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This study employs ionic wind to augment heat transfer of a LED mounted on a substrate. The size of the
LED chip is 0.9 mm x 0.9 mm with a nominal power of 1 W. A needle type electrode is used to generate
ionic wind with the applied voltage ranging from 4 to 11 kV. The effects of aligned angle, electrode polar-
ity, separation distance, and ground configuration on the thermal resistance of the LED substrate are
examined in this study. For the same applied voltage, it appears that the thermal resistance for the neg-
ative polarity is lower than that for the positive one and the negative electrode also has a wilder opera-
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Jonic wind resistance is slightly reduced when the aligned angle is increased from 0° to 20°, but a further increase

LED of aligned angle casts no further reduction on the thermal resistance. It is found that the influence of ver-
tical separation distance between the needle and ground electrode is moderately higher than that of hor-
izontal separation distance. Test results also indicate that the mesh ground electrode shows moderately
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lower thermal resistance than those of point or line electrode.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal management is one of the most important issues to en-
sure operational stability of LED lighting applications, and it be-
comes more severe when the power is further increased.
Currently high-power, high-brightness LEDs had penetrated into
almost every aspect of lighting applications [1,2]. High-power LEDs
in operation can produce high luminance, but they also generate
significant heat at the same time. The heat raises severe problems
to maintain a low LED die temperature. It had been reported that
the optical output of the LED is sharply degraded with the increase
in junction temperature [3] because the high temperature signifi-
cantly influences the reliability and durability of the LED [3-5].
In contrast to other lighting sources; radiation heat transfer barely
contributes to heat dissipation for LED due to its relatively low die
temperature as relative to an incandescent lamp [6]. Hence ther-
mal management of LEDs depends mainly on both conduction
and convection heat transfer. The former, which determines the
thermal resistance from LED junction to substrate, plays essential
role in spreading heat from a tiny LED die to its packaging sub-
strate, while the latter is mainly responsible for the heat transfer
from substrate to ambient [7].
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Cooling of LED is primarily via convection and conduction. The
latter involves heat spreading across the bonding interface [8,9]. In
common implementation of LED cooling with regard to convection,
passive methods incorporating natural convection heat sinks such
as plate fin and radial fin (e.g., [10,11]) are the mostly adopted
methods. In addition, some active methods are also available in
heat removal, such as microjet array cooling system for cooling
of a high-brightness LED array [12,13], liquid-cooling system, ther-
moelectric cooler, and oscillating heat pipes are also feasible tech-
niques that efficiently dissipate heat out of the high power LEDs
[14-17]. Though the foregoing active methods show effective heat
removal in high power LEDs, concerns of noise and vibration for
these active methods remain. Therefore, rather than using
mechanical devices to promote airflow for active cooling, the
forced convection can also be implemented without any moving
part such as using an electro-hydrodynamic (EHD) approach,
where no rotational or moving mechanism is involved. This would
certainly simplify the design and manufacture of cooling module
for LED devices.

