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An advanced air cooling scheme that combines both active and passive cooling components is proposed
and its thermal performance is demonstrated with single channel heat transfer experiments. The active
cooling component, a piezoelectric translational agitator, generates strong air turbulence using a blade
oscillating at a high frequency near either plain or micro pin-fin surfaces in the channel. The translational
agitation of the blade is realized using an oval loop shell amplifier with a piezoelectric stack actuator. The
micro pin-fin surfaces were fabricated by the LIGA photolithography technique. Single channel heat
transfer experiments show promising results in the combined system with the micro pin-fin surface
and the agitator. For instance, the combined system heat transfer coefficients were 250% of those on
smooth surfaces without agitation. The channel flow rate was 40 LPM and the Reynolds number was
3300. Measurements are presented that assess, pin fin and agitation effects on thermal performance of
the proposed active heat sink system for several channel flow rates. Based on these single channel test
results, a multi-channel, full-size, active heat sink system utilizing micro pin fins and translational
agitators is proposed, and its thermal performance is estimated.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Effective cooling has been a critical issue for electronics from
small portable devices such as smart phones to high power pro-
cessing computers as failure of effective heat removal results in
poor efficiency or damage to electronics systems. Large heat dissi-
pation of several hundredWatts or even up to several kilowatts has
led to implementation of complex liquid cooling schemes such as
spray, boiling, etc. [1–6]. In spite of superior heat transfer perfor-
mance of liquid cooling methods, air cooling is still an attractive
thermal management scheme for its many advantages over liquid
cooling, including simplicity, reliability, cost. These factors have
been driving forces for development of many passive or active air
cooling technologies to postpone transition to liquid cooling. A
piezoelectric fan is one of the newly introduced methods for active
air cooling. A piezoelectric ceramic generates a flapping motion of
a thin elastic blade, usually at its resonance frequency, yielding air
motion and turbulence from its flapping tip. A variety of piezoelec-
tric fans of different configurations have been reported in the
literature since Toda and Osaka [7] introduced the piezo fan as
a cooling device. Yoo et al. [8] investigated the vibrational
characteristics of bimorph piezoelectric fans operating at about
60 Hz. The lengths of the fans ranged from 28.6 to 69 mm. Differ-
ent shim materials were tried and their structural responses were
analyzed theoretically. The maximum peak-to-peak displacement
of 35.5 mm was achieved from a phosphor bronze fan driven at
60 Hz with 220 V. Açikalin et al. [9] conducted a design study of
piezo fans noting their utility in small portable electronics with
their low noise and power consumption. The piezoelectric fan
was 63.5 mm long and generated a peak-to-peak amplitude of
15 mmwith an operating frequency of 20 Hz. They studied thermal
performance of the fan with different mounting configurations rel-
ative to the heated surface achieving a largest heat transfer coeffi-
cient of 102 W/m2 K. They also demonstrated the thermal
performance of a fan in a laptop environment. Flow visualization
was provided to support their measurements. Higher resonance
modes of piezoelectric fans were investigated with finite element
and experimental methods by Wait et al. [10]. They concluded that
the second mode of operation is desirable, considering the elec-
tromechanical coupling factor for conversion from electrical to
mechanical energy. However, higher mode operation was accom-
panied by increased power consumption. Açikalin and Garimella
[11] predicted fundamental characteristics of piezoelectric fans,
such as flow fields around the fans and associated fan curves as
well as heat transfer performance. Kimber et al. [12] demonstrated
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Nomenclatures

A convection surface area
Ab carbon fiber blade area
Ac cross sectional area of copper block
Asink convection surface area of the virtual active heat sink
db hydraulic diameter of the blade
dh hydraulic diameter of the channel
f friction coefficient
fp friction coefficient of plain surface
fup,down friction coefficient of upstream and downstream exten-

sions of single channel
g standard gravity
h heat transfer coefficient
Kloss,inlet inlet loss coefficient
k thermal conductivity of copper
kair thermal conductivity of air
ktp thermal conductivity of thermal paste
Nu Nusselt number
Nup Nusselt number of plain surface
DPstatic static pressure drop
DPtotal total pressure drop
DPtest pressure drop across the test section of the single chan-

nel
Pr Prandtl number
pb perimeter of the agitator blade
Qsink volumetric flow rate of the virtual active heat sink
q heat input of the single channel heat transfer

qsink heat input of the virtual active heat sink
Rec the channel Reynolds number
Rea the Reynolds number of PTA
Retot the total Reynolds number
Rth thermal resistance
St Stanton number
Tin single channel inlet temperature
Tout single channel outlet temperature
Tsink active heat sink base temperature
Tsink,in air inlet temperature of the active heat sink
Tsink,out air outlet temperature of the active heat sink
Tsub temperature measured below the convection surface
Tsur averaged surface temperature
DTLMTD log mean temperature difference
Vcon contraction velocity at the outlet adaptor
Vin channel inlet velocity
m kinematic viscosity
z manometer reading

