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Air-cooled heat sinks are widely used for electronics cooling. Active and passive cooling components can be
added to enhance the performance of the air-cooled heat sinks. In this paper, piezoelectric translational agitators
and synthetic jets are integrated as active cooling components while micro pin ﬁns are adopted as a passive
cooling scheme. The heat transfer performance of the active heat sink system that combines these active and
passive cooling components along with a suction fan is experimentally investigated. The piezoelectric translational agitators installed within cooling channels are operating at 222 Hz ∼ 820 Hz with a peak-to-peak displacement of 1.0 mm ∼ 1.4 mm, depending on the attached carbon ﬁber blade type. The piezoelectric synthetic
jet array provides impingement ﬂow into the cooling channels with an inclined conﬁguration, that has been
successfully integrated into the system without interference with other components by using a wedge platform.
The jet operates at 720 Hz with the jet velocity of up to 39 m/s. Micro pin ﬁns are fabricated onto both surfaces
of each heat sink channel walls by a double-sided microfabrication technique. They have diameter, height, and
spacing of 500 μm, 250 μm, and 1500 μm, respectively. The experimental results indicate that the micro pin ﬁns
are most eﬃcient among the employed active and passive cooling components, reducing thermal resistance up to
38%, compared to plain heat sink performance. The piezoelectric translational agitator reduces system thermal
resistance by 22%, compared to the non-agitated condition, at the same through-ﬂow rate. The synthetic jet
shows weaker cooling capability in the setting tested, compared to enhancement by the agitator plates or pin
ﬁns. The active heat sink with the micro pin ﬁns, agitators, and jets provides a thermal resistance of 0.064 °C/W
at 70 CFM (33 L/sec) through-ﬂow of air, about a 48% reduction from that of the non-agitated, plain heat sink
under the same operating conditions. The results demonstrate how more eﬀective the active heat sink system is
compared to traditional air-cooled heat sinks.

1. Introduction
Increasing heat dissipation of modern power electronics drives
continuous development of a variety of passive and active cooling
technologies using air, water, and other non-conductive liquids, as
coolants. Liquid cooling, such as single-phase [1,2], direct spray [3–7],
microchannel geometries [8–10], and boiling heat transfer [11–18],
can provide substantial cooling capability. However, liquid cooling
adds considerable cost, weight, volume, and complexity to complete an
entire cooling loop, such as pumps, pipes, hoses, reservoirs, nozzles,
and oriﬁces. Reliability is another issue as leakage, condensation, and
corrosion can cause critical failures to electronics. On the other hand,
air possesses many advantages over liquid cooling due to its inherent
characteristics. For instances, it is more reliable, cost eﬀective, and
⁎