Forced convection derived from ionic winds had been discov-
ered for more than a century. It was not until in the 1960s did
the ionic winds came into notice as a means for thermal manage-
ment. There had been intensive studies focusing in using the EHD
technique to augment the heat transfer performance of the heat
sinks under natural convection (e.g., [18-21]). The previous efforts
aimed at macro scale heat transfer augmentation under natural
convection. Notice that the size of LED die is rather small and
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Nomenclature
A proportional constant for Townsend like relation for Qq actual heat dissipation, W
positive polarity, A volt—2 Q heat loss from the bakelit, W
A* proportional constant for Townsend like relation for positive R electrical resistance, Q
polarity, A volt—2 R thermal resistance, °C W!
A proportional constant for Townsend like relation RH relative humidity, %
for negative polarity, A volt 2 T temperature, °C
E electric field, Vm! Tins,c1 measured temperature at the top of the bakelite, °C
H height, mm Tins.c2 measured temperature at the bottom of the bakelite, °C
i corona current, pHA AT temperature difference between LED and ambient, °C
h height of the electrode (relative to substrate), mm Vv applied voltage, volt
k thermal conductivity, Wm~! K~! Vo threshold voltage, volt
L length, mm dx distance between the measured temperatures on the
P power, W bakelite, °C
Q rate of heat transfer, W 0 aligned angle, °
normally possess an extraordinary spreading resistance. In this re- 2. Experimental apparatus and data reduction
gard, it would be beneficial to employ EHD near the LED die for
effective lifting of the magnitude of the spreading resistance. The experimental setup consisting of an environmental cham-
Hence it is interesting to examine the influence of electrode ber, a LED die attached on a ceramic substrate, and a power supply
arrangements, such as aligned angle, distance, and ground elec- system, as well as a data acquisition system, is schematically shown
trode configuration on the thermal resistance of the LED chip. inFig. 1a. In order to maintain a constant and uniform ambient tem-
The objective of this study is to clarify the effect of relevant param- perature throughout the chamber without any fan during the exper-
eters of such EHD system. iment, an environmental chamber having a volume of 0.5 m
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Fig. 1. Schematic of the test facility, bakelite, and the point electrode.
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(L) x 0.5 m (W) x 0.5 m (H) was employed to carry out the experi-
mental tests. The ambient temperature in the chamber was set to
be 25 °C and RH = 60% with a controlled resolution of 0.2 °C during
the experiment. To minimize the influence airflow within the envi-
ronmental chamber, an acrylic housing is used to separate the con-
trolled ambient. A power supply (GW Instek GPR-7550D) is used to
power the LED and a power meter (Yokogawa WT230) is used to
measure the consumed power for those LED. The LED chip size is
0.9 mm x 0.9 mm having a nominal power consumption of 1 W.
Note that the corresponding efficiency of the LED, the ratio of net
heat dissipation to total electric power input, is 0.75 according to
the luminous efficacy of the present LEDs provided by the manufac-
turer and the energy balance diagram for high-power white LEDs
proposed by Krames et al. [22]. The electrode is placed above the
LED as shown in Fig. 1b. A thermocouple is used to measure the
ambient temperature. Besides the ambient temperature measure-
ment, additional five copper-constantan thermocouples (Omega),
with their locations being represented in Fig. 1c, were used to mea-
sure the temperature of the LED chip. Notice that the maximum
temperature located at the center is used to calculated the effective
thermal resistance of the LED chip. The thermocouples were pre-
calibrated from 20 °C to 80 °C, with a calibrated accuracy of 0.1 °C.
All the measured temperatures were recorded by a data acquisition
unit (Yokogawa MX100) for further heat transfer analysis. An insu-
lation box made of bakelite with a low thermal conductivity of
0.233Wm 'K ! is placed beneath the heater to reduce the heat
loss. In addition, a total of four T-type thermocouples are installed

100

e 6.85 mm o Electrode,
3 mm| — /_,L
o & 1
% 80 m O Chip 5mm
:U . ° ¢ & Ground v
8 60 SO
g s | 8
g Eg s °.
= 40 | @ Negative electrode, § = 0
= O Positive electrode, 8 = 0’
g 4 Negative electrode, 6 = 20’
2 20 <> Positive electrode, § = 20"
= M Negative electrode, 6 = 40
[  Positive electrode, 6 = 40"
0 1 1 L L L
0 2 4 6 8 10 12
Voltage (kV)
(a) Thermal resistance vs. applied voltage.
35
30 | @ Negative electrode, 6 = 0" °
O Positive electrode, 8 = 0 *
25 | L 2 Negative electrode, 6 = 20’ .
- {>Positive electrode, O = 20’
é 20 M Negative electrode, 6 = 40"
z [J Positive electrode, 6 = 40" ] *
5
E 15+ 685mm ,  Electrode
= N 3w
O A = -
10 ! ;
Chip cound | 5mm , 0O <>
B Grown
5 [ @ <>
0} L . L L
0 2 4 6 8 10 12

Voltage (kV)
(b) Tonic current vs. applied voltage.

Fig. 2. Effect of aligned angle on the thermal resistance and the corresponding I-V
characteristics of the LED chip.

inside the bakelite block at two cross positions to calculate the heat
loss from the bottom of the Kapton heater as depicted in Fig. 1c.

The measured average temperature in the backlite is then used
to estimate the heat loss via Fourier’s law of conduction. In this
study, a point electrode is used for engendering the ionic wind
while the ground electrodes are either point, wire, and mesh type.
Notice that the point electrode is made of stainless steel of 1 mm in
diameter and capped with a hemisphere tip of 0.2 mm as shown in
Fig. 1d and e.

