher than ambient tem-
perature, 23 °C) because of the low amount of heat flux added to the
plate. In addition, the applied voltage in the corona discharge has
nearly no effects on the plate temperature distribution, as shown in
Fig. 10(a). With increasing heat flux, the temperature of plate gradually
increases, and the influence of discharge voltage becomes increasingly
more obvious, as shown in Fig. 10 (b)-9(e). With a heat flux of 1 kW/
m?, the plate temperature generally drops by approximately 2 °C upon a
discharge-voltage increase of 1kV. Compared with the plate-surface
temperature in the natural convection condition (without the cooling of
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the ionic wind generator), the plate temperature drops by nearly 30 °C
when the ionic wind generator is working, as shown in Fig. 10(c). When
the heat flux of the plate increases to 2kW/m? the plate temperature
generally drops by approximately 4°C with an increase of 1kV in
corona discharge voltage. In this situation, the ionic wind device with
lower discharge voltage is unable to cool the heated plate effectively, as
shown in Fig. 10(e). Moreover, in the case of natural convection, the
heating film was found to be damaged when the plate was heated by a
heat flux larger than 1 kW/m?2. The heated plate with a uniform heat
flux below 2kW/m? could be cooled to lower than 80 °C by the ionic
wind generator at an applied voltage of 11 kV.

4.3. Effect of hot spot on plate

The temperature distribution of the plate with a hot spot, as well as
the influence of hot-spot heat flux and the size of hot-spot area on
temperature distribution, were the next objects studied. The heat flux of
the region outside the hot-spot area was kept at a constant value of
1kW/m?
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Fig. 11 shows the radial temperature distribution of the plate with
four different hot-spot sizes (hot-spot radii of 7.5, 10, 12.5, and 15 mm)
and different heat-flux values. The temperatures were measured at a
corona discharge voltage of 11kV. It can be seen from Fig. 10 that,
compared with experimental results of natural convection, ionic wind
can effectively cool the plate (a temperature drop of at least 45 °C was
observed). However, the temperature distribution along the radial di-
rection of the plate is no longer uniform, which is different from the
results with uniform heat flux shown in Fig. 10. Upon increasing the
heat flux of the hot spot, the non-uniformity of the temperature along
the radial direction became more obvious. The reason may be that the
hot spot makes the temperature of the central area of the plate higher
than that of other areas, and the temperature difference gradually in-
creases with increasing hot-spot heat flux.

As shown in Fig. 11 (a), with a hot-spot radius of 7.5 mm and hot-
spot heat flux of 2kW/m?, the temperature difference between the
center of the plate and the surrounding area is small. With increasing
hot-spot heat flux, the temperature in the central region of the plate
rises faster, and the temperature difference gradually increases. When
the hot-spot heat flux approaches 12kW/m?, the temperature differ-
ence is close to 2 °C. Similar results were found for other hot-spot radii,
as shown in Figs. 11(b)-10(d). When the hot-spot radius was smaller
than 15 mm and the hot-spot heat flux lower than 12 kW/m?, the sur-
face temperature of the plate could be maintained below 80 °C.

By comparing the differences among the sub-figures in Fig. 11, it
can be seen that, in addition to the influence of hot-spot heat flux on the
plate temperature distribution, the size of the hot spot also affects plate
temperature distribution. To study the influence of hot-spot size on
plate temperature distribution, Fig. 12 shows the plate temperature
distribution with hot spots of different sizes under a discharge voltage
of 11kV and hot-spot heat flux of 12 kW/m>.

It can be seen from Fig. 12 that if the hot-spot heat flux is kept
constant, the overall temperature of the plate increases and the high-
temperature area in the center of the plate gradually expands with
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Fig. 12. Temperature distribution along the radial direction of the plate with
different hot spot radius at applied voltage 11 kV and plate heat flux 12 kW/m?

increasing hot-spot radius. For example, in the case in which the hot-
spot radius is 7.5 mm, the temperature increases gradually with de-
creasing radius in the area within 10 mm of the plate center. However,
in the region beyond a radius of 10 mm, the temperature distribution is
relatively uniform, and the temperature only decreases at the edge of
the plate (r > 30 mm). For the case in which the hot-spot radius is
15mm, the area affected by the hot spot gradually expands, and the
radius of affected area reaches 30 mm. There is no region of relatively
uniform temperature distribution on the surface of the plate. For the
overall temperature of the plate, the surface temperature gradually
decreases increasing radius. This is because as the hot-spot area in-
creases, more heat is generated in the center of the plate, and the heat
that is generated near the edge of the plate still retains its original
temperature value. Finally, the temperature distribution is more un-
even.