environmentally favorable. Therefore, though cooling with air-using
traditional methods is less eﬀective than liquid cooling, there is still
strong motivation for further advancing air cooling to maximize its
capability. A traditional air cooling technique for electronics is the
combination of ﬁns and an external blower that can generate forced air
ﬂow through channels between ﬁns. However, the blower-aided heat
sink system is continuously challenged by rising system heat ﬂuxes with
each generation of electronics, and requires increasing cooling capability to meet elevating heat removal needs. To address, without
moving to liquid cooling, one can consider incorporating active and
passive cooling components into a blower-driven heat sink system. Effective active components disturb thermal boundary layers to enhance
surface heat transfer beyond those in simple channel ﬂows. Many active
air cooling techniques have been developed, either as a stand-alone or
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Fig. 1. Conceptual schematic of proposed active
heat sink system with translational agitators, synthetic jets, and micro pin ﬁn arrays; (a) Active heat
sink; (b) Single channel conﬁguration with synthetic
jet arrays and agitator; (c) Flow behavior in the active heat sink channel with an oscillating short agitator blade; (d) Micro pin ﬁn arrays on the heat sink
channel surfaces.
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opposite side. Beratlis and Smith [26] performed a numerical optimization study of synthetic jets as cooling devices for laser arrays. Mahalingam et al. [27] developed a piezoelectric synthetic jet ejector that
can generate secondary ﬂow in the heat sink channel. The heat sink
combined with the synthetic jet ejector achieved 350% enhancement in
heat transfer, compared to natural convection values. Arik [28] investigated the localized heat transfer performance of a piezoelectric
synthetic jet driven at a resonance frequency of between 2000 Hz and
6000 Hz. Over a heater of 6.25 mm length, the synthetic jet enhanced
thermal performance by 10 times, compared to natural convection.
Passive cooling, such as micro pin-ﬁnned surfaces, can bring signiﬁcant
contributions in enhanced heat transfer performance to a heat sink
system. Marques and Kelly [29] achieved up to 450% heat transfer
enhancement using a nickel micro pin ﬁn heat exchanger with cross
ﬂow of air. Wang et al. [30] performed an experimental study to understand thermal and hydraulic mechanisms of a single micro pillar in a
microchannel with diﬀerent cross-sectional shapes. The microchannel
with a micro pillar provided a heat transfer coeﬃcient that was two
times that of the plain microchannel. Among the diﬀerent cross-sectional shapes; circular, triangular and diamond, the triangular pillar
showed the best thermal performance. Much eﬀort has been made to
optimize on pin-ﬁn geometry, size, spacing, array conﬁguration, and
materials [31–35]. Most of these studies were done in mini or microchannel conditions. Yeom et al. [36] conducted an experimental study
on heat transfer and pressure drop characteristics of micro pin ﬁn arrays in an air-ﬂow channel under both laminar and turbulent ﬂow regimes. The maximum heat transfer enhancement of 79% was achieved
over plain surfaces due to the micro pin ﬁn arrays that had a height of
250 µm and a diameter of 400 µm. The array conﬁguration was staggered. Yeom et al. [37] introduced an active heat sink system combined
with a piezoelectric translational agitator and micro pin ﬁn arrays. The
full-size heat sink with 26 channels aided by the agitator and micro pin
ﬁns decreased the system thermal resistance to 0.065 °C/W. This was a
45% reduction in thermal resistance, compared to that of a heat sink
system with plain surfaces and no agitation. The current paper extends
the previous study on active heat sink technology by Yeom et al. [37],
combining the piezoelectric translational agitators, piezoelectric synthetic jets, and micro pin ﬁns to maximize the heat transfer

as added devices, to air-cooled heat sink systems. A piezoelectric fan is
one of them. Bi- or mono-morph piezoelectric ceramic layers resonate
attached ﬂexible blades, yielding ﬂapping motion from the tips of the
blades. Air currents from the ﬂapping tips are used to cool heated
surfaces. Since Toda and Osaka [19] proposed the concept of a piezoelectric fan, extensive studies have been conducted to understand and
optimize their characteristics. Yoo et al. [20] investigated vibration
characteristics of a piezoelectric fan operating at 60 Hz with a maximum peak-to-peak displacement of 35.5 mm. The applied voltage was
220 V. The size of the fans ranged from 28.6 mm to 69 mm. Açikalin
et al. [21] studied thermal performance of piezoelectric fans in a small
portable electronics environment with various overlapping displacements and mounting conﬁgurations relative to the heat sink. The length
of one fan was 63.5 mm and its resonance frequency was 20 Hz. The fan
generated a peak-to-peak displacement of 15 mm. The results show that
the half-overlapped and horizontally-positioned fan provided the largest heat transfer coeﬃcient of 102 W/m2 K. Wait et al. [22] investigated via numerical and experimental methods piezoelectric fans
operating under higher resonance modes. They concluded that the
second resonance mode generated the best thermal performance, while
exhibiting the largest power consumption. Recently, there have been
attempts to incorporate piezoelectric fans in heat sink channels. Ma
et al. [23] analyzed the eﬀects of operating frequency, displacement,
fan arrangement, and power consumption in a heat sink channel made
of aluminum. The optimum system showed that the dimensionless PZTconvection number, the ratio between the PZT convection to heat sink
natural convection, reached 2.3. Suﬁan and Abdullah [24] conducted
experimental and numerical studies on a ﬁnned heat sink with vertically inserted piezoelectric fans used as a high-power LED cooling
system. Quadruple piezoelectric fans improved thermal performance of
the heat sink system by 3.8 times. Yeom et al. [25] proposed a piezoelectric agitator that can generate translational movement to blades
embedded in heat sink channels. In a single channel experiment, the
agitator, coupled with a channel ﬂow, improved heat transfer by 55%,
compared to a channel-ﬂow only forced convection. Another type of
active cooling technique is a piezoelectric synthetic jet. A diaphragm
attached to one side of a cavity oscillates, driven by a piezoelectric
patch, generating a train of vortex rings emerging from an oriﬁce on the
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performance of an active heat sink system. The purpose of the study is
to demonstrate that the active heat sink system combined with active
and passive cooling devices can provide exceptional cooling performance, compared to that of conventional fan-assisted heat sinks. The
component-level studies can be found in the previous work [25,36–40]
that shows the eﬀects of various parameters used in the current study
on heat transfer and pressure drop performances.