Greek symbols
e performance index
x angular frequency
qair density of air
qwater density of water
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localized heat transfer enhancements with 60 Hz and 6.35–10 mm
amplitude operation yielding heat transfer coefficients of about
100W/m2 K. They found that an optimal tip-to-surface gap is clo-
sely related to the vibration amplitude of the fans. Liu et al. [13]
examined influences of fan geometry and arrangement with six
different piezoelectric fans. Operating frequencies ranged from
28 to 53 Hz. The thermal enhancement ratios of their fans over nat-
ural convection were as high as three. Thus, the piezoelectric fan
with an operating frequency of less than 100 Hz has various advan-
tages, such as low noise level, low power consumption and com-
pactness, for application to small-scale electronics. However,
localized and confined heat transfer areas and low heat transfer
coefficients make the flapping fans unsuitable for cooling of high
power electronics.

Piezoelectric drives are used also in synthetic jets, devices that
generate a net zero mass flow out of a cavity. Consisting of a drive,
a diaphragm, a cavity and an orifice, they have gained much atten-
tion, recently, for localized cooling purposes. Beratlis and Smith
[14] performed a numerical study to optimize a synthetic jet for
cooling vertical cavity surfaces of a laser array. Their optimization
parameters were the jet angle and distance from a heated surface.
Mahalingam et al. [15] fabricated a synthetic jet ejector that gener-
ates secondary flows in a channel, then studied the effects of chan-
nel width on flow characteristics and thermal performance. An
active heat sink combined with the synthetic jet ejector was tested
to demonstrate 110 W dissipation of thermal energy while main-
taining the heat sink temperature at 100 �C. This was a 350%
improvement over natural convection. Wang et al. [16] embedded
a synthetic jet into a printed wiring board used for the thermal
management of microelectronics. A flexible polymeric diaphragm
was driven by an electromagnetic driver. The synthetic jet
achieved a peak jet velocity of 14 m/s with 60 mW of power and
achieved heat flux removal of 3.6 W/cm2 keeping the surface
temperature below 70 �C. Pavlova and Amitay [17] found that
synthetic jets are three times more effective than continuous jets
operating at the same Reynolds number. They conducted a detailed
flow visualization study to understand the cooling mechanism at
different operating frequencies. Arik [18] investigated the localized
heat transfer of a piezoelectric synthetic jet operating between
2 kHz and 6 kHz. They also studied the effects of applied voltages,
frequencies, and heater lengths on cooling. One case provided 10
times natural convection heat transfer.

Combining these devices with a passive cooling system that
provides increased heat transfer area (fins) may further enhance
cooling capability. The passive method in the present study
includes micro pin fin structures that can disturb the thermal
boundary layers in addition to providing the increased heat trans-
fer area. Intensive investigation on thermal and hydrodynamic
aspects of pin fin structures is documented in the literature. Stud-
ies about heat transfer and pressure drop characteristics of conven-
tional size pin fins with different array orientations [19–21] or
cross sectional shapes [19,21–25] were reported. Overall, the stud-
ies suggested that a staggered array is superior to an in-lined array
in terms of heat transfer capability. With technology advances in
microfabrication, a remarkable size reduction of pin fin structures
is possible. As a result, micro pin fins have recently gained consid-
erable attention for thermal management. Marques and Kelly [26]
demonstrated fabrication of micro pin fins onto planar or non-
planar metal surfaces. Their results showed enhanced heat transfer
performance over plain heat exchanger systems. Kos�ar et al. [27]
documented pressure drop characteristics of laminar flow of water
over micro pin-fin arrays of different orientations and shapes.
Correlations for conventional pin fins were in need of modification
for use with micro pin fins to account for the effects of pin fin
height-to-diameter ratio, which tend to be smaller in micro pin
fin arrays. Additionally, they showed that staggered and
diamond-shaped pin fins generated higher friction factors than
in-lined and circular-shaped fins. Peles et al. [28] documented heat
transfer with a bank of micro pin fins and derived a correlation for
total thermal resistance. Their results recommend that a dense
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micro pin fin configuration is preferable at high Reynolds number
operation. Prasher et al. [29] provided extensive correlation data of
Nusselt numbers and friction factors for micro pin fins with stag-
gered arrays and water cross flows.

In the present study, we investigate an advanced air cooling
technique that combines both active and passive methods for
developing an active heat sink system. Herein, the active method
is a piezoelectric translational agitator that generates strong air
turbulence from oscillating blade plates with high-frequency
translational displacements. The passive method is the use of
micro pin fins grown on the heat sink channel surface. Yeom
et al. [30] introduced the concept of the agitator with an oval loop
shell piezo actuator, and demonstrated its possibility as a cooling
device. In addition, Yeom et al. [31] investigated heat transfer per-
formance of the agitator over plain heated surfaces in a channel
with different operating conditions. The active heat sink system
that combined micro pin-fin surfaces and translational agitators
was introduced by Yeom et al. [32]. Yu et al. [33] experimentally
and numerically studied the active heat sink system integrated
with translational agitators and synthetic jets in a single channel.
Current work extends these previous studies and provides
intensive heat transfer experimental results for the piezoelectric
translational agitator operating over micro pin-fin surfaces focus-
ing on performance in a single channel. Thermal performance of
a full-size active heat sink system aided by a multiple-blade agita-
tor system and micro pin-fin surfaces is anticipated, based on the
results from the present single-channel heat transfer experiments.

