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ABSTRACT

Enhancement of heat transfer plays an important role in the cooling of electronic or refrigeration systems, and its
characteristics could strongly affect the stability and performance of such systems. To enhance heat transfer, air
cooling of forced convection remains one of the main solutions. For example, conventional rotary-fan air cooling is
still dominant in many areas. However, with the increasing of heat generation in these systems, the limitation of the
conventional rotary-fan air cooling is become more obvious. So, demands in novel air cooling technology become
necessary, e.g., silent and high efficient air cooling. Recently, ionic wind, which has no moving part and is easily
miniaturized, shows great potential in heat dissipation and attracts widespread attentions. In this work, ionic wind,
which is produced by wire to plate configuration for forced convection enhancement of horizontal flow along the
plate, is numerically investigated. Firstly, a multi-physic model, which accounts for electric field, charge distribution,
fluid dynamics, and heat transfer phenomenon, is presented. Comparisons between the simulation and literature data
are conducted. Results show that better agreements are achieved by the developed model. Secondly, influences of
the emitting electrodes numbers are analyzed. Results show that multiple electrodes configuration has higher
performance in terms of heat transfer coefficient than that of the single electrode. Investigations are also carried out
on the influences of the distances between the emitting electrodes. Thirdly, effects of the main parameters of ionic
wind, such as the inlet velocity, and voltage applied on the electrodes etc., are investigated. Finally, by using the
multi-physic model of ionic wind, characteristics of the heat transfer are predicted. It is found that the maximum
enhancement of average heat transfer coefficient could reach around 140 %.

1. INTRODUCTION

Due to the rapid development of the electrical equipments, and refrigeration science and technology, an increasing
heat is generated in these systems. To satisfy the need of the heat load and increase the performance of the
equipments and systems, high efficient heat transfer enhancement technology is in great demand. lonic wind has
been proposed and studied as a new way to enhance heat transfer. lonic wind is base on the corona discharge, which
resulting from high electric potential difference between two electrodes with different curvatures. When the electric
field density near the high curvature electrode is strong enough, the dielectric surrounds it is ionized, and the ionized
particles are accelerated towards to the other electrode by the electrical force, then air flow is induced by the
momentum transfer between the ionized particles and air (Fylladitakis et al., 2014). According to the production
principle of the ionic wind, it has the advantages of no moving part and simple structures with high heat transfer rate, so
it has been thought as a promising method in high efficient and silent cooling.

lonic wind was first recorded by Hauksbee (1709), and its ability to enhance the natural convection was reported by
Senftleben (1931). Since then, theoretical and experimental researches on ionic wind have been taken. The mechanism
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of gas movement during the corona discharge was studied by Robinson, an approximate theory related electrical and
aerodynamic quantities was developed (Robinson, 1961). Stuetzer (1959) investigated the static pressure generation by
ionic wind numerically and experimentally, and a theory of pressure buildup in corona discharge was present. The
voltage-current characteristics of the wire to plate ionic wind was studied by Ohashi and Talaie, respectively, and the
evaluated methods were proposed (Ohashi and Hidaka, 1998; Talaie et al., 2005).

With the development of the theory of ionic wind, the study of ionic wind applied on heat transfer enhancement attracts
more attentions. In 1979, the convection heat transfer enhancement of a heated flat by ionic wind was investigated,
results show that by using ionic wind, a large increase in heat transfer was obtained at low stream velocities, while at
high stream velocities, this gain decreased to zero (Velkoff and Godfrey, 1979). Dulikravich et al. (1993) proposed a
mathematical model for laminar steady flow heat transfer enhancement of ionic wind, results predicted an increase of
the convective heat transfer rate was between 12 % and 64 %. Mathew et al. (1995) enhanced heat transfer by applying
double electrodes ionic wind, visualization flow patterns, heat transfer rate and power supply were obtained, numerical
results show that the maximum enhancement in heat transfer can be six times of that with no ionic wind. Thermal
characteristics of laminar force convection inside a double-flow solar air heater using ionic wind was numerically
investigated by Kasayapanand et al. (2006), it was found that the number of the electrodes can influence the
enhancement of heat transfer and can also affected the solar collector efficiency. Kalman and Sher (2001)
experimentally studied the performance of an electrostatic blower which creates ionic wind by a wire electrode and
confined wings, the optimal parameters such as wing gap, vertical distance between electrodes etc. were found to
obtain the highest velocity and heat transfer coefficient. Moreover, experimental optimize of the electrostatic blower
geometry was conducted and at the optimal geometry, the heat transfer coefficient was three times higher than the free
convection (Rashkovan et al. 2002). And in 2008, Go et al. (2008) experimentally investigated the external forced
convection enhancement by single wire to plate ionic wind, heat transfer coefficients were obtained and a more
than 200 % increase in local heat transfer was observed. Chen et al. (2013) applied ionic wind for enhancing LED
lighting cooling, the experiment results shows 50 % decrease in thermal resistance can be obtained.