Amplified
displacement

Mounting bump

a

t

b

2. Active heat sink system
Oval loop shell

Fig. 1 shows a conceptual schematic of the active heat sink system
under study. It combines translational agitators, synthetic jets, and
micro pin ﬁn arrays. In a traditional fan-assisted heat sink system, heat
from the chip transfers through interface materials to the heat sink. The
air ﬂow through the heat sink channels generated by the fan carry away
heat to the ambient. Components embedded within the channels can
disturb the thermal boundary layers to enhance heat transfer. The main
objective of the proposed design is to provide active cooling eﬀects
throughout the entire ﬂow path of heat sink channels. The translational
agitator blades (Fig. 1(a) and (b)) oscillating within the channels disturb the thermal boundary layers formed on the sides and bottom
surface of the channels. The synthetic jet arrays (Fig. 1(b)) impinge air
vortex rings onto the tips of the heat sink ﬁns and into the channels they
form. Ideally, the agitators and synthetic jets cover the entire exposed
surfaces of the heat sink channels, providing strong agitation eﬀects. In
addition, the micro pin ﬁns (Fig. 1(d)) on the side surfaces of the
channels increase heat transfer area and further disturb the ﬂow. The
agitator blades can be either short or long (extending over a portion of
the channel, as shown in Fig. 1(c)). The long blades can directly disturb
the thermal boundary layers on the wall mostly by strong pressure
gradients, while the short blades generate vortices at their trailing
edges that can enhance convective heat transfer downstream in the
channel.

Clamping bump
Fig. 3. Oval loop shell piezoelectric actuator.

each channel, and discharges upward in the center to the fan inlet. The
heat sink has four arrays of slots through the ﬁns to accommodate
frames used for driving agitator blades. Each ﬁn was cut by wire
Electrical Discharge Machining (EDM), and soldered to the heat sink
base.

2.2. Piezoelectric translational agitator
Translational agitation is realized using a resonance energy of an
oval loop shell excited by a PZT stack. Yeom et al. [38] conducted a
detailed study on structural and dynamic characteristics of the oval
loop shell actuator shown in Fig. 3. The PZT stack actuator is located in
the center of the loop, and is connected to the oval loop shell through
two small connector pieces at the sides. The PZT stack generally produces a very small displacement, about 0.1% of its length, in the actuation direction. The oval loop shell actuator ampliﬁes this small
displacement changing its actuation direction from horizontal to perpendicular as shown in Fig. 3. When the operating frequency of the PZT
stack approaches the natural frequency of the oval loop shell, the ampliﬁed displacements are maximized by resonance energy. At the ﬁrst
resonance mode, the lower beam of the shell structure is excited,
moving the entire actuator body in the vertical direction, which is orthogonal to the longitudinal direction of the PZT stack. At the second
resonance mode, only the upper beam is excited, generating high frequency and large displacement translational actuation without moving
the entire actuator body. In this study, we used the second resonance
mode to generate strong air currents from blade structures attached to
the oval loop shell actuator. The performance of the actuator is characterized by the three key parameters, a, b, and t, shown in Fig. 3. The
values of a, b, and t are 40.0 mm, 1.8 mm, and 1.6 mm, respectively.
The width of the shell is 8.0 mm. The resonance frequency of the actuator at the second mode is 921 kHz.
In the current study, several agitators were fabricated to demonstrate the thermal performance of the active heat sink system. Fig. 4
shows piezoelectric translational agitators (PTA-1, PTA-2, and PTA-3)
with three diﬀerent types of blade structure. Carbon ﬁber composite
plates were used to fabricate the blade structures. They have very high
stiﬀness-to-weight ratios, ensuring high resonance frequencies of the
agitators, compared to other common metal or plastic materials. The
blade structures were designed in a way that the driving rods go
through in the middle of the blade plates. This is to ensure high stiﬀness
and to prevent any asymmetric ﬂapping motions of the blade structures.
The blades and driving rods were cut by a water jet, and assembled
using epoxy in a specially fabricated mold to ensure tight dimensions
and tolerances. The vibration and dynamics characteristics of the agitators were investigated by a scanning Laser Doppler Vibrometer (LDV)
system.
PTA-1 has 26 long agitator blades that occupy the entire channel
length. It is driven by the single oval loop shell actuator. The operating