2. Translational agitation over micro pin-fin surfaces

2.1. Piezoelectric translational agitator (PTA)

The high frequency translational motion of rigid rectangular
blade is made using resonance energy of an oval loop shell ampli-
fier excited by a PZT stack actuator. The shell is compressing the
PZT actuator in the center of the loop. The PZT actuator generates
sinusoidal vibration with a micron-range displacement in its axial
(x) direction (Fig. 1(a)). The oval loop shell has two flexural beam
sections that vibrate at their resonance. A carbon fiber composite
blade structure is attached to the center on one of the two flexural
beams. The other side of the shell is fixed by using the ‘‘fixed
bump” shown. When the PZT actuator generates vibration with
frequencies close to the natural frequencies of the oval loop shell
amplifier, the flexural beam, with the blade attached, is vigorously
excited in the y-direction, as indicated in Fig. 1(a), making
Fig. 1. (a) Piezoelectric translational agitator (PTA), (b) P
millimeter-range amplified displacements. Figure 1(b) shows the
actuator at its idle state with a stationary beam and blade. The
excited beam and oscillating blade at resonance of the actuator is
seen by the fuzziness in Fig. 1(c). By changing the thickness of
the beam and the size of the oval loop shell actuator, the operating
frequency and displacement are modified. More detailed analyses
on vibrational and structural characteristics of the oval loop shell
actuator can be found in the previous work [30].

2.2. PTA with micro pin-fin surfaces

In order to demonstrate thermal performance of the actuator
and micro pin-fin surface combination, a single channel test facility
is considered. Figure 2 shows a conceptual illustration of the single
channel housed with the actuator and the micro pin-fin surface. In
the center of channel, the thin copper plate with micro pin fin
arrays is positioned and the agitator blade faces the micro pin-fin
surface and moves with high-frequency, translational oscillation
(expressed as white arrows in Fig. 2). The micro pin-fin surface rep-
resents a side surface of the active heat sink channel. Air flow
passes from left to right in the channel.

The micro pin fin has diameter, D, and height, H. The pitch
between the pin fins is S, the same in both horizontal and vertical
directions. Micro pin fins are fabricated on a thin copper plate by
the LIGA photolithography technique, as explained in Fig. 3. First,
the �10 cm (4-in.) copper wafer is prepared to make the fabrica-
tion process easier. Next, a cleaning process is performed with ace-
tone, methanol, isopropyl alcohol, potassium hydroxide and
sulfuric acid. A deposition of titanium (Ti) follows, to serve as a
protective layer (Fig. 3(a)). A KMPR photoresist layer is deposited
on the Ti layer (Fig. 3(b)). Then the photoresist and Ti layers are
patterned and etched. Micro pin fins are electroplated onto the
preprocessed copper wafer in a copper plating bath. Finally, the
residuals of photoresist and Ti layers are removed and only the
copper micro pin fin structures remain (Fig. 3(e)). A Scanning Elec-
tron Microscope (SEM) image of the fabricated micro pin-fin array
is shown in Fig. 3(f).

The details of heat transfer experiment facility are illustrated in
Fig. 4. A long rectangular copper block is used as a heat flow path
from the heater to the micro pin-fin surface. At one end is a car-
tridge heater. At the other end is the micro pin-fin surface plate,
attached using a thermal paste. The copper block is insulated with
Styrofoam to minimize heat loss. The micro pin-fin surface is
exposed to air flow in the channel, as shown in Fig. 2. The channel
unheated surfaces are acrylic plastic plates with Styrofoam
TA at the idle state, (c) operation mode of the PTA.



Fig. 2. Illustration of translational agitator operating with micro pin-fin plate in a narrow channel.

Fig. 3. Fabrication process of copper micro pin-fin plate, (a) Ti metal layer deposition, (b) KMPR photoresist deposition, (c) photoresist patterning and Ti layer etching, (d)
electroplating of copper micro pin fins, (e) removal of KMPR photoresist and Ti layer residuals, (f) SEM image of micro pin-fin array, (g) micro pin-fin plate.
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backing. The channel has adiabatic upstream and downstream
extension sections (Lup and Ldown in Fig. 2). The agitator blade is
positioned in the center of the channel length. Frames that connect
the blade to the oval loop shell pass through holes in the plastic
wall of the channel. The holes for the frames are sealed using flex-
ible latex to ensure that there is no leakage.

A schematic of heat transfer experiment loop is described in
Fig. 5. An external suction pump generates air flow through the
channel. A flow meter and a valve to measure and control the
channel flow rate are positioned between the test section and
the pump. A pressure tap at the outlet adapter of the channel is
connected to a manometer to measure pressure drop across the
entire channel. A function generator and a voltage amplifier pro-
vide an amplified, sinusoidal voltage signal to the agitator drive.