Based on the experiment data by Go et al. (2008), a model of forced convection cooling of horizontal ionic wind with
multi-electrodes is made and simulated in present work. Current-voltage characteristics are calculated and a
comparison between the simulated data and experimental data is carried out. Then, flow field of ionic wind with
multi-electrodes are obtained, and the average heat transfer coefficients are calculated. Moreover, heat transfer
enhancements affected by the different number of electrodes are investigated. And the optimize of the distances
between the emitting electrodes are also conducted. In addition, other parameters such as the inlet velocity, and
voltage applied on the electrodes etc., are changed to study their influence on the heat transfer. Finally, the cooling
effectiveness of the ionic wind with multi-electrodes are discussed.

2. MATHMATICAL MODEL

lonic wind is a complicated phenomenon with coupled physics of electric field, charge distribution, fluid dynamics,
and thermal field. In this work, theory of electrohydrodynamic is considered to simplified the model, and a two-
dimensional mathematical model is made. The governing equations for the electrical field is given

Vip="Le ®
&
E=-Vg @)

Where ¢ is the electrical potential between the electrodes, and p. is the space charge density, ¢ is the dielectric
permittivity of air. E in equation (2) stands for the electrical field density. In order to solve these two equations the
space charge distribution must be obtained. Under steady condition, the space charge is governing by the current
continuity equation:

V-J=0 @)
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J=u,p,E-DVp, (4)

Where J is current density, u, is the ions mobility in the electric field, and D represents the diffusivity coefficient of
ions. In equation (4), the effect of mass diffusion of the ions is considered and shown in the second term on the right
side, and the first term stands for the conduction effect (Grosu and Bologa, 2008).

For flow field part of the ionic wind, a combination of Navier-Stokes equations and continuity equation for two-
dimensional steady condition incompressible laminar flow is present:

p,(U-V)u=V?u-Vp+F, )

V-(p,u)=0 (6)

Where p, is the density of the fluid air, u is the velocity, « represents the dynamic viscosity of air, p stands for the
local pressure of the fluid, and F is the volume force. In the model of ionic wind, volume force is given as below
(Grosu and Bologa, 2008):

— = 1=2 1_ =20
Fe =peE__E V&'-F—V[E [_g]T pa] (7
2 2 op,

The first term on the right is the electric force exerted upon free charge, and the second term is the dielectrophoretic
force, while the third term represents the electrostrictive forces within the fluid. The permittivity gradient term can
be negligible in most gas, and literatures show that the electrostfiction only affect the flow in a two-phase interface
(Owsenek et al.,1995). So the second and third term on the right hand of the equation (7) is omitted in present work,
and electric force is the volume force in equation (5).

Heat transfer and temperature distribution can be obtained by the energy equation:
p.C,u-VT =KVT + 1, p,E? ®)

Where T is the temperature of the fluid air, C, is the isobaric specific heat capacity of air, k is the thermal conductivity
of air, E is the electrical field strength. The joule heating is considered and shown in the last term of the equation (8).