The heat dissipated of the LED (Q) is estimated as the 75% of the
total power input (P) as explained earlier. The actual heat dissi-
pated, Qg by convection is thus obtained by subtracting the heat
loss (Q;) from the total dissipated heat:

QL=Q-Q (M
ar Tins.c — Tinsc
Q :MEZM% (2)

where Q, represent heat loss from the bakelite. Hence, the thermal
resistance of the LED subject to EHD is given as:
AT

R = — 3

" Q, )
where AT represents the temperature difference between LED and
ambient. The uncertainty of the measured thermal resistance was
ranged from 3.3% to 5.2%.

3. Results and discussion

Fig. 2a shows the effect of aligned electrode on the thermal
resistance subject to the applied voltage and the corresponding

(e
(=]

_
(@)
(=)

O

°s

Y

L Electrode
—

d
Chip 5mm
B Ground

o

Thermal resistance ( C / W)

(o))
=]

908 '.0 *

40
@ Negative electrode, L =3 mm, W = 6.85 mm
O  Positive electrode, L =3 mm , W = 6.85 mm
20 ’ Negative electrode, L =5 mm , W = 8.85 mm
Q Positive electrode, L =5 mm , W = 8.85 mm
O 1 1 L L 1
0 2 4 6 8 10 12
Voltage (kV)
(a) Thermal resistance vs. applied voltage.
60
@ Negative electrode, L =3 mm , W = 6.85 mm
50 O  Positive electrode, L =3 mm, W = 6.85 mm ’
0 Negative electrode, L =5 mm , W = 8.85 mm .
2 40 - > Positive electrode, L =5 mm, W = 8.85mm
=
=
230 ¢ ‘ so
2 — °
= L Electrode
O 20 ¢ § == z
Chip Smm
| Ground +
10 f — B t= 5 Oo
0 . ‘ o«® ‘ .
0 2 4 6 8 10 12

Voltage (kV)
(b) Ionic current vs. applied voltage.

Fig. 3. Effect of horizontal separation distance on the thermal resistance and the
corresponding IV characteristics of the LED chip.
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variation of corona current is depicted in Fig. 2b. Note that the data
with supplied voltage being 0 kV represents the base line reference
where only pure natural convection is present. The height of thee
point electrode is 5 mm above the LED substrate whereas the
ground electrode is on the substrate having a line configuration
as shown in the schematic. The aligned angle is 0°, 20°, and 40°
from the horizontal orientation, respectively. Test results clearly
show that the thermal resistance is appreciably reduced with the
rise of the applied voltage as long as the supplied voltage pass
the threshold voltage, and the maximum reduction in thermal
resistance can be as high as 50% before the spark over voltage is
reached. Notice that the threshold voltage is about 4 kV. This pre-
vails for both positive and negative electrode but it is noted that
the negative electrode normally shows a smaller thermal resis-
tance than that of the positive polarity around 10% order. One of
the explanations for this phenomenon is due to the higher mobility
of the negative ions. Notice that the mobility of air for positive ion
is 1.4 x 1074 m?/volt s while the negative ion is 2.0 x 1074 m?/
volt s [23]. An indirect evidence of the better heat transfer perfor-
mance for negative ion can be seen from Fig. 2b which shows that
the corona current at an applied voltage for negative ion is nor-
mally higher than that of the positive ion. Since the induced ionic
wind velocity is proportional to the square root of corona current
[24], it therefore suggests a higher heat transfer performance of
the negative polarity. On the other hand, the break down voltage
for positive electrode is appreciably lower than that of negative
electrode, implying a shorter operation range of the positive elec-
trode. The results are in line with the observation by Shaughnessy
and Solomon [25] who had presented -V characteristics for posi-
tive and negative electrode with separation distance being

80

o~f%
s
¢ e

60 + 6.85 mm

3mm - %

e Flectrode .
40 | Chip_ IISnlm

o

Thermal resistance (C / W)

@® Negative electrode, h =0 mm
20 F| O Positive electrode, h =0 mm
’ Negative electrode, h =3 mm
<> Positive electrode, h =3 mm
0 n L L I
0 2 4 6 8 10

Voltage (kV)
(a) Thermal resistance vs. applied voltage.