3. Heat transfer and pressure drop experiments

3.1. Data reduction

Eleven micro pin-fin plates were fabricated and sequentially
tested in the channel without an agitator to establish baseline data
for comparison to the cases with the agitators. Dimensions and



Fig. 4. Test section of the single channel heat transfer experiment with micro pin-fin surface and PTA, (a) top view, (b) front view showing the inlet of the channel.

Fig. 5. Schematic of single channel heat transfer experiment facility.

Table 1
Dimensions of micro pin fins.

Micro pin-fin H (lm) D (lm) S (lm) S/D Area increase (%)

H150D75 150 75 450 6 29.7
H150D150 150 150 450 3 63.3
H150D200 150 200 600 3 46.5
H250D250 250 250 750 3 63.3
H250D400 250 400 1200 3 38.1
H350D350 350 350 1050 3 63.3
H350D450 350 450 1350 3 48.4
H400D250 400 250 750 3 103.6
H400D400 400 400 1200 3 63.3
H400D600 400 600 1800 3 40.9
H400D700 400 700 2100 3 34.5
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structural properties of the eleven micro pin-fin plates are summa-
rized in Table 1. The heights of the pin fins vary from 150 lm to
400 lm. The diameters change from 75 lm to 700 lm. For all
cases, the pitch to diameter ratio, S/D, is three, except for the case
of H150D75, which has S/D = 6. Among the eleven samples, the
case of H400D250 has the largest area increase to 203.6% of the
plain surface area.

Heat transfer coefficients and Nusselt numbers are calculated to
investigate the thermal performance of the micro pin-fin surfaces
with and without the operation of agitators. The heat transfer coef-
ficient (h) is calculated using a log mean temperature difference
(LMTD) method as below:

h ¼ q=A � DTLMTD ð4Þ
where q and A are heat transfer from the cartridge heater and con-
vection area of the micro pin-fin surfaces, respectively. Herein, A is
denoting the base projected area of the micro pin-fin plate.

The LMTD is calculated as:

DTLMTD ¼ ½ðTsur � TinÞ � ðTsur � ToutÞ�
ln½ðTsur � TinÞ=ðTsur � ToutÞ� ð5Þ

where Tin, Tout and Tsur are the air temperatures of inlet, outlet and
the micro pin-fin plate, respectively. Ten thermocouples are used to
measure temperatures (Tsub,i) 2.0 mm below the micro pin-fin sur-
face. The distance of 2.0 mm includes a contact gap between the
copper block and the micro pin-fin plate. Therefore, the surface
temperatures (Tsur,i) of the micro pin-fin plate are found by
extrapolation:

Tsur;i ¼ Tsub;i � q
Ac

lsub
k

þ dgap

ktp

� �
ð6Þ

where Ac, k, ktp, lsub and dgap are the cross sectional area of the cop-
per block, the thermal conductivity of the copper block, the thermal
conductivity of the thermal paste, the distance between the convec-
tion surface and thermocouples, excluding the contact gap and the
thickness of contact gap, respectively. These ten surface tempera-
tures are averaged to obtain the temperature (Tsur) of the micro



Fig. 6. Performance index comparison of eleven micro pin-fin surfaces tested
without agitation.

Fig. 7. Heat transfer coefficients of micro pin-fin surfaces under translational
agitations at a channel flow rate of 10 LPM.
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pin-fin surface. The Nusselt number is computed from the heat
transfer coefficient as:

Nu ¼ hdh=kair ð7Þ
where dh and kair are the hydraulic diameter of the channel and the
thermal conductivity of air, respectively. A flow resistance of the
channel is another important factor to document since micro pin
fins increase frictional losses and require more pump power to drive
air flow through the channel. A static pressure drop across the
entire channel length is measured at the outlet adapter that con-
nects the channel to the pump using a water-filled manometer.
The static pressure drop (DPstatic) of the entire channel is calculated
as:

DPstatic ¼ 2zg � ðqwater � qairÞ ð8Þ
where z, g, qwater and qair are the manometer reading, gravity, water
density and air density, respectively. To get the pressure drop of the
heated, micro pin-finned section (test section), the pressure losses
at the channel inlet and exit and other losses in the channel other
than the test section are experimentally evaluated and subtracted
from the measured entire channel pressure drop. For the calculation
of these losses, a case with a plain surface was used to measure the
pressure drop across only the heated section by locating two pres-
sure taps, one right before and one right after the test section. This
was taken out from the entire channel measured static pressure
drop. The net is the summed pressure losses in the channel except
for the test section region. This term should be the same for all the
testing conditions of this paper. Therefore, for all other micro pin-
fin surface and installed agitator combined cases, this term was
subtracted from the entire channel pressure drop to calculate the
pressure drop across only the test section. The friction factor for
the test section can be calculated as:

f ¼ 2dtestDPtest=qairLV
2
test ð9Þ

where dtest, DPtest, L and Vtest are the test section hydraulic diameter,
pressure drop, length and velocity, respectively. Uncertainty analy-
sis is done to estimate uncertainties of the heat transfer coefficients
and pressure drops based on the standard methods for propagation
of uncertainty. The uncertainty of 4% is given to the convection sur-
face area. The uncertainty in temperature measurements is given as
0.5 �C. The cartridge heater uses alternating current (AC). Therefore,
time varying voltages to the heater are measured with an oscillo-
scope to calculate averaged heat generation of the heater. The resis-
tor of 0.2X with an error of 0.1% is used to measure the current
through the heater. The oscilloscope has a measurement accuracy
of 3% + 1 mV. The corresponding uncertainty of heat input is 4.4%
based on the above factors. Experience with heaters of this type
show that the power factor is essentially unity. The total
uncertainty in heat transfer coefficient is 6.1%. For the pressure drop
calculations, 2% of uncertainty is given to the reading of the
manometer. Repeating the same process, the uncertainty in
pressure drop calculations is 6.2%.

3.2. Heat transfer results

To compare the overall performance of the micro pin-fin sur-
faces without the agitation effects, the performance index
described in [26,29,34] is evaluated for the eleven micro pin-fin
surfaces using the equation:

e ¼ ðNu=NupÞ
ðf=f pÞ1=3

ð10Þ

where Nup and fp are the Nusselt number and friction factor of
the plain surface plate, respectively. Note that the Nu value in the
numerator includes the improvement due to added area of the
pin fins, since the heat transfer coefficient is based on projected
area. Figure 6 shows the comparison of performance index for the
eleven micro pin-fin cases tested without the agitator installed in
the single channel. If the index is larger than 1, the heat transfer
enhancement over the plain surface is greater than the pressure
drop increase due to the micro pin-fin surfaces. The greater index
represents better performance of the micro pin-fin surfaces, consid-
ering both thermal and hydraulic aspects. As a result, the surface
H250D400 shows the best performance among the eleven surfaces
for all the channel flow rates tested. However, this is not necessarily
the best case under agitation. Therefore, the surface of H400D250,
showing relatively poor performance, is also selected for testing
with agitation.

The heat transfer experiments of the selected micro pin-fin sur-
faces are performed with the actuators operating at two different
frequencies, 596 and 920 Hz. Heat transfer coefficients of the micro
pin-fin surfaces under agitation at channel throughflow rates of 10,
20, 40, 60 LPM are shown in Figs. 7–10, respectively. Channel flow
conditions are listed in Table 2.



Fig. 8. Heat transfer coefficients of micro pin-fin surfaces under translational
agitations at a channel flow rate of 20 LPM.

Fig. 9. Heat transfer coefficients of micro pin-fin surfaces under translational
agitations at a channel flow rate of 40 LPM.

Fig. 10. Heat transfer coefficients of micro pin-fin surfaces under translational
agitations at a channel flow rate of 60 LPM.

Table 2
Channel flow conditions of single channel heat transfer experiments.

Cross flow rate 10 LPM 20 LPM 40 LPM 60 LPM

Velocity at inlet (m/s) 1.9 3.9 7.8 11.6
Velocity at test section (m/s) 2.8 5.7 11.3 16.9
Reynolds number (inlet) 823 1646 3293 4938
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The agitator plate operates at peak-to-peak displacements from
0.4 mm to 1.4 mm with 0.2 mm steps adjusted by different applied
voltages to the PZT stack. At a channel flow rate of 10 LPM (Fig. 7),
a heat transfer coefficient of about 80 W/m2 K is achieved from the
plain surface. The micro pin-fin surface of H250D400 increased a
heat transfer coefficient by 20% up to about 100W/m2 K when
the agitators are not in operation. When there is the agitator
installed but not in operation, the surface of H400D250
provided obviously better thermal performance over the case of
H250D400. Once the agitators are turned on, the effects of transla-
tional agitation are clearly seen in all the cases. At a lower operat-
ing frequency of 596 Hz, two micro pin-fin surfaces give similar
performance values with a displacement of 0.4 mm, with some
deviations as the displacement increases. At a frequency of
920 Hz, the surface H250D400 shows higher heat transfer coeffi-
cients over the entire displacement range. However, the differ-
ences fall within the uncertainty of 6.1%. At a lower flow rate of
10 LPM, the two micro pin-fin surfaces show similar heat transfer
performance when agitation effects are present. Once the peak-
to-peak displacement reaches 1.4 mm, the micro pin-fin surfaces
do not have a noticeable benefit over the plain surface performance
value at the higher frequency of 920 Hz. Overall, at a flow rate of
10 LPM, the micro pin-fin surface with translational agitation gave
a heat transfer coefficient of 236W/m2 K, which is 280% of the
value of the non-agitated, but blade installed, plain surface case.