Based on the experiment of the Go (Go et al., 2008), a rectangle simulation domain is applied and shown in Figure 1.
The length and height of the rectangle domain is 125 mm and 50 mm, respectively. And the bottom boundary 2,4
and 5 of the rectangle stands for a heated flat plate. The emitter electrode 3 is placed above the flat plate, and the
height of the electrodes is set as 3.15 mm, the radius of the emitter electrode is 25 um. A 6.35 mm wide collector
electrode 4 is placed on the flat plate, the horizontal gap between the emitter electrode and the collector G is 2 mm.

50

40—
30
20— | 1 6

3
0 2 HTG 4 5

| | | | | | | | | | | | |
-10 0 10 20 30 40 50 60 70 80 20 100 110

Figure 1: Simulation domain of the ionic wind.
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To solve the equations above, appropriate boundary conditions should be given. The boundary conditions in present
work are listed in Table 1.

Table 1: Boundary conditions for simulation

Boundary Electric field Charge Transport | Fluid dynamics | Heat transfer

1 Absorbing boundary condition Zero flux U=ug T=Tamb

2 Absorbing boundary condition Zero flux Wall, no slip T=Tpjate

3 p=Up Pe=Po Wall, no slip Adiabatic

4 =0 Zero flux Wall, no slip T=Tpjate

5 Absorbing boundary condition Zero flux Wall, no slip T=Tpjate

6 Absorbing boundary condition Zero flux P,.=0 -

7 Absorbing boundary condition Zero flux Symmetric -

From Table 1, in electric field, the electric potential Uy applied on the emitter electrode is given and the collector
electrodes are set grounded. An initial surface charge density po on the emitter electrode is obtained by the V-I
characteristics of the ionic wind from experiment data and set as the boundary condition for charge transport
equation. And the inlet velocity and temperature of the bulk flow is given. Temperature of the wall is alternated to
simulate the effect of the heat load on the heat transfer.

3. RESULTS AND DISCUSSION

Using finite element method, the coupled equations above are solved and simulation results are obtained. The current
of the single electrode model is calculated first and the comparison between the experiment data (Go et al., 2008) is
shown in Figure 2.

—_ =
[T
—

112 12
I'"(uA™)
S = N W A LV O 0 O
T

3.0 3.5 4.0 4.5 5.0 5.5 6.0
UkV)

Figure 2: Comparison of discharge current between simulation and experiment data. o, experiment data at G=0 mm; m,
simulated data at G=0 mm; A , experiment data at G=2 mm; A, simulated data at G=2 mm; o, experiment data at G=4
mm;e, simulated data at G=4 mm;\/, experiment data at G=6 mm; V¥, simulated data at G=6 mm; Solid lines are V-I
characteristics of experimental data at different electrode gaps.

From the figure, the calculated currents are in good agreements with the experiment data, and the boundary
conditions of the charge transport equation are verified. Then the model of force convection of horizontal ionic wind
with different emitter electrodes are carried out, and simulation results are present below.

3.1 Force convection of horizontal ionic wind with single emitter electrode
A model of force convection of horizontal flow is established to study the heat transfer enhancement by ionic wind
with single emitter electrode. The flow field are obtained and shown in Figure 3.
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In Figure 3, the potential on the emitter electrode Uy=4.50 kV, and inlet velocity of horizontal bulk flow is 0.28 m.s™,
the temperature on the flat plate is Tp.=343.15 K. Average heat transfer coefficient is calculated by equation (9):

h=— ©)
A(Tplate _Tamb)
Velocity magnitude (m/s)
50 1.1
45
40

W)
. @10 0 il gl
T T T T T T T T T T

|

where Q is the heat flux of the plate, A is the area of the flat plate, T,y is temperature of the environment, h
represents the average heat transfer coefficient of the plate. Using equation (9), the average heat transfer coefficient
is 33.74 W m? K™ The maximum velocity is 1.10 ms™, it's almost four times that of the bulk flow, the flow
accelerated strongly by the ionic wind. And from the flow pattern shown in Figure 3, the boundary layer near the
plate is destroyed and rebuild, so the heat transfer is enhanced by this two effects. The percentage improvement in
average heat transfer is define as (Go et al., 2008):

o oo 0 0 =
[V I ¢ VI 1]

L L L L L L
o] 20 40 60 80 100

Figure 3: Flow field of the single electrode ionic wind

(h

T = A bulk-+ionic hbulk) %100 (10)

bulk

where T represents the percentage improvement in average heat transfer, hyy+ionic 1S the average heat transfer of
plate with ionic wind, and hyy is the average heat transfer of plate without ionic wind. Applying equation (10), a
nearly 50 % improvements in average heat transfer coefficient is obtained by ionic wind with single electrode at the
condition above.

