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A Novel Cooling System for LED Module Using an
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ABSTRACT

A novel active cooling design for power LED modules integrated with an ultrasonic piezoelectric
microjet is investigated in this study. The cooling performance of a microjet was analyzed under
varying distances, driving voltages, and operating currents to optimize heat dissipation in the LED
module. The experimental results show that the optimal cooling performance is obtained at D=50 mm
under varying operating currents and driving voltages. The slopes between chip temperature and
driving voltage show approximately linear relationship. The temperature non-uniformity on the LED
module is found to decrease with driving voltages but increase with operating current. At high heat
power of 4.75 W, the microjet significantly reduced chip temperature by 21.5 9C and increased
efficiency by 20% compared to a LED module that used a heat sink. The Nusselt number increased
from 7.0 to 9.8 as driving voltage was increased from 10 to 20 V. The present experimental results are
useful for designing a high efficient active cooling system for power LED modules.
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I. INTRODUCTION
Micro-cooling devices such as heat pipe [1-
3], microchannel heat sink [4, 5], and

piezoelectric jets [6-9] have attracted interest
due to the rapid growth of miniature electronics
devices. The excessive high heat flux and
limited space are the major challenges for heat
dissipation design. Light emitting diodes (LEDs)
are now the most reliable and high efficient light
sources for lighting fixtures and portable
electronics. The extremely high heat flux
generated by LEDs can substantially degrade
product reliability and lifespan [10, 11].
Piezoelectric jet is one of the promising
candidate for active cooling devices due to its
low power consumption and miniature size [12-
14]. To achieve high flow rate, piezoelectric fans
have to operate under resonant frequency. The
purpose is to maximize the deflection of actuator

diaphragm [15, 16]. Several studies have
reported flow characteristics, power
consumption, and cooling performance of

piezoelectric fans operated below ultrasonic
frequency [17, 18]. However, excessive noise is
a serious issue of using a piezoelectric fan for
electronic cooling. The development of the
ultrasonic piezoelectric micro-actuator was a
breakthrough in electronic cooling applications.

Some studies have investigated flow
characteristics and performance of the ultrasonic
microjet in recent years [19-22]. Literature about
utilizing the ultrasonic piezoelectric microjet as
an active cooling device for power LED module
is still absent. The objective of the present study
provided the first investigation of using an active
cooling design which integrate an ultrasonic
microjet (Murata Manufacturing Co., Ltd.) for
power LED module. High efficiency, noise
reduction, and compact size are the advantages
of using the ultrasonic piezoelectric microjet.
Compared with other heat dissipation methods,
the microjet can enhance forced convective heat
transfer  coefficient  without complicated
manufacture processes. The microjet can be
integrated with passive cooling devices, such as
heat sink, to enhance forced convective heat
transferred  coefficient. Distances, driving
voltages, and operating currents are investigated
to optimize cooling performance of the
ultrasonic microjet.
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I1. Experiments

Figure 1 shows the schematic of using the
ultrasonic piezoelectric microjet as an active
cooling device of LED module. Four multi-die
LED devices are mounted on a 1.9x1.9 cm’
hybrid aluminum nitride (AIN) ceramic substrate
with solder bond. The hybrid structure of the
substrate consists of finite area of AIN and FR4.
Each die consisted of eight LED chips. The LED
module is then adhesive on an aluminum heat
sink to dissipate heat to the surrounding. The
heat sink consists of four channels with length,
width, height, and thickness of 20 mm, 20 mm,
10mm, and 1.5 mm for each channel,
respectively. The operating current of the LED
module is from 0.1 A to 0.6 A with constant
interval of 0.1 A using Agilent E3632A power
supply. The hybrid AIN substrate has advantages
of electrical insulation and high thermal
conductivity. Thermal expansion coefficient of
AIN is comparable to that of a nitride based
LED chip. Additional, the hybrid structure of the
substrate has the advantages of low cost and
easy assembly. Samples used in the present
experiments had an area of 1.1x1.1 cm® with
square shape.
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Fig.1. Schematic of using the ultrasonic piezoelectric
microjet as an active cooling device

Figure 2 shows the experimental setup to
measure chip temperatures on the LED modules.
The Instek GPE-1326 power supply is used to
provide constant driving voltages to the
microjet. Varying distances, driving voltages,
and operating currents are compared to



determine the optimal heat dissipation when the
microjet is used as an active cooling device of
the LED module.