When the flow rate is increased to 20 LPM, similar patterns are
found (Fig. 8). The micro pin-fin surfaces provide obvious improve-
ment in heat transfer compared to the plain surface performance.
However, it is difficult to distinguish thermal performance differ-
ences between the two micro pin-fin surface cases under agitation.
On the other hand, as the flow rate increases to 40 LPM (Fig. 9), sur-
face H400D250 begins to show better thermal performance over
the H250D400 surface. At a frequency of 596 Hz, surface
H400D250 maintains superiority throughout the entire displace-
ment range. However, at a higher frequency of 920 Hz, as the
displacement increases the differences between the two micro
pin-fin surfaces become negligible. Overall, higher-frequency
agitation gives more heat transfer enhancement with a micro
pin-fin surface of H400D250 at 40 LPM. At 40 LPM, a heat transfer
coefficient of 368W/m2 K is achieved from the micro pin-fin sur-
face of H400D250 cooled by 920 Hz agitation at a peak-to-peak
displacement of 1.4 mm. This is 250% of the non-agitated, plain
surface value.

At the highest flow rate of 60 LPM, the effects of micro pin-fin
surfaces and translational agitation become more obvious, as
shown in Fig. 10. Heat transfer enhancement due to micro pin-
fin surfaces is larger than for the lower flow rate cases. Among
the two micro pin-fin surfaces, H400D250 clearly shows better
performance under all the operating conditions. At 60 LPM, trans-
lational agitation at 920 Hz increases heat transfer coefficients of
the H400D250 surface up to 422W/m2 K. This is 230% of the value
for the non-agitated, plain-surface case. From the heat transfer test
results taken at different operating conditions, it is noted that the
micro pin-fin surfaces and agitators perform better at higher
channel flow rates (turbulent regime).
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3.3. Pressure drop

Pressure drops over the micro pin-fin surfaces under transla-
tional agitation at different channel flow rates are presented in
Fig. 11. At lower flow rates of 10 and 20 LPM, pressure drop
increases due to micro pin-fin surfaces are not significant. Overall,
adding more agitation has less impact on the pressure drop
increase than does flow rate increase. At the lower flow rates of
10 and 20 LPM, two micro pin fin surfaces show very similar pres-
sure drop values under the same flow rate and agitation displace-
ment. On the other hand, when a flow rate increases to 40 LPM, the
differences in pressure drop between the two micro pin-fin sur-
faces become more apparent. At 40 LPM, the H250D400 surface
has a larger pressure drop than does the H400D250 surface at
596 Hz. However, at a higher frequency of 920 Hz, the H400D250
surface has the larger pressure drop. When a flow rate increases
to 60 LPM, the pressure drop over the H400D250 surface is above
150 Pa and rises to 280 Pa with the actuator operating at 920 Hz,
with a 1.4 mm peak-to-peak displacement.

At the flow rate of 60 LPM, the H400D250 surface shows larger
pressure drops at both operating frequencies over the entire dis-
placement range. It is interesting to see that the higher frequency
operation does not necessarily lead to larger pressure drop com-
pared to lower frequency agitation. At 40 LPM and 596 Hz agitation
Fig. 11. Pressure drops over micro pin-fin s
over the H250D400 surface, a larger pressure drop is observed,
compared to the 920 Hz agitation case on the same surface when
the agitation displacement is smaller than 0.6 mm. However, the
higher frequency agitation case gives larger pressure drops when
the agitation displacement is larger than 0.8 mm. At 60 LPM, a sim-
ilar situation is observed. At displacements smaller than 0.6 mm,
lower frequency agitation of 596 Hz shows larger pressure drops
for both micro pin-fin surface cases. Once the displacement
becomes larger than 0.8 mm, the pressure drop of the higher agita-
tion frequency case becomes larger than that of the lower fre-
quency case. Overall, it is not easy to find specific patterns of
pressure drop with respect to different operating frequencies and
micro pin-fin surfaces.
4. Nusselt number and Stanton number

In order to characterize the combined effects of channel flow
rates and translational agitation of the system, a total Reynolds
number (Retot) was proposed by Yeom et al. [35] as:

Retot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rec þ Rea

p
ð11Þ

where Rec and Rea are the Reynolds numbers for a channel flow and
translational agitation, defined as:
urfaces under translational agitations.



Fig. 13. Heat transfer coefficient of the surface H250D400 with respect to total
Reynolds number.
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Rec ¼ Vindh

m
ð12Þ

Rea ¼ xAdb

m
ð13Þ

where Vin,x, A, dh, db and m are the channel inlet velocity, frequency
of the agitator, maximum mean-to-peak displacement, hydraulic
diameters of the channel with blade, hydraulic diameter of the
blade, and kinematic viscosity, respectively. The hydraulic diameter
of the blade is:

db ¼ 4Ab=Pb ð14Þ
where Ab and Pb are the area and perimeter of the blade plate,
respectively. Similarly, the hydraulic diameter of the channel is
defined as:

dh ¼ 4Ah=Ph ð15Þ
where Ah and Ph are the channel cross sectional area and wetted
perimeter calculated when the blade cross section is subtracted
from the channel. By substituting Eqs. (12) and (13) into Eq. (11),
the total Reynolds number becomes:

Retot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðVindhÞ2 þ ðxAdbÞ2

q
m

ð16Þ

Therefore, the total Reynolds number contains all aspects of air
currents generated in the test section by the channel flow and
agitation. This leads the heat transfer coefficient (in Figs. 7–10)
to be re-plotted with respect to the total Reynolds number.