The horizontal distance between the emitter electrode and the collector G is varied to study its influence on heat
transfer, the results are shown in Figure 4.

50 T T T M T T T T T
I ] ]
45 1 1
a
I 3 o ]
40 o 9 q
z + o |
T =}
(E.d 35L o @ _
I o R .
= 30 N 4
R o @ N
I ° N
5L 8 N i
NI
20 1 I 1 n 1 I 1 I 1 n
35 4.0 4.5 5.0 55 6.0

U(kV)
Figure 4: Heat transfer coefficient at different horizontal distance between the emitter electrode and the collector G,
plate temperature is 343.15 K. o, G=0 mm; o, G=2 mm; V', G=4 mm; A , G=6 mm.
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As shown in Figure 4, at the same electrical potential, with the increase of the horizontal electrode gap G, heat
transfer coefficient decreased. Due to the small differences between the discharge currents of the G=2 mm and G=4
mm, little differences in heat transfer coefficients are observed. In addition, with the applied potential on the emitter
electrode increases, the heat transfer coefficient increases, better heat transfer performance is obtained. Compared
Figure 4 with the current-voltage characteristics of the ionic wind, it is found that a high discharge current lead to a
high heat transfer coefficient, so the discharge current plays an important role in heat transfer enhancement of ionic
wind. Choosing G=2 mm as default value, the other parameters of ionic wind are studied.

45 T T T T T T T
single electrode

40 E
o~ 35F T
M
k=

> 30F i

2
=<

25 - B

20 1 L 1 " 1 L 1 " 1 "

3.5 4.0 4.5 5.0 5.5 6.0
U(kV)

Figure 5: Heat transfer coefficient at different plate temperature. m, plate temperature is 343,15 K; o, plate
temperature is 333,15 K; A, plate temperature is 323,15 K.

The different heating load is applied on the flat plate by setting different flat temperature. The effects of the plate
temperature on the heat transfer are shown in Figure 5. In Figure 5, at the same electrical potential, the heat
coefficient increases with the increase of the plate temperature, which predicted a high performance of heat transfer
in high heat load area by using ionic wind.

3.2 Force convection of horizontal ionic wind with multi-electrodes

Since heat transfer is improved by horizontal ionic wind with single electrode, to further enhance the heat transfer,
multi-electrodes structure of horizontal ionic wind is considered. In horizontal ionic wind with multi-electrodes, two
or more emitter and collector electrode are applied and the simulations are carried out. In multi-electrodes model the
horizontal gap between the emitter electrode and the collector G is 2 mm by default, temperature of the heat plate is
fixed at 343.15 K. Figure 6 shows the velocity distribution of horizontal ionic wind with two and three pair of
electrodes at Uy= 4.5 kV. Two emitter electrodes are placed at x=0, 20 mm, and the third electrode is placed at x=40
mm for three emitter electrodes condition.

Velocity masnitude (m/s)

[E1s] T T &~ 131
15 N
10
a6 1.2
20 1
s b o. 8
20
15 4 0. 6
10 1 [T |
5
= M o2
5 . . . . . \ o
(] 20 10 a0 80 100 w O
Velocity masnitude (m/s)
50 9 M 1. 43
45 E
40 | 1.4
;;,!? 1.2
30
25 1
20 0.8
15 0.8
10
t o. 4
s} J o. 2
-5 \ \ \ . . \ 4 o
[s} Z0 40 &0 S0 100 v O

Figure 6: Velocity magnitude of horizon ionic wind with two or three pair of electrodes.
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As shown in Figure 6, the horizontal flow are accelerated several times, and the boundary layer near the plate is
disturbed repeatedly, so with the increases of the emitter electrode numbers, the maximum velocity increases, and
the heat transfer can be further improved. To clearly present the performance of the heat transfer enhancement of
multi-electrodes ionic wind, heat transfer coefficients are calculated and influences of the emitter electrode numbers
are shown in Figure 7.

