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The present study investigates the effect of oscillatory EHD on the heat transfer performance of a flat
plate. A needle type electrode with positive polarity is used to generate ionic wind with applied voltage
ranging from 4 to 9.5 kV. The wave forms of the input voltage are either steady or stepped and the fre-
quency ranges from 0.5 to 2 Hz with the separation distance between the electrode and the test plate
being 5 and 15 mm, respectively. It is found that at the same applied voltage, the heat transfer perfor-
mance subject to the oscillatory EHD is always inferior to that of the steady EHD for all frequencies. A
parabolic dependence of the ionic current with the supplied voltage is seen under steady EHD operation.
However, the ionic current vs. supplied voltage shows a rather linear dependence pertaining to the oscil-
latory EHD. For a smaller separation distance of 5 mm, the heat transfer performance for f = 0.5 Hz is
slightly higher than that of f = 2 Hz. However, the trend is reversed when the separation distance is
increased to 15 mm.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The presence of a high electric field between a discharged and a
grounded electrode bring about an air motion which is normally
regarded as the ionic wind. The pioneer studies employing the io-
nic wind as a cooling method can be dated back to late 1960s [1,2]
and since then the use of electrohydrodynamics (EHD) for heat
transfer augmentation applicable for single-phase or two-phase
heat transfer had been reported considerably. An early review by
Allen and Karayiannis [3] had outlined the basic enhancement
mechanisms and a comprehensive review of past work. Recently,
fan-less heat transfer augmentation such as cooling of LEDs under
natural convection gains much attention. This is because the major
concern of noise. In common implementation of heat transfer aug-
mentation for LED cooling, passive methods incorporating natural
convection heat sinks such as plate fin, pin fin and radial fin (e.g.
[4–6]) are mostly adopted. Active methods such as microjet array
cooling, liquid-cooling, thermoelectric cooler, and oscillating heat
pipes are also feasible techniques that efficiently dissipate heat
out of the high power LEDs (e.g. [7–10]). Despite the foregoing ac-
tive methods show effective heat removal in high power LEDs, con-
cerns of noise and vibration resulting from the moving parts of
these active methods remain. Therefore, rather than using
mechanical devices to promote cooling, ionic wind featuring the
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benefit of forced convection but free of noise concerns is one of
the potential candidates. This would certainly simplify the design
and increase the reliability of the cooling module for LED devices
due to the lack of moving parts.

There had been intensive studies in association with the EHD
applicable for heat transfer augmentation subject to natural con-
vection (e.g. [11–22]). These previous efforts investigated heat
transfer augmentation in various configurations and electrode
arrangements under steady EHD operation. It appeared that no ef-
forts had been made concerning the influence of oscillatory electric
field on the heat transfer performance. In this regard, it is the
objective of this study to provide some preliminary results about
the influence of oscillatory electric field on the heat transfer perfor-
mance pertaining to natural convection of a plate heat sink.
2. Experimental setup

The schematic of the test facility is shown in Fig. 1(a). It con-
tains a functional generator (Tectronix AFG 3022), a high voltage
power supply (positive polarity, up to 10 kV, from YOU-SHANG
Technical Corp.), a power meter (DM-1250), an acrylic housing,
and the test section. The test plate is an aluminum alloy with an
effective thermal conductivity of 175 W m�1 K�1. The size of the
test section is 45 mm (W) � 45 mm (L) � 2 mm (H). A Kapton hea-
ter is adhered to the bottom of the heat sink with a high thermal
conductivity grease (k = 2.1 W m�1 K�1). The heater is of the same
size as the base plate for removing the spreading resistance. In
addition, a VIP (vacuum insulation panel) insulation plate with a
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Nomenclature

A surface area, m2

Er enhancement index for natural convection, dimension-
less

f frequency, Hz
H height, mm
i corona current, lA
h heat transfer coefficient, W m�2 K�1

�hehd average heat transfer coefficient under EHD operation,
W m�2 K�1

�hnc average heat transfer coefficient under natural convec-
tion, W m�2 K�1

k thermal conductivity, W m�1 K�1

L length, mm

P power, W
Qt total heat transfer rate, W
Qf heat supplied to the heat sink, W
Ql heat loss from the bakelite, W
R electrical resistance, X
T temperature, �C
Tb surface temperature of the base plate, �C
T1 ambient temperature, �C
Tins,c1 measured temperature at the top of the bakelite, �C
Tins,c2 measured temperature at the bottom of the bakelite, �C
DT temperature difference between LED and ambient, �C
V voltage, V
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very low thermal conductivity of 0.004 W m�1 K�1 is placed be-
neath the heater to reduce the heat loss. The heater is powered
by a DC power supply. The needle electrode is made of tungsten
with a radius of 3 lm at the tip of the needle. The electrode is con-
nected to a high voltage generator with the heat sink being
grounded. The vertical separation of the electrode to the test plate
is fixed at 5 mm.