Figure 12 shows heat transfer coefficients of the plain surface
with the corresponding total Reynolds number for each operating
condition. The heat transfer coefficients are linearly distributed
along with total Reynolds number. The R-squared value of the lin-
ear fit is 85.9% for the plain surface. The heat transfer coefficients of
two micro pin-fin surfaces also show linear relationships with the
total Reynolds number, as shown in Figs. 13 and 14.

The micro pin-fin surfaces increase slopes of the linear fits com-
pared to those for the plain surface. The constants, A and B, of the
linear relations for the three surfaces are summarized in Table 3.

From the linear relationship between the heat transfer coeffi-
cient, h, and the total Reynolds number, the expression for Nusselt
number (Nu) is derived as:
Fig. 12. Heat transfer coefficient of plain surface with respect to total Reynolds
number.

Fig. 14. Heat transfer coefficient of the surface H400D250 with respect to total
Reynolds number.

Table 3
Constants of linear relation between the heat transfer coefficient and total Reynolds
numbers.

A B R-squared error (%) Stanton number

Plain surface 0.0261 84.4 85.9 0.00999
H250D400 0.0445 56.8 81.3 0.01730
H400D250 0.0492 49.2 80.9 0.01913
Nu ¼ ðh� BÞdh

kair
¼ CRetotPr ð17Þ

where kair and Pr is the thermal conductivity and Prandtl number of
air. The constant C is:

C ¼ A
Pr

� dh

kf
ð18Þ

The Nusselt numbers of the surfaces calculated based on Eq.
(17) are presented with respect to the total Reynolds number in
Fig. 15.



Fig. 15. Nusselt number with respect to total Reynolds number.
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The results show that the micro pin-fin surface of H400D250
provides better cooling capability over the H250D400 surface
under translational agitation with channel flow. By substituting
Eq. (16) into Eq. (17), the Stanton number, the non-
dimensionalized heat transfer coefficient, can be obtained with
further arrangement:

St ¼ ðh� BÞ
qaircVeff

¼ C ð19Þ

where the effective velocity of the system is given by:

Veff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðVinÞ2 þ ðxAÞ2 db

dh

� �2
s

ð20Þ

Therefore, one can estimate the cooling capability of the agita-
tor in the channel flow at specific operating conditions in terms of
the operating frequency, displacement, blade size and channel flow
rate using the definitions of Stanton number and effective velocity.
According to Eq. (19), the constant C is identical to the Stanton
number of the surface. Figure 16 compares the Stanton numbers
calculated both from Eqs. (18) and (19) for two micro pin-fin
Fig. 16. Stanton number of the micro pin-fin surfaces and plain surfaces.
surfaces and the plain surface. It shows that the cooling perfor-
mance of each surface could be characterized by the Stanton num-
ber. In addition, heat transfer enhancement of the micro pin-fin
surfaces with translational agitation over the plain surface can be
clearly confirmed. The calculation errors of the Stanton numbers
from Eq. (19) are shown in Fig. 16. Comparing the Stanton numbers
of three surfaces, the micro pin-fin surface H400D250 improved
thermal performance to 191% of the plain surface value while sur-
face, H250D400, improved thermal performance to 173% of the
plane surface value.
5. Thermal performance estimation of a full size active heat
sink

The single channel test section used for the heat transfer exper-
iments of the current study represents one portion of an active
heat sink equipped with multiple channels with a blade agitator
in each and with a micro pin-finned surfaces. Therefore, estimating
the overall thermal resistance of the full size active heat sink based
on the results of the single channel experiments would be desir-
able and helpful for better understanding of the proposed cooling
technology. Figure 17(a) shows the virtual heat sink that consists
of 26 channels and a flow diverter in the center, designed for a
89 mm by 114 mm (3.5 by 4.5 in.) footprint.

The heat sink channels are assumed to have the H400D250 sur-
face as it shows better thermal performance than that of the
H250D400 surface. Air flow comes from the both sides of the heat
sink (blue arrows in Fig. 17), turns 90� by the diverter and leaves
upward (red arrows in Fig. 17) in the center of the heat sink. The
sides of the heat sink, except for the channel inlets and outlet,
are covered by adiabatic plates. Fig. 17(b) shows a cross sectional
view of the heat sink channel. The carbon fiber agitator blades
positioned in the channel fit the channels with a clearance of
1 mm. The channel has a height and width of 23.5 and 3.4 mm,
respectively, at the inlet plain. The heat sink fin thickness is
1.1 mm. The agitator blade thickness is 0.6 mm. It is assumed that
the heat transfer coefficients measured from the single channel
Fig. 17. Schematic of virtual active heat sink module (a) heat sink and flow path, (b)
single heat sink channel with agitator blades installed. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)



Table 4
Flow rate conversion between single channel test and full size active heat sink.