60 T T T T T T T T T

50 F -

45} _

AW-m™>K")
ES

351 R

30 R

25+ B
1 " 1 n 1 n 1 L 1

3.5 4.0 4.5 5.0 5.5 6.0

UkV)
Figure 7: Influences of the electrode numbers on force convection of horizontal flow. m, single emitter electrode; e,
two emitter electrodes; A, three emitter electrodes; ¥, four emitter electrodes; o, five emitter electrodes.

From Figure 7, five conditions of different emitter electrode numbers are investigated, and the distance between the
emitter electrodes d are set as 20 mm, inlet velocity of horizontal bulk flow is set 0.28 m.s™. Results show that the
increases in emitter electrode numbers lead to an increase in heat transfer coefficients. However, with the increase of
emitter electrode numbers, the increases rates of heat transfer coefficients decreased. So less heat transfer
enhancement per wire electrode is obtained by multiple electrodes.

Then, the optimize study of distances between the emitter electrodes d is carried out. Figure 8 presents the effects of
the distance between the emitter electrodes d on heat transfer coefficients.

L—r—TT T T T T T T T T T T
41k DDDDDDD |
40 - o o -

39+ E
oco%0000
o0 OOOOOOO )
oo

()
[ee]
—T—
o
o

OQOOO —

AW-m>K™")
(98]
~l
]

35+ e
341 i
PR ENI I U I U T ST NI S I S R R R
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

d(mm)

Figure 8: Effect of the distance between the emitter electrodes d on heat transfer coefficient. Ty=343.15 K,
Uo=4.5 kV, uy=0.28 m.s™. o, ionic wind with two emitter electrode; o, ionic wind with three emitter electrode.

In Figure 8, horizontal ionic wind with two and three pair of electrodes are investigated, results show that with the
increase of the distance between the emitter electrodes d, the average heat transfer coefficient increases rapidly first,
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and then decreases after reaching the peak value. So there is an optimal distance between the emitter electrodes to
achieve the highest heat transfer coefficient, and the optimal distance is around 30 mm at present condition.

Figure 9 shows the influence of the inlet velocity of bulk flow on the heat transfer coefficients, three pair of
electrodes with 30 mm spacing are considered, the temperature of the plate is 343.15 K, and the applied potential is
fixed at 4.5 kV. It is found that with the increase of the inlet velocity, the performance of heat transfer improved, but
the percentage improvement in average heat transfer coefficient decreased. It means that the influence of ionic wind
on bulk flow is significant at low stream velocities, when stream velocities increases, the heat transfer enhancement is
dominated by the bulk flow.

50 T . T - : . T . 3 120
o . L] 4
[ ]
B . ° 100
[ ]
ol o 2 .
= 180
Ean [ ]
:‘;.4 35+ o n ] —_
e s
= o L] 60 o=
Q —~
= 30 - u B
= -7 140
25+ L o 4
o
u o] 4
20+ 120
0.2 0.4 0.6 0.8 1.0
uo(m~s")

Figure 9: Effects of the inlet velocity of bulk flow u, on heat transfer coefficient. m, heat transfer coefficients of
bulk flow; e, heat transfer coefficients of bulk flow with ionic wind; o, percentage improvement in average heat
transfer coefficient.