25
@® Negative electrode, h =0 mm 3
| O Positive electrode, h =0 mm
20 X
0 Negative electrode, h = 3 mm
— Q Positive electrode, h =3 mm
ERER
= L 6.85mm J
-
5 101 . Electrode
© - e
cmpﬁmu/nd h Is mm
5t —&——l— L. .<>
0 Y <N
0 2 4 6 8 10
Voltage (kV)

(b) Ionic current vs. applied voltage.

Fig. 4. Effect of vertical separation distance on the thermal resistance and the
corresponding I-V characteristics of the LED chip.

20 mm, 75 mm, and 300 mm, respectively. Their results clearly
showed that the ionic current for positive electrode is appreciably
lower than that of negative polarity. Yet the spark-over voltage for
positive the separation distance of 20 mm is only half of the nega-
tive polarity. The measured ionic current vs. applied voltage is
shown in Fig. 2b. Note that the I-V reveals a Townsend like behav-
ior, i.e.

i=AV(V - V0) (4)

where A is the proportional constant for Townsend like relation and
Vo is the threshold voltage. Ferreira et al. [26] also unveiled similar

(a) Point ground

-

(b) Line ground

(c) Mesh ground

Fig. 5. Photo of the configuration of ground electrode - (a) point ground; (b) line
ground; and (c) mesh ground.
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results and the proportional constant A is related to the separation
distance and normally the proportional constant for native polarity
A~ exceeds than that of A*. The value A~/A* is about 1.8 when the
separation distance is 15 mm. The present results for A~/A" are in
the order of 2 since our separation distance is less than 10 mm.

Also shown in Fig. 2a, with an increasing the aligned angle to
20° leads to an appreciable drop of thermal resistance even though
the distance between the electrode and the LED is fixed. However,
a further increase in aligned angle to 40° shows no further decrease
in thermal resistance. The decrease of thermal resistance with the
aligned angle is related to the induced airflow in which a larger in-
duced airflow parallel to the chip is introduced. In contrast, since
the ground electrode is located about 3 mm ahead of the die chip,
a larger aligned angle does not appreciably increase the ionic wind
component parallel to the chip direction. The airflow produced by
electronic discharge in a pin-plate configuration was numerically
illustrated by Zhao and Adamiak [27]. They had conducted a
numerical calculation of the airflow engendering from a needle
electrode normal to a plate ground. Their calculations clearly show
that an apparent axial flow is induced from the electrode toward
the plate ground while a radial flow component occurs near the
ground plate, and a re-circulation may even exist from this radial
component. With the rise of the aligned angle, it is expected that
the radial component is also increasing which may contribute to
reduce the thermal resistance. But on the other hand, a further rise
of aligned angle also reduce the axial velocity component that acts
to increase the thickness of thermal boundary layer and the possi-
ble formation of re-circulation of the radial component as shown
by Zhao and Adamiak [27]. As a consequence, one can see that
the thermal resistance between 20° and 40° is comparable.
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Fig. 6. Effect of the configuration of the ground electrode on the thermal resistance
and the corresponding I-V characteristics of the LED chip.

The effect of horizontal separation distance of electrode on the
thermal resistance is shown in Fig. 3a and the corresponding ionic
current is shown in Fig. 3b. Analogously, the negative polarity also
shows a lower thermal resistance than that of the positive electrode
and the positive polarity shows a narrower operation range. Nor-
mally a shorter horizontal separation distance gives rise to a smal-
ler thermal resistance due to its higher electric strength (V/m).
However, the breakdown voltage is also lower for a shorter dis-
tance. The overall thermal resistance reduction is about the same
for both horizontal separation distance but a longer distance pro-
vides a much larger operational range. Fig. 4 shows the effect of ver-
tical separation distance of the electrode on the thermal resistance
and its corresponding I-V characteristics. Notice that the point and
ground electrode are shifted vertically by 3 mm simultaneously. In
contrast to that of horizontal separation, the thermal resistance is
substantially reduced subject to vertical separation. For a negative
polarity of 6.7 kV, the thermal resistance for h = 3 mm is approxi-
mately 45% lower than that of h = 0 mm. The results are quite sur-
prising for the corona current appeared in Fig. 4b is roughly the
same, suggesting similar ionic wind velocities at the point electrode
between h = 0 and h = 3 mm. The huge difference is actually associ-
ated with effective airflow as it flows across the LED chip. With
h =0 mm, the intensity of the induced airflow is jeopardized with
the presence of substrate wall surface where no slip condition pre-
vails. The condition is eased when h is slightly increased to 3 mm in
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which the induced jet stream does not significantly influenced by
the presence of substrate surface.