Single channel test flow rate (LPM) 10 20 40 60
Converted system flow rate (LPM) 589 1181 2362 3543
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test at the previous section are the average heat transfer coeffi-
cients of the entire active heat sink surfaces at the equivalent oper-
ating conditions. The overall heat dissipation (qsink) and inlet air
temperature (Tsink,in) of the active heat sink are assumed to be
1.0 kW and 30 �C, respectively. The air outlet temperature (Tsink,out)
of the heat sink can be calculated as:

Tsink;out ¼ Tsink;in þ qsink

qairQsink
ð21Þ

where Qsink is the converted heat sink flow rate that provides the
same channel velocity as the single channel heat transfer experi-
ments. The converted heat sink flow rates are summarized in
Table 4.

Herein, it is assumed that the heat sink surfaces are isothermal.
The heat sink base temperature (Tsink) must be calculated to get the
thermal resistance of the active heat sink module with the
assumed operating conditions of the heat sink. With the heat
transfer coefficients (h) measured from the single channel heat
transfer experiments, the following equation using the LMTD is
valid:

qsink ¼ h � Asink
ðTsink � Tsink;outÞ � ðTsink � Tsink;inÞ

ln Tsink�Tsink;out
Tsink�Tsink;in

� � ð22Þ

where Asink is the convection surface of the active heat sink without
considering the area increase due to the micro pin-fin surfaces.
From Eq. (22), the heat sink base temperature is calculated as:

Tsink ¼ Tsink;out � Tsink;in expðZÞ
1� expðZÞ ð23Þ

where Z is expressed as:

Z ¼ h � AsinkðTsink;in � Tsink;outÞ
qsink

ð24Þ

Therefore, the thermal resistance (Rth) of the active heat sink
can be computed as:

Rth ¼ Tsink � Tsink;in

qsink
ð25Þ
Fig. 18. Thermal resistance estimation of the virtual active heat sink based on
single channel test results.
Figure 18 shows the thermal resistance of the virtual active heat
sink calculated from Eq. (25) with respect to the total Reynolds
number of the heat sink channel.

It is apparent that higher operating frequency, large displace-
ment, and flow rates lead a lower thermal resistance. The effect
of a displacement on the thermal resistance is significant, but tends
to decrease as the total Reynolds number increases at a given oper-
ating frequency and flow rate. However, a frequency has little
impact on the thermal resistance as agitation with two different
frequencies generates similar ranges of thermal resistance at a
given flow rate. The thermal resistance significantly improves as
the flow rate increases. The active heat sink can achieve a thermal
resistance of less than 0.04 �C/W at a high flow rate of 3543 LPM,
which gives the heat sink inlet velocity of 14.2 m/s.

6. Conclusions

In this paper, the new cooling technique that combines both
active and passive components of heat transfer enhancement
was proposed to achieve efficient removal of heat from high power
electronics. The active component is the piezoelectric translational
agitator that can generate high-frequency, translational oscillation
of a thin, rigid blade. This high-frequency translational agitation is
utilized to cool the micro pin-fin surface. The pin fins represent the
passive heat transfer augmentation component of the system. An
intensive heat transfer study was performed to verify the perfor-
mance of the proposed technique by using a single channel test
facility. Eleven micro pin-fin plate samples were fabricated and
their performance index values, which characterize both thermal
and hydrodynamic performance, were compared. As a result, the
micro pin-fin surfaces H250D400 and H400D250 were selected
for further heat transfer experiments in which a piezoelectric
translational agitator is incorporated. For instance, a case with
the agitator operating at 920 Hz with a peak-to-peak displacement
of 1.4 mm with the H400D250 pin finned surface enhanced the
heat transfer coefficient to 250% and 230% of plain-wall, non-
agitated values at channel flow rates of 40 and 60 LPM, respec-
tively. The pressure drops across the test section of the single chan-
nel facility were measured and compared. It was confirmed that
the agitation effects on pressure drop are not substantial, regard-
less of operating frequency. However, channel flow rate has a sig-
nificant impact on increasing pressure drop. In order to consider
the combined effects of cross flow and translational agitation on
cooling performance of the system, an analyses using the total Rey-
nolds number and Stanton number were conducted. It was con-
firmed that each surface has its own value of Stanton number
that characterizes thermal performance. Based on the Stanton
number analysis, the micro pin-fin surface H400D250 with transla-
tional agitation improved the overall cooling capability about
191%, compared to the plain surface with the same agitation and
channel flow conditions. A full-scale, active heat sink module aided
with agitation and micro pin-fin surface enhancement was pro-
posed. Its thermal performance was estimated using the heat
transfer coefficients measured in the single channel experiment.
The proposed active heat sink module with an array of 26 channels
installed with 52 agitator blades is shown to provide a thermal
resistance of about 0.04 �C/W at its best operating condition. This
represents a very good system thermal resistance. The power
required to drive the multiple-blade agitator and channel flow
are important factors not addressed in this paper.
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