In this experiment, the emissivity of
silicone encapsulant is 0.95 [23, 24]. An infrared
microscope (CHCT P384-23um) is used to
measure the chip temperatures of the LED
module. The LED module is placed vertically
above the microjet. The distance D represents
the gap between the bottom of the heat sink and
the jet exit of the microjet. Chip temperatures
are analyzed under varying distances, operating
currents, and driving voltages. The cooling
performance of the microjet of the multi-chip
LED module is compared under natural and
force convection.

Agilent E3632A

IR camera

» LED module

» micro blower

Fig.2. Experimental setup to measure surface

temperature of the LED module

ITII. RESULTS AND DISCUSSION

Figures 3(a) to (c) show the highest chip
temperatures on the LED module.  Chip
temperatures were measured under varying
operating currents (0.4 A to 0.6 A) to investigate
the cooling performance of the ultrasonic
microjet. Fig. 3(a) represented chip temperatures
on the LED module at 0.4 A under different
driving voltages of 10 V, 15 V, and 20 V of the
microjet. The distance is from 10 mm to 110
mm. The experimental results show that chip
temperature decreases as D increases from 20 to
50 mm at different driving voltages from 10 V to
20 V. The force convection heat transfer Q can
be expressed as follows:

Q = hA,(AT) (1
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in which AT is the temperature difference
between LED module and surrounding, h is the
force convective heat transfer coefficient, and
A, is the impinging cooling area on heat sink. A
higher jet velocity results in a high convective
heat transfer coefficient. The impinging area on
the heat sink by jet flow highly depends on
distance and jet velocity.
(a)
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Fig.3. Maximum temperatures of the LED modules

under varying distances at operating current
(a) 0.4 A(b) 0.5A and (c) 0.6 A

At D=10 mm, impinging area on the heat
sink strongly affects force convection heat
transfer by jet flow. When the distance is
increased from 10 mm to 50 mm, the increment
in the impinging cooling area on the heat sink
leads to an increment of force convection. Chip
temperatures decrease as distance increased
from 10 mm to 50 mm under varying driving
voltages. When the distance exceeds 50 mm, the
decline of jet velocity lead to an increase of chip
temperature of the LED module, especially
when D>90 mm. The rate of increase in chip
temperature was higher under a low driving
voltage than at a high driving voltage due to
significant drop in jet velocity. At D=50 mm, the
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lowest chip temperatures are obtained at 63.4 °C,
56.0 °C, 52.4 °C under 10 V, 15 V, and 20 V
respectively. The maximum temperature
difference is about 11 °C as driving voltage
increases from 10 V to 20 V. In addition, the
highest chip temperatures are obtained at 90.0
°C, 77.9 °C and 62.0 °C under 10 V, 15V, and 20
V respectively, at D=110 mm. The maximum
temperature difference approximated 28 °C. The
change in driving voltage has more significant
effect on chip temperature, especially when
D>50 mm.

Figures 3 (b) and (c) illustrate the changes
of chip temperature under varying distances at
operating currents of 0.5 A and 0.6 A of the LED
module. Chip temperature increases dramatically
as operating current increases from 0.4 to 0.6 A
under varying driving voltages and distances. In
the experiments, an obvious inflection point of
chip temperature with respect to distance was
observed at D=50 mm under different driving
voltages and operating currents. The lowest chip
temperatures were observed at 52.4 °C, 58.0 °C,
and 68.0 °C under 0.4 A, 0.5 A, and 0.6 A,
respectively, at driving voltage of 20 V. At D=50
mm, the microjet achieves optimal heat
dissipation in the LED module. When D>50
mm, the increasing rate of chip temperature with
respect to distance increased obviously with
operating current, especially under low driving
voltage. At high operating current of 0.6 A, the
incremental increases in chip temperature
approximate 44.8 °C, 36.6 °C, 17 °C under 10 V,
15V, and 20 V, respectively, as D increases from
50 mm to 110 mm.