2.1. Heat sink design
The proposed heat sink is shown in Fig. 2. It has 26 channels formed
by an array of 27 ﬁns made out of copper. The base of the heat sink has
an area of 114 mm × 89 mm (4.5 in. × 3.5 in.). The ﬁn thickness and
height are 1.1 mm and 23.6 mm, respectively. The heat sink is designed
to couple with an induced ﬂow fan. The air enters from both sides of

(a)
Air in

Air out

Air in
Slots for blade
drives

(b)
Air in

PZT stack actuator

Air out
Air in

Fig. 2. (a) Copper heat sink with 26 channels, (b) channel cross sectional view
with air ﬂow directions.
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(a) PTA-1

(b) PTA-2

(c) PTA-3

(d)

(e)

(f)

Fig. 4. Piezoelectric translational agitators with carbon ﬁber blade structures: (a) PTA-1: long blade structure with one actuator, (b) PTA-2: short blade with one
actuator, (c) PTA-3: short blade with two actuators, (d) PTA-1 installed in the heat sink, (e) PTA-2 installed in the heat sink, (f) PTA-3 installed in the heat sink.

180 V. The required electrical power to drive a single synthetic jet array
with the above operating conditions is about 4.0 W. An inherent penalty
of the jet system is tied to ﬂow losses in the long ﬂow passage channel
that connects the cavity and oriﬁces. Ayaskanta et al. [40] conducted a
numerical and experimental study to optimize the wedge jet conﬁguration in terms of oriﬁce size and length of the jet ﬂow path. The
optimization result led to the conﬁguration of the inclined jet system
having a 2.5 mm diameter circular oriﬁce with a jet inclined angle of 62
degrees from the horizontal plane. More details about the optimization
work on the inclined jet conﬁgurations can be found in the previous
work [40]. The present piezoelectric synthetic jet uses the recommendations of this study. The measured jet velocities of the inclined synthetic jet range from 31 m/s to 39 m/s.

Table 1
Operating conditions of the piezoelectric translational agitators.
Agitator type

Blade
weight
(g)

Operating
frequency
(Hz)

Power
consumption
(W)

Peak-to-peak
displacement
(mm)

PTA-1
PTA-2
PTA-3

37.0
11.5
5.5
(each)

222
512
780, 820

2.5
5.0
5.6 (each)

1.0
1.4
1.4

frequency is 222 Hz, and the peak to peak displacement is 1.0 mm. PTA2 and PTA-3 have short blades that oscillate within the upstream portion of the channel. These are driven by the same actuator as listed with
PTA-1. The operating frequencies of PTA-2 and PTA-3 are higher than
that of PTA-1 due to decreased weight of the blade structures. PTA-2
operates at 512 Hz. Two PTA-3 agitators show diﬀerent operating frequencies of 780 Hz and 820 Hz due to their fabrication variability. The
peak to peak displacement is 1.4 mm. The operating conditions of the
piezoelectric translational agitators are summarized in Table 1. The
power consumption values of the agitators, measured under ambient
conditions, are 2.5 W, 5.0 W and 5.6 W for PTA-1, PTA-2 and PTA-3,
respectively at a driving voltage of 140 V. Fig. 4(d), (e), and (f) shows
the agitators installed in the heat sink. The detailed performance evaluations of the translational agitator, based on dimensionless numbers,
Reynolds number and Stanton number, in a single-channel environment
were presented in the previous work [25].