The effect of the configuration of the ground electrode on the
thermal resistance is also examined in this study. The ground con-
figurations tested in this study include point, line, and mesh as de-
picted in Fig. 5. The corresponding measured thermal resistance
and IV characteristics are shown in Fig. 6. Apparently, the thermal
resistance for the mesh ground electrode is lowest among the three
ground electrodes, followed by the line electrode, yet the point
electrode shows the largest thermal resistance and the shortest
operation range from the threshold to the break down voltage.
The results can be interpreted from the LDA velocity measurement
in a negative-to-plane corona wind by Béquin et al. [28]. They
showed that whatever the geometric and electric configuration,
the measured velocity decreases abruptly near the point electrode
and decreases very slowly toward the mesh. On the other hand,
Zhao and Adamiak [27] had conducted numerical calculation for
ionic wind amid plate and mesh ground electrode. One of the inter-
esting results they found for the mesh electrode relative to that of
plate electrode is the elimination of the radial component as the
airflow is approaching the ground electrode, thereby eliminating
the re-circulation follow caused by the radial component. In this
regard, more uniform airflow toward the mesh electrode is ex-
pected, and results in a higher heat transfer performance when a
mesh ground electrode is used. For a further clarification of the ef-
fect of mesh type electrode, three mesh densities are used for test-
ing. The nominal mesh density is mesh #30, mesh #50, and mesh
#100. The mesh #30 indicates there are 30 pores per inch and so
forth. The corresponding stainless wire diameter of the mesh
#30, #50, and #100 are, 0.3, 0.2, and 0.1 mm, respectively. Test re-
sults shown in Fig. 7 indicates that the thermal resistance is
slightly reduced when mesh 30 is changed to mesh 50. In contrast,
the thermal resistance remains about the same when the finest
mesh (mesh #100) is used. Despite a slight drop of thermal resis-
tance is associated with uniform ionic velocity exerted by the mesh
electrode, finest mesh is also prone to a higher frictional resistance,
thereby reducing the effective induced ionic wind across the mesh
electrode. As a result, no further improvement in thermal resis-
tance is observed at the finest mesh.

4. Conclusions

This study employed ionic wind to augment heat transfer of a LED
mounted on a substrate. The size of the LED die is 0.9 mm x 0.9 mm
with a nominal power of 1 W. A needle type electrode is used to gen-
erate ionic wind with applied voltage ranging from 4 to 11 kV. The
effects of aligned angle, electrode polarity, vertical position, horizon-
tal position, and ground configuration on the thermal resistance of
the LED substrate are examined in this study. Based on the foregoing
discussions, the following conclusions are reached:

1. For the same applied voltage, it appears that the thermal resis-
tance for the negative polarity is lower than that for the positive
one within the operating voltage. The negative polarity gener-
ates a greater corona current and has a better operational range
as compared with the positive one. The thermal resistance can
be reduced as much as 50% in the test range.

2. The thermal resistance is slightly reduced when the aligned angle
isincreased from 0° to 20°, but a further increase of aligned angle
casts no further reduction on the thermal resistance. This is asso-
ciated with variation of radial component of the ionic wind.

3. For the effect of separation distance between electrodes, it is
found that the influence of vertical separation distance is mod-
erately pronounced than that of horizontal separation distance.
This is related to the influence of the substrate surface.

4. A total of three kinds of ground electrode, including point, line,
and mesh electrode are tested and compared. It is found that
the mesh electrode shows a moderately lower thermal resis-
tance than the other electrodes. The thermal resistance is
slightly reduced when the mesh size is increased from #30 to
#50. However, a further increase of mesh size to #100 shows
no further improvement due to its higher frictional
contribution.
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