Figures 4(a) and (b) displays the
correlations between chip temperature and
driving voltage under different operating
currents at D=50 mm and D=110 mm,
respectively. The experimental results in Fig. 4
(a) show that chip temperature has an
approximately linear relationship with driving
voltage of the microjet. The decreasing rates of
chip temperature with respect to driving voltage
are about -1.11, -1.40, and -1.67 using linear fit
under 0.4 A, 0.5 A, and 0.6 A, respectively. The
measured slopes change slightly with operating
currents. Additionally, at D=110 mm, the linear
slopes were extrapolated to be -2.84, -3.84, and -
4.60, under driving currents of 0.4 A, 0.5 A, and
0.6 A, respectively. The coefficients of
determination are from 0.96 to 0.99 for the
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measured slopes. At D=110 mm, the decreasing
rate of chip temperature increases obviously as
increasing the operating current.

(@)

140

—=—04A
130
—*—05A
120 —4—06A
L 1104
e
S 1004
®
& 90+
£
S 80
2
5 704
60
50 T T T T T T
10 12 14 16 18 20
Voltage (V)
(b)
140
130 4
120 4
L 1104
<
S 100
©
3 90-
£
o 80
=
g 704
60
50 T T T T T T
10 12 14 16 18 20
Voltage (V)
Fig.4. Maximum temperature of the LED modules

under different driving voltage at (a) D=50
mm (b) D=110 mm

Figures 5 (a) to (e) reveal thermal images
of the LED module under varying driving
voltages at D=50 mm and 0.6 A. The LED
module is encapsulated by silicone encapsulant
to avoid humidity and oxidation from the
surrounding. Figure 5(a) shows four high
temperature regions on the LED module. To
analyze temperature distribution on the LED
module, the temperature non-uniformity AT is
defined as

AT = Trax — Tmin (2)
in which T4, and T,;,, represent the maximum
and minimum chip temperature of the LED
module. In the experiments, T, 4, and T,y are
852 °C and 78.1 °C, respectively. The
temperature non-uniformity AT is about 7.1 °C.
Figure 5(b) to 5 (e) show that the AT are 6.8 °C,
6.6 °C, 6.3°C,5.9°Cunder 12.5V, 15V, 17.5V,
and 20 V, respectively.
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Fig.5. Thermal infrared images on the LED module at
varying input voltages (a) 10V (b) 12.5V, (c)
15V, (d) 17.5V, (e) 20V

Figure 6 shows the temperature non-
uniformity of the LED module under different
driving voltages and operating currents. The
temperature non-uniformity decreased with
increasing the driving voltages. The higher the
operating current results in higher AT. The
decreasing rate of AT with respect to driving
voltage shows similar trend under varying
currents. The temperature non-uniformity of
LED module decreased from 4.9 °C to 4.0 °C
and from
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Fig.6. Maximum temperature difference on the LED

module at varying input voltages

7.1 °C to 5.9 °C when the driving voltage was
increased from 10 V to 20 V under operating
currents of 0.4 A and 0.6 A, respectively.

The input electric power was determined
from the current-voltage curve of the LED
module. The radiation power of the LED module
was measured using an integrating sphere and a
spectrometer. During the experiment, LED
module was placed on a temperature controller
to main constant temperature of 25 °C. The heat
power of the LED module is determined by

Pep =Ry

- Pr (3)
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where Py, P,, and P, represented heat power,
electric power, and radiation power of the LED
module, respectively. Figure 7 shows the heat
power, electric power, and radiation power of
the LED module under varying driving currents.
Heat power of the LED module approximated
0.65 W and 4.75 W under operating current of
0.1 A and 0.6 A, respectively.
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Fig.7. Electric, radiation, and heat power of the LED
module under varying driving currents