2.4. Micro pin ﬁns
Micro pin ﬁns can signiﬁcantly increase convective heat transfer
area, and help disturb thermal boundary layers of the heat sink channel
surfaces. Some of the key ﬁndings from the previous study by Yeom
et al. [36] on micro pin ﬁns tested in a single channel without oscillating plate agitation are as follows. First, ﬂuid dynamic eﬀects caused
by the micro pin ﬁns can play an important role in heat transfer improvement, and may exceed the eﬀects of mere area increase. Second,
the ﬂuid dynamics eﬀects become stronger with increasing pin ﬁn
diameter when the height is ﬁxed. Third, the micro pin ﬁns of 250 μm
height and 400 μm diameter show the largest heat transfer performance
among eleven fabricated micro pin ﬁn conﬁgurations tested. Their
pitch-to-diameter ratio is 3. Based on these previous observations, the
micro pin ﬁn employed in the current study has a diameter, height, and
pitch of 500, 250, and 1500 μm, respectively. The diameter is increased
by 100 μm from the best conﬁguration of the previous study to account
for the increased heat sink channel width and agitator blade displacement. These ﬁns have been shown to improve heat transfer performance, based on this previous study [36]. The micro pin ﬁns are conﬁgured in a staggered pattern. A double-sided microfabrication process
was utilized to make the ﬁns on a copper substrate, which was then cut
into individual heat sink ﬁns. The fabrication process of the heat sink
channels with micro pin ﬁns is as follows: A circular copper substrate
102 mm in diameter and 1.1 mm thick was preprocessed after cleaning
with acetone, methanol, isopropyl alcohol, potassium hydroxide, and
sulfuric acid. A titanium (Ti) layer was deposited on the both sides of
the substrate as an adhesive layer. Next, KMPR photoresist was coated
on the Ti layers on both sides. The KMPR layers were exposed to UV
light and patterned to develop a mold structure for electroplating the

2.3. Piezoelectric synthetic jet
A piezoelectric synthetic jet is another active cooling component
added to the active heat sink system. One of the challenges in designing
the active heat sink system is to avoid interferences between components of the system. The synthetic jet with a wedge platform can be a
solution. Fig. 5 shows the proposed piezoelectric synthetic jet module
with the wedge platform. A single oval loop shell actuator is used to
drive the piston of the jet attached to the cavity on the inclined surface
of the wedge platform. The cavity is sealed with a latex sheet. There are
25 arrays of oriﬁces, and each array has four oriﬁces aligned with a
staggered conﬁguration along the heat sink ﬁns, making the oriﬁce
ﬂows wall jets. The cavity and oriﬁces are connected through inclined
channels in the wedge platform. The cavity depth is 10 mm with an area
of 30 mm × 100 mm. The oriﬁce has a square shape of
0.9 mm × 0.9 mm. The operating frequency of the jets is 720 Hz at
193
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Fig. 5. (a) Piezoelectric synthetic jet module with a wedge platform, (b) jet cavity and channels on the wedge platform, (c) jet oriﬁces, (d) cross section of the jet
system.

upstream of the heat sink ﬁns in staggered conﬁguration to create a
wall jet conﬁguration. Additional ﬁxtures to support the agitator and jet
structures are not shown in the ﬁgure, for simplicity.

(a)

3. Heat transfer experiments
Previous studies on heat transfer performance of micro pin ﬁns
under translational agitation conducted in a single channel were presented [39]. Based on the single channel experimental results with
micro pin ﬁns and agitation combined, estimated system thermal resistance, calculated for the current heat sink (but without synthetic jets)
was about 0.04 °C/W. This is considered to be good thermal performance, compared to commercially available fan-assisted heat sinks
with typical thermal resistance values of 0.1 ∼ 1.0 °C/W. However, this
represents an ideal condition that eliminates several limitations of the
actual system. As measured, the actual active heat sink system shows a
higher thermal resistance of 0.065 °C/W [37]. This is mainly due to loss
in the actual heat sink of some heat transfer area because the agitator
driving rods pass through the heat sink ﬁns, reducing heat transfer area.
Also, the actual system tested may have leakage around heat transfer
surfaces. In the current study, the heat transfer performance of the fullsize actual system is measured that combines all the eﬀects of agitators,
jets, and micro pin ﬁns.

10 mm

(b)

(c)

Fig. 6. (a) Single copper heat sink ﬁn cut by wire EDM, (b) micro pin ﬁns
electroplated on the surfaces of the heat sink ﬁn, (c) SEM image of micro pin
ﬁns.

micro pin ﬁns on the substrate. The Ti layers were etched away in the
patterned areas using diluted hydroﬂuoric acid. As a next step, copper
micro pin ﬁns were electroplated over the patterned substrate in a
plating bath. Finally, the residuals of KMPR and Ti layers were removed
to obtain a double-sided micro pin-ﬁnned plate. The copper plates with
electroplated micro pin ﬁns were cut into the heat sink ﬁn shape using
wire EDM. A heat sink ﬁn with electroplated micro pin ﬁns is shown in
Fig. 6.