Five T-type thermocouples are equally attached to the base
plate of the heat sink to obtain the mean temperature of the base
plate (Tb). The thermocouples were pre-calibrated with an accu-
racy of 0.1 �C. The average temperature is then used to estimate
the surface temperature of the heat sink via Fourier’s law of con-
duction. The ambient temperature is normally around 22–25 �C,
and the system pressure is around 100 kPa. The measurements of
thermocouples are collected via the data acquisition system
MX100 from YOKOGAWA.

The high voltage generator is specially made with variable volt-
ages of 0–10 kV. A voltmeter (YFE YF-3120) with an accuracy of
0.8% is bridged across the voltage generator and a microammeter
(YOKOGAWA 73203) with a resolution of 0.1 lA is connected be-
tween the heat sink and the voltage generator to obtain the applied
voltage and the corona current, respectively.

For visualization of the influence of ionic wind, a smoke gener-
ator capable of generating water vapor is used. The generated
water vapor is directed by a capillary tube with strainghter and
is attached to the electrode as shown in Fig. 1(b). The generated
smoke is entrained by the supplied EHD flow along the flat plate.
A He–Ne laser from Actor-Mate Corp. with a wave length of
532 nm and a maximum output power of 100 mW is used to visu-
alize the generated ionic wind.

3. Data reduction

The total supplied heat input (Qt) is 3.5 W which can be ob-
tained by the applied voltage and a given resistance of the heater.
Notice that a VIP (vacuum insulation panel) is installed below the
heater with effective thermal conductivity of 0.004 W m�1 K�1,
thereby eliminating the major heat loss below the heater. An insu-
lation box made of bakelite with a low thermal conductivity of
0.233 W m�1 K�1 is placed beneath the VIP. In addition, a total of
four T-type thermocouples are installed inside the bakelite. The
measured average temperature in the backlite is then used to esti-
mate the heat loss via Fourier’s law of conduction. The heat sup-
plied to the heat sink (Qf) is thus obtained by subtracting the
heat loss from the total power input:

Q t ¼
V2

R
ð1Þ
Ql ¼ kA
dT
dx
¼ kA

Tins;c1 � Tins;c2

t
ð2Þ

Qf ¼ Q t � Q l ð3Þ

The effective heat transfer coefficient is calculated by Newton’s
law of cooling:

Qf ¼ �hAðTb � T1Þ ð4Þ

The index of the EHD performance is characterized by the enhance-
ment index for natural convection (Er) which represents the average
heat transfer coefficient with EHD divided by that without EHD:

Er ¼
�hehd

�hnc
ð5Þ

Notice that the subscript ehd and nc represents test conditions that
are conducted under ionic wind and natural convection condition,
respectively. The experimental uncertainty is estimated using the
uncertainty propagation equation recommended by Kline and
McClintock [23]. Normally, a total of 100 samples were taken during
the experiment. The calculated uncertainty of heat transfer coeffi-
cient varies from 1.74% to 6.15% while the enhancement index for
natural convection (Er) varies from 2.46% to 6.59% with the confi-
dence level of 95%.

4. Results and discussion

The wave forms of the input voltage are either steady or oscil-
latory (stepped function). The frequency ranges from 0.5 to 2 Hz
and the input power is 3.5 W with the separation distance between
the electrode and the test plate being 5 and 15 mm, respectively.
Fig 2(a) shows the enhancement heat transfer ratio, Er, vs. applied
voltage amid the steady EHD and stepped EHD at a separation dis-
tance of 5 mm and Fig. 2(c) depicts the variation of thermal resis-
tance against the supplied voltage. Note that the airflow induced
by EHD is inclined to the flat plate. The airflow is not totally down-
ward, it has an axial component that is parallel to the flat plate and
is perpendicular to the buoyancy airflow direction. With this com-
ponent, it distorted the rising airflow considerably and eventually
improves the heat transfer performance as shows in Fig. 2(a).The
results clearly show that the enhancement ratio under steady
EHD operation outperforms those of oscillatory operations. On
the other hand, the enhancement ratios for the frequency ranging
from 0.5 to 1.5 Hz are comparable whereas Er for f = 2 Hz is appar-
ently lower than those of lower frequencies. In fact, a maximum
deviation of 7% in Er for f = 2 Hz is found at a supplied voltage of
4 kV. The results are quite similar to those calculations made by
Lai et al. [24] to some extent. Note that Lai et al. [24] conducted
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a numerical simulation of the oscillatory EHD flow in a positive
wire-plate electrostatic precipitator. Two regimes of oscillation
are observed in their simulation. The flow is characterized by a sin-
gle eddy that is opposed to the wire and oscillates with frequencies
between 1.2 and 4.3 Hz. The second regime is characterized by
counter rotating eddies that oscillates amid 0.6 and 1.6 Hz. Despite
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Fig. 2. Effect of steady and oscillatory EHD on the thermal resistance and the
corresponding I–V characteristics for a horizontal separation distance of 5 mm.
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Fig. 3. Effect of steady and oscillatory EHD on the thermal resistance and the
corresponding I–V characteristics for a horizontal separation distance of 15 mm.
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the configuration is different between the current study and theirs,
the characterized frequency seems to be in line with each other.
The higher heat transfer performance for the oscillatory EHD at a
lower frequency of 0.5 Hz is also indirectly supported by the mea-
sured I–V characteristics shown in Fig. 2(b) where the measured