Figure 8 compares chip temperatures
between natural and force convection of the
LED module. The heat power of the LED
module was increased from 0.65 W to 4.75 W. In
this experiment, three different heat dissipation
conditions were discussed. Case A is without
heat dissipation for the LED module. Case B is
to adhesive the LED module on an aluminum
heat sink. Case C is to integrate a microjet and a
heat sink for the LED module. In Case C,
distance and driving voltage were at 50 mm and
20 V, respectively, which provided the optimal
cooling performance of the microjet. At low heat
power 0.65 W, maximum chip temperatures of
the LED module are about 54 °C, 43.5 °C, and
30.9 °C under the conditions of Case A, Case B,
and Case C, respectively. Case C can reduce
chip temperature by 23.1 °C and 12.6 °C
compared with Case A and Case B, respectively.
The slopes between chip temperature and heat
power approximated 20.6, 11.1, and 8.8 for Case
A, Case B, and Case C, respectively, using linear
fit (dash lines). To avoid overheating of the LED
module, maximum heat power is 2.96 W for
Case A. Chip temperature of the LED module
approximated 101.4 °C, which approached the
maximum rating temperature of the LEDs. For
Case C, chip temperature is approximately 49.0
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°C and 19.1 °C lower than Case A and Case B,
respectively. As heat power increases to 4.75 W,
the microjet substantially reduced chip
temperature by 21.5 °C compared with only
using a heat sink.
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three different heat dissipation conditions
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Figure 9 shows the efficiency improvement
of using the ultrasonic microjet for the LED
module under different heat powers. Compare
with Case A and Case B, the use of microjet
(Case C) can increase efficiency of the LED
module by 18% and 6%, respectively, at heat
power of 2.96 W. When the heat power is
increased to 4.75 W, Case C revealed a 20%
higher efficiency compared to the case with only
a heat sink (Case B). The higher the heat power
of the LED module, the greater the benefit of
using the microjet. According to the
experimental results, the ultrasonic microjet
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effectively reduces chip temperature, which
improves the efficiency of the LED modules.

In order to evaluate heat transfer rate by a
piezoelectric micro-blower, Nusselt number and

convective heat transfer coefficient are
expressed as
hD

Nu = 7 (4)
P

th (5)

A(TLep—Tair)

where k is thermal conductivity of air, 4 is
convective heat transfer coefficient. In addition,
D is orifice diameter of the microjet, T, is air
temperature at 25 °C and A is substrate area.
Figure 10 illustrates the Nusselt number as a
function of driving voltages. In the experiments,
heat power of the LED module was 4.75 W. The
figure shows that the Nusselt number increases
with driving voltage under varying distance,
especially when D= 50 mm. The Nusselt number
increased from 7.0 to 9.8 as voltage was
increased from 10 to 20 V.
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Fig.10. Nusselt number as a function of driving
voltage at heat power of 4.75 W

IV. CONCLUSION

This study analyzed the cooling efficiency
and performance enhancement achieved when
an ultrasonic microjet is used as an active device
in a power LED module. Chip temperature is
measured using an infrared microscope under
varying distances, driving voltages and
operating currents. The optimal distance was
obtained at D=50 mm under different driving
voltages and operating currents. Under the heat



power of 4.75 W, the Nusselt number increased
from 7.0 to 9.8 as driving voltage was increased
from 10 V to 20 V. When D>50 mm, the
increasing rate of chip temperature with respect
to distance increased obviously with operating
currents, especially under low driving voltage.
The slopes between chip temperature and
driving voltage had an approximately linear
relationship and increased with driving current,
especially when D>50 mm. Thermal images
reveal that temperature non-uniformity of the
LED module decreased with increasing driving
voltages and show similar trend under varying
operating currents. At high input power of 4.75
W, the microjet effectively reduced chip
temperature by 21.5 °C and increased efficiency
by 20% compared to an LED module with a heat
sink.
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