3.1. Heat transfer experiment set up
The heat transfer experiments were performed with the active heat
sink system shown in Fig. 7, except that the suction fan was replaced
with a discharge adaptor connected to an external vacuum pump to
easily manipulate and measure the volumetric ﬂow rate through the
heat sink. This allows separation of the fan head and ﬂow characteristics from the heat sink pressure drop characteristics. For the external
vacuum pump, a commercially available wet/dry vacuum cleaner
(Dayton 4YE58) was used to provide the ﬂow rate to the system. Fig. 8
shows the test section of the active heat sink for the heat transfer experiments. At the bottom, a glass ﬁber insulation layer is positioned to
block heat loss to the ground. Next, a heat spreader in which ten

2.5. Assembly of active heat sink
Fig. 7 shows a snapshot of the actual active heat sink assembly with
a suction fan, two PTA-3 agitators, and two synthetic jet arrays on their
wedge platforms. The assemblies of inclined synthetic jet modules with
the oval loop shell actuators are attached on the top of the heat sink
base leaving space in the center for air ﬂow from the heat sink discharge outlet to the inlet of the fan. The jet oriﬁces are aligned to the
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(a)

(b)
Flow
passage

Suction fan
Synthetic jet
assembly

Agitator
blades
embedded
in heat sink

(c)

(d)

Staggered
Jet Orifice
Oval loop Array

74 mm

shell piezo
actuator
35 mm
27 mm

118 mm
Fig. 7. Assembly of active heat sink system with a suction fan installed on the top.

the outlet of the heat sink to obtain pressure drop across the heat sink
system. The heat sink base temperatures are measured at diﬀerent locations of the base, including the bottom and side surfaces. Then, the
temperatures are averaged to calculate the system thermal resistance,
Rth :

cartridge heaters are inserted supports the active heat sink module. A
high-conductivity thermal paste is used between the heat spreader and
the heat sink to ensure minimal thermal contact resistance. Air temperatures are measured using thermocouples at the inlets and in the
middle of the ﬂow discharge adaptor at the outlet. The tests are done at
the ambient condition of 300 K and 1 atm. A pressure tap is located at

Air out

Air out

Flow discharge
adaptor

Outlet
temperature

Pressure tap

Air in
cartridge heaters
Insulation

Fig. 8. Test section conﬁguration with the active heat sink system.
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Rth = (Ts−Tin)/q

3.2. Experimental results

where Ts and Tin, and q are the average temperature of the heat sink
base, the air inlet temperature, and the heat dissipation. The heat dissipation is calculated using an energy balance between the inlet and
outlet as:

The thermal resistances of the active heat sink with either plain or
micro pin-ﬁnned surfaces are presented at diﬀerent volume ﬂow rates
and diﬀerent operation conditions of the active components, as shown
in Fig. 11. The speciﬁc target application of the current study is high
power military computing platforms that consume and dissipate higher
level of power compared to the commercially available computing
systems. The range of the ﬂow rate tested is between 56 CFM (26.4 L/
sec) and 76.5 CFM (36.1 L/sec) which can be provided within the
power budget allowed for the study. When only the throughﬂow of 56
CFM (26.4 L/sec) is applied to the plain surface heat sink and the active
components are not energized, the thermal resistance of the system is
0.139 °C/W. When the agitator PTA-1 is turned on, the agitation at
222 Hz with the peak to peak displacement of 1.0 mm reduces the
thermal resistance by 3.5% to 0.135 °C/W. This small enhancement in
heat transfer is mainly due to the low operating frequency of the agitator. Once the PTA-3 is installed in the plain surface heat sink the
thermal resistances are larger than those from non-activated PTA-1
case. The short blades of PTA-3 increase the ﬂow path area of the
channels, and reduce the ﬂow velocity, resulting in larger thermal resistances. Generally, the existence of non-activated blades in the heat
sink channels enhances heat transfer performance due to the increased
ﬂow velocity, however, this leads to the increase in pressure drop.
These characteristics were evaluated in the component level study
performed by Yeom et al. [42].
On the other hand, PTA-3 operating at about 800 Hz with 1.4 mm
displacement reduces the thermal resistance by 18%–22%, depending
on the ﬂow rates. The comparison of heat transfer enhancement between PTA-1 and PTA-3 indicates that either or both the operating
frequency and the displacement are key parameters that have signiﬁcant impact on the performance of the agitator. The eﬀect of the size
of the blade is relatively minor. When the heat sink is replaced with one
having micro pin ﬁns, the system thermal resistance drops signiﬁcantly
by 31%–38%, without operation of agitators and jets. This exceeds
those performed by PTA-3 at the same ﬂow rates. Operation of the
agitators over the micro pin ﬁn heat sink further reduces the thermal
resistance. The PTA-2 agitator operating at 512 Hz with 1.4 mm displacement achieved about a 10% reduction in thermal resistance
compared to the non-agitated micro pin ﬁn heat sinks. This is a total
reduction of 44% (at 76.5 CFM or 36.1 L/sec) in thermal resistance
from that of the non-agitated plain heat sink. PTA-3 shows slightly
improved thermal performance at the lower ﬂow rate of 63 CFM
(29.7 L/sec). However, as the ﬂow rate increases, it starts to converge to
the performance of the PTA-2 agitator. The PTA-3 agitator operates at a
higher frequency with the same displacement as the PTA-2 agitator.
This shows that the displacement might be slightly more important than
frequency in improving heat transfer performance of the active heat
sink. On the other hand, when the jets are turned on, the thermal resistance drops only about 4.5% and 3.0% from those of non-agitated
and agitated micro pin ﬁn heat sink cases, respectively. The reason of
the small contributions can be found from the speciﬁc conﬁguration of
the active heat sink in which the jets cover only a small fraction of heat
transfer area, in the vicinity of ﬁn tips, whereas the agitators provide
direct impact on a large area of the ﬁn side walls. Most interestingly,
the superiority of the micro pin ﬁns is clearly revealed from a comparison of two points in Figs. 11 and 12 between the non-agitated plain
heat sink (Plain – PTA-3 Oﬀ) at 76.5 CFM (36.1 L/sec) and the nonagitated micro pin ﬁn heat sink (Micro – PTA-2 Oﬀ) at 63 CFM (29.7 L/
sec). The non-agitated plain heat sink achieves a thermal resistance of
0.119 °C/W at a power consumption of 32 W. On the other hand, the
non-agitated micro pin ﬁn heat sink at 63 CFM (29.7 L/sec) consumes
less power, 27.4 W, while achieving a thermal resistance of 0.088 °C/W.
The same comparison can be applied between the plain heat sink and
micro pin ﬁn heat sink for the cases with agitators turned on. The micro
pin ﬁn heat sink coupled with PTA-3 achieves a thermal resistance of

q= ṁ c p (Tout−Tin)
where ṁ , cp, and Tout are the mass ﬂow rate, speciﬁc heat, and air outlet
temperature, respectively.
The system power consumption is calculated by summing the power
consumption of each component with the addition of the fan power
required to drive the ﬂow though the heat sink:

Psystem = Pfan + Pagitator + Pjet
The required suction power of the fan is computed by multiplying
the pressure drop across the heat sink channels and volume ﬂow rate
with the 30% fan eﬃciency measured by a fan supplier. The fan power
is:

Pfan =

Δp×Q
η

where Δp , Q , and η are the pressure drop, volumetric ﬂow rate, and fan
eﬃciency, respectively. The electrical power consumption values of the
agitators and jets are calculated by measuring time-varying applied
voltage (V(t)) and current (I(t)) to the agitator as:

Pagitator =

1
τ

∫0

t

V (t )·I (t ) dt

where τ is the period of data measurement. Fig. 9 shows a schematic of
the heat transfer experimental ﬁxture. A vacuum pump is used instead
of the actual suction fan to generate the channel ﬂow through the active
heat sink. A laminar ﬂow meter is positioned between the test section
and the blower to measure volume ﬂow rates. A function generator and
a voltage ampliﬁer produce an ampliﬁed sine wave signal to drive the
piezoelectric translational agitators and synthetic jets. A DC power
supply is used to provide power to the heaters. Manometer measure the
pressure drop across the heat sink and across the ﬂow meter. An Agilent
data acquisition system is used to obtain the temperature measurements. Fig. 10 shows the oscillating blades of the PTA2 agitator at the
upstream of the channels. The operating frequency and displacement
are 512 Hz and 1.4 mm, respectively.
The uncertainty in the thermal resistance measurement is propagated from the uncertainties in temperature measurements and volume
ﬂow rate measurements. The uncertainties in temperature and ﬂow rate
measurements are within 0.5 °C and 0.017 CFM (0.008 L/sec), respectively. Based on the propagation methodology of Moﬀat [41], the calculated uncertainty of the system thermal resistance measurement is
7%.
Power
supply