T T T T T
150 f—a—q =2kW —e—q,= 4kKW ——q.= 6kW 11KV 150 |—=—q,=2kW —&—q,= 4kW —&—q,= 6kW i
140 —v—q,=8KW —#—q,=10KW —<—q,=12kW | R=7.5mm 140 |-—v—0,=8kW —&—q =10kW —<—q =12kW |R=10mm}]
130 E—o—q =12kwW, natural convection 1 —o—q,=12kW, natural convection
120 " 30r 1
110 120 D\O—O\O\O\O 1
100 T T o —o o] O10f ]
O 3
< 60
~
50 | ]
T T T T T T T T T T T T
150 f—=—q,=2kW —e—q,= 4kW —a—q,= 6kW[Z oy 150 k!
140 7ﬂ—qh=8kW ——q,=10kW —<—q =12kW| R=12.5mm
—o0—q,=12kW, natural convection 140 F E
130 F E —=—q,=2kW —e—q,= 4kW —&—q,= 6kW
W\/@ 130 £—v—q,=8KW —e—q,=10KW —<—q,=12kW E
61 20 E

—0—q,=12kW, natural convection

r (mm)

(d)

Fig. 11. Temperature distribution along the radial direction of the plate with different hot spot heat flux q, (in kW/m?) at applied voltage 11 kV: (a) hot spot radius
7.5 mm; (b) hot spot radius 10 mm; (c) hot spot radius 12.5 mm; and (d) hot spot radius 15 mm.
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4.4. Effect of plate thickness on the temperature results

In order to obtain the influence of the thickness of the copper plate
on the temperature result, the temperatures of the copper plate were
measured with different plate thickness (thickness of 4 mm, 5mm)
heated by a uniform heat flux under ionic wind cooling, which was
generated by corona discharge with different voltages, and the final
results were compared with the temperature distribution of copper
plate with thickness of 2.5 mm, as shown in Fig. 13. It can be seen from
the figure that the increase in the copper plate thickness has little in-
fluence on the final temperature distribution, and the temperature
difference at the same location is not obvious. This is attributed to the
high thermal conductivity of the material Cu, which is up to 398W/
(m'K). This is also verified by the numerical results, as shown in Fig. 13
(c), which shows the temperature distribution along the vertical cross-
section of the Cu plate with different thickness. The results indicates
that the temperature distribution along the plate thickness is approxi-
mately uniform and does not change significantly with the plate
thickness. However, the increase in thickness does lead to a slight in-
crease in the thermal resistance of the copper plate, which is the source
of these minor differences. Therefore, the plate with the maximum
thickness is always slightly higher in temperature.

Fig. 14 shows the influence of plate thickness on the hot spot effect.
The hot spot heat flux are 4kW/m?, 8 kW/m? and 12 kW/m?, respec-
tively. To take the hot spot size into account, two different hot spot
radii of 7.5mm and 12.5mm are investigated here. The discharge
voltage of ionic wind is consistent with the voltage cooling for 2.5 mm
copper plate heated by a hot spot heat flux in this manuscript, namely
11 kV. It can be seen from Fig. 14 that the change of thickness also has a
slight impact on the temperature value of copper plate surface, but such
difference is not obvious. Comparing the two panels in Fig. 14, the
temperature distribution on the copper plate surface becomes more
uneven with the increasing hot spot radius, and the temperature
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difference at a certain heat flux difference also increases with increasing
hot spot radius.

5. Conclusions

In this study, a three-dimensional numerical simulation and ex-
perimental study was conducted to examine the cooling effect of an
ionic wind generator with a needle-to-ring electrode. The temperature
distributions of a Cu plate heated by heat flux with uniform distribution
and by heat flux with a local hot spot under the cooling effect of the
ionic wind generator were analyzed. The following conclusions were
drawn.

. Air-flow velocity is high in most areas around the axis of the needle
electrode (> 1.5m/s), but it is lower near the surface of the ring
electrode, as a result of the decrease of the axial component of the
electric field force. The applied voltage should be less than the
threshold voltage of spark discharge to ensure effective and stable
operation of the ionic wind generator. If not, breakdown will occur.

. When the plate is heated by a uniform heat flux, the temperature
distribution around the central plate is relatively uniform, and the
temperature decreases only in the areas close to the edge of the
plate. With increasing heat flux of the plate, the overall temperature
of the plate gradually increases, and the influence of discharge
voltage on temperature distribution becomes increasingly more
obvious.

. When the plate is heated by a heat flux with a hot spot, the tem-
perature distribution along the radial direction of the plate is more
non-uniform than without the hot spot, and the higher the hot-spot
heat flux, the more obvious the non-uniformity of the temperature
will be.

. If the hot-spot heat flux is kept constant, the overall temperature of
the plate will increase and the high-temperature area in the center of

90 — T T y : . 120 — . . . . . Fig. 13. Temperature distribution along the ra-
;w = g-gmm i imm " gmm 7KV: —=—2.5mm —o— 4mm —a— 5mm dial direction of the plate with thickness 2.5 mm,
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the plate will gradually expand with increasing hot-spot radius.
Besides, the increase in the copper plate thickness has little influ-
ence on the final temperature distribution.

. The heated plate with a uniform heat flux below 2 kW/m? could be
cooled to lower than 80 °C by the ionic wind generator at an applied
voltage of 11 kV. When the plate is heated by a non-uniform heat
flux with a hot spot, compared with the experimental results of
natural convection, ionic wind can effectively reduce the tempera-
ture of the plate (a temperature drop of at least 45 °C was observed).
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