Fig. 4. Progress of observed induced air flow pattern with and without the influence oscillatory EHD.
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ionic current for f = 0.5 Hz is slightly higher than that of f = 2 Hz.
Since the induced ionic wind velocity is proportional to the square
root of corona current [25], it therefore suggests a higher heat
transfer performance at a lower frequency of 0.5 Hz. In the mean-
time, it is interesting to note that the ionic current for the oscilla-
tory EHD poses a rather linear relation with the applied voltage.
Notice that the ionic current for the steady EHD operation is nor-
mally proportional to the square of the supplied voltage provided
the threshold voltage is exceeded. It is not fully understood why
it reveals a rather linear dependence between the ionic current
and supplied voltage. One of the possible explanations may be
attributed to lesser contribution of the avalanche due to periodic
shut-off of the electric field.

Test results for a larger separation distance of 15 mm are de-
picted in Fig. 3. It is interested to note that the observed enhance-
ment ratio for the oscillatory EHD shows an opposite trend when
the horizontal separation distance is increased to 15 mm. Despite
the heat transfer performance under oscillatory EHD is still inferior
to that of the steady one at the same supplied voltage, the heat
transfer performance of the higher frequency (f = 2 Hz) exceeds
that of the lower frequency (f = 0.5 Hz) as shown in Fig. 3(a). Expla-
nations of this result are twofold. Firstly, as pointed out by Baffigi
and Bartoli [26] who conducted the heat transfer enhancement
study for an inclined plate subject to air pulsating jet. Their results
clearly showed that the downstream enhancement is more appar-
ent than that of upstream. Therefore it explains partially about the
rise of the heat transfer performance as the separation distance is
increased. Note that the spark-over voltage is considerably in-
creased with the separation distance, leading to a considerable rise
of enhancement ratio (as high as 2.4 compared to only 1.8 in
Fig. 2(a)). Secondly, for a further interpretation of the observed re-
sults, it is helpful to examine the associated flow pattern pertaining
to the influence of oscillatory EHD. Fig 4 represents the progress of
the flow patterns amid various frequencies and that without EHD
at a larger separation distance of 15 mm. Notice that the experi-
ment is conducted without heat addition. With a steady EHD input,
as shown in Fig. 4(a), the generated smoke is headed toward the
test plate. On the other hand, with stepped oscillations of the sup-
plied voltage, the induced airflow does not respond in phase with
the oscillatory frequency. As clearly seen in Fig. 4(b), a swinging
motion is clearly seen where the smoke first moves toward the test
plate and stick close to the plate for some time which is similar to
that of a steady EHD operation, and eventually the airflow departs
from the surface and again shows a parallel airflow as that without
EHD. The oscillatory EHD thus characterizes a swinging flow pat-
tern. The effective time, denoting the time for the directed airflow
rested upon the test plate before it departs and swings back to be
in parallel with the test plate, for f = 2 Hz is longer than that of
f = 0.5 Hz. For instance, at a smaller frequency like 0.5 Hz, the effec-
tive time for the induced airflow toward the test plate is only
around 1.1 s in its two seconds operation as shown in Fig. 4(e).
Conversely, the effective time for the induced airflow toward the
test plate is about 1.4 s over its 2 s operation time when the fre-
quency is raised to 2 Hz. In addition, the swinging motion for
f = 2 Hz is faster than that f = 0.5 Hz. These observations can be eas-
ily seen in Fig. 4(b)–(e). As a consequence, the observed results
suggested a longer encountered time for the induced airflow along-
side the test plate, thereby a higher heat transfer performance is
seen for f = 2 Hz when compared with that of f = 0.5 Hz.

5. Conclusions

This study examines the influence of oscillatory EHD on the
heat transfer performance of a flat plate with applied voltage being
ranged from 4 to 9.5 kV. The frequency ranges from 0.5 to 2 Hz and
the separation distance between the electrode and the test plate is
5 and 15 mm, respectively. Based on the foregoing discussions, the
following conclusions are reached:

1. For the same applied voltage, it appears that the heat transfer
performance subject to an oscillatory EHD is inferior to that of
a steady EHD for all the tested frequencies.
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2. A parabolic dependence of the ionic current with the supplied
voltage is seen under a steady EHD operation. However, the
ionic current vs. supplied voltage shows a rather linear depen-
dence pertaining to an oscillatory EHD input.

3. For a smaller separation distance of 5 mm, the heat transfer per-
formance for f = 0.5 Hz is slightly higher than that of f = 2 Hz.
However, the trend is reversed when the separation distance
is increased to 15 mm. This is due to a significant difference
in the induced airflow pattern and the effective time rested
on the test plate caused by the oscillatory EHD.
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