Further study on percentage improvement and cooling effectiveness is carried out. The cooling effectiveness is defined
by dividing the thermal power removed by the total power input (Jewell-Larsen et al., 2008):

_Q
=15 (11)

Where 1 is the total current of the ionic wind, U stands for the input voltage, # is the cooling effectiveness. The
cooling effectiveness shows the power consumption of the ionic wind, a high » means the ionic wind can remove
more heat at the same power input.

v T + T T T g T T T T
140 + - 1200
L A
1201 11000
100 -
1800
S sof
= {600 =
60
{400
40t ]
0} {200
0 I 1 1 1 0
30 35 40 45 50 55 60

U(kV)
Figure 10: Percentage improvement in average heat transfer and cooling effectiveness of the horizontal ionic wind. m,
percentage improvement in average heat transfer of ionic wind with single electrode; ¥, percentage improvement in
average heat transfer of ionic wind with two electrodes; A, percentage improvement in average heat transfer of ionic
wind with three electrodes; o, cooling effectiveness of the horizontal ionic wind with single electrode; o, cooling
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effectiveness of the horizontal ionic wind with two electrodes; A , cooling effectiveness of the horizontal ionic wind
with three electrodes.

Both of the percentage improvements and cooling effectiveness of the horizontal ionic wind are calculated and shown
in Figure 10, distance between the emitter electrodes d is fixed at 30 mm under multiple electrodes conditions. It is
found the maximum enhancement of average heat transfer coefficient can reach 140 %, and the enhancement of
average heat transfer coefficient is significant in multi-electrodes configuration. However, with the increase of the
electrodes, the cooling effectiveness decreases, and though high voltage can significant improve the heat transfer, its
effectiveness is low.

6. CONCLUSIONS

In present work, wire to plate configuration ionic wind for forced convection enhancement of horizontal flow along
the plate is investigated. A two dimensional model is established and numerically simulated. Force convection of
horizontal ionic wind with single electrode and multi-electrodes are studied. For single electrode, the horizontal gap
G between the emitter and collector is changed to study its effects, the current of ionic wind and flow field are
obtained, and heat transfer coefficient are calculated. Results show that heat transfer coefficient increases with the
increase of the applied voltage and the decrease of the horizon gap G. The discharge current plays an important role
in heat transfer enhancement of ionic wind, a high discharge current can brought a high heat transfer coefficient.
Then the influence of the heating load of the plate is investigated, with the increase of the temperature of the flat
plate, better heat transfer performance is obtained. Further study on improve the heat transfer by ionic wind with
multiple electrode is present. It is found that multiple electrodes configuration predicts higher performance in terms
of heat transfer coefficient than that of the single electrode. However, the increases rates of heat transfer coefficient
decreased with the increase of emitter electrode numbers. The effect of the distance between the emitter electrodes
are conducted, to achieve the highest heat transfer performance, an optimal spacing of around 30 mm between the
emitter electrodes is obtained at present condition. Moreover, the investigation of the inlet velocities of the bulk flow
shows that ionic wind plays a leading role on heat transfer enhancement at low stream velocities, with the stream
velocities increases, the bulk flow would be the dominant. Finally, percentage improvement of average heat transfer
coefficient and cooling effectiveness of the horizontal ionic wind are calculated. A maximum enhancement of average
heat transfer coefficient around 140 % is obtained, and though the enhancement of average heat transfer coefficient
is significant in multi-electrodes configuration with high applied voltage, its cooling effectiveness is relatively low.
So, finding better parameters to enhance heat transfer by ionic wind at high cooling effectiveness is necessary.

NOMENCLATURE
7 electrical potential V)
Pe space charge density (Cm?3)
€ dielectric permittivity of vacuum )
E electrical field density vector (v m?
J current density vector (A m?)
Lle ions mobility coefficient (m?v*s?)
D diffusivity coefficient of ions (m?s™)
Da density of the fluid air (kg m™)
u velocity vector of fluid (ms™
P dynamic viscosity of air (kg m™s?)
p local pressure of the fluid (Pa)
Fe body force vector (N)
Cp isobaric specific heat capacity of air kgt K™
T temperature of the fluid air (Pa)
0] applied voltage on the electrode V)
I discharge current (A)
h average heat transfer coefficient (W m?K?h
A area of the flat plate (m?)
Q heat power removal of the plate (W)
r percentage improvement in heat transfer (%)
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d distance between the emitter electrodes (mm)
G horizon electrode gap (mm)
n cooling effectiveness )
X x-coordinate )
Subscript
e electrical
a air
P pressure
out out flow
amb ambient
plate heating flat plate
bulk bulk flow
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