Temperature
measurement
Flow meter

Manometer

Function
generator

Vacuum
pump

Voltage
amplifier
Test section
Fig. 9. Schematic of heat transfer experiment.
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Fig. 10. Oscillating short-blade agitators in the heat sink channels with micro pin ﬁns.

Fig. 11. System thermal resistance.

increases whereas the agitators plays less role in reducing the thermal
resistance as the ﬂow rate increases. Further detailed studies on ﬂow
and temperature ﬁelds are required to fully uncover the underlying
phenomena on this trend.
Noise is one of the important aspects for the cooling systems and has
to be addressed especially for the systems utilizing piezoelectric components that can generate high level of acoustic noise. The acoustic
noise characterizations of the active components used in the current
study and the suggested noise reduction method are presented in the
previous work conducted by Huang et al. [43]. According to the study,
the A-weighted noise level of the current active heat sink system can
reach as high as 100 dB and this can be reduced to the range of 60 dB
utilizing the optimized expansion chamber.

0.071 °C/W, while consuming about 43 W at 63 CFM (29.7 L/sec). This
is a similar power consumption to that of the plain heat sink operating
at 76.5 CFM (36.1 L/sec), which generates a thermal resistance of
0.119 °C/W. Finally, with the aid of all three components; agitator, jet,
and micro pin ﬁns, the active heat sink system achieves the thermal
resistance of 0.064 °C/W at 70 CFM (33 L/sec), a 48% reduction from
the non-agitated plain heat sink operating at the same ﬂow rate and
with 65.4 W of power consumption.
Fig. 13 shows the % contribution of each active and passive component in the active heat sink system to the total thermal resistance
reduction. The % contribution is calculated by getting the reduction of
thermal resistances when each cooling component is activated from the
plain and non-agitated heat sink condition, and dividing them with the
total thermal resistance reduction when all the cooling components are
activated at each ﬂow rate. The data points, which were not tested in
the study, are estimated using the power curves displayed in Fig. 11.
The bar chart conﬁrms again that the micro pin ﬁns have the largest
contribution on the total thermal resistance at the entire range of ﬂow
rate tested. The synthetic jets show the least contribution on the total
heat transfer enhancement. One interesting observation is that the effects of micro pin ﬁns and synthetic jets increase as the ﬂow rate

4. Conclusions
An active heat sink system employing piezoelectric translational
agitators, piezoelectric synthetic jets, and micro pin ﬁns was introduced, and its thermal performance was experimentally validated.
An oval loop shell coupled with a piezoelectric stack actuator was used
to drive translational agitators and synthetic jets. Three diﬀerent types
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Fig. 12. System power consumption of the active heat sink system at operating conditions and various ﬂow rates.

of carbon ﬁber blade structures were fabricated and used for the heat
transfer experiments. For the synthetic jet, the wedge platform that
enables inclined jet conﬁgurations was used to avoid any interference
between the jet modules and the suction fan. Micro pin ﬁns were
electroplated on the copper substrate and cut into the heat sink ﬁns.
The heat transfer experimental results indicate that the micro pin ﬁns
are most valuable in reducing system thermal resistance and power
consumption. The micro pin ﬁns on the heat sink surfaces reduced
thermal resistance by 38%, compared to the plain heat sink operated at
the same ﬂow rate. The micro pin ﬁn heat sink combined with the PTA3 agitator, operating at around 800 Hz and a displacement of 1.4 mm,
generated a reduction of thermal resistance of 39% at 63 CFM (29.7 L/
sec), while consuming a similar amount of power to that of the nonagitated plain heat sink with increased ﬂow rate of 76.5 CFM (36.1 L/
sec). These results indicate that the proposed active heat sink is a more
eﬃcient method than the traditional fan-assisted system with merely

increased fan power to achieve the same level of cooling performance.
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