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Air-cooled heat sinks are widely used for microelectronics cooling. Piezoelectrically-driven agitators and
synthetic jets (syn-jets) have been reported as good options in enhancing heat transfer on nearby sur-
faces. This study proposes that agitators and syn-jets be integrated within air-cooled heat sinks to signif-
icantly augment heat transfer performance. The proposed integration is investigated experimentally and
computationally in a single-channel heat sink with one agitator and two syn-jet arrays. The study of a
single channel between two fins is a precursor to the design of a full scale, multi-channel heat sink.
The agitator and syn-jet arrays are separately driven by three piezoelectric stacks operating at their indi-
vidual resonant frequencies to actively disrupt and mix the bulk air flow within the channel. The exper-
iments show that the combination of the agitator and syn-jets raises the heat transfer coefficient of the
channel by 82.4%, compared with a same channel having channel flow only. The computations show sim-
ilar rises that agree well with the experiments. The numerical simulations attribute the active heat trans-
fer enhancement to the turbulence introduced in the channel flow near the tips of the fins which
constitute the channel walls by the syn-jets and the vortices introduced in the channel flow near the side
and base of the channel walls by the agitator plate. Heat transfer enhancement by the agitator and syn-
jets increases as their amplitude or frequency increases, but the increase percentage by these active com-
ponents decreases as the channel flow velocity increases. A correlation between the average Nusselt
number for the channel walls and the Reynolds numbers for the channel flow, agitator, and syn-jet is
established.

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

Fluid flow in air-cooled plate-fin heat sinks is laminar or weakly
turbulent in many applications due to limited space or pumping
power. Consequently, convective heat transfer performance in
such heat sinks may be limited and needs to be enhanced. Teertstra
et al. [1] investigated heat transfer caused by air flow varying from
laminar regime to turbulence regime in channels of a plate-fin heat
sink. They presented an analytical model for predicting average
heat transfer rate in such heat sinks. Duan and Muzychka [2]
experimentally studied laminar flow in channels of plate-fin heat
sinks having different channel dimensions and air flow velocities.
They proposed a correlation for predicting mean heat transfer.
Placing a cover above the fins of a finned heat sink forces more
air flow to pass along the fin surfaces so that heat transfer within
the heat sink is improved. Sparrow and Kadle [3] experimentally
investigated effects of the gap size between the fin tips and the
cover on heat transfer in heat sinks. El-Sayed et al. [4] extended
a similar study to surface-roughened shrouds and expanded gap
sizes. Their general conclusions were that heat transfer coefficients
of heat sinks decrease as the gap size increases and the effect of
cover on heat transfer enhancement diminishes when the gap size
is greater than the fin height.

Piezoelectrically-driven fans or agitators have recently been re-
ported as effective techniques for heat transfer enhancement. This
is due to the large deflections they generate and small power they
consume when operating at their resonant frequencies. One type of
piezo-agitator is a thin plate with piezoelectric material bonded to
it, as proposed by Toda [5]. When excited by an alternating voltage,
the piezo material contracts and expands, causing the plate to bend
one direction then the other. Another type of piezo-agitator is a
piezo-bow configuration proposed by Joshi and Priya [6]. As a
piezo-stack contracts and expands along its axis within the bow
structure, the bow structure transforms this motion into deflec-
tions perpendicular to the piezo-stack axis. This motion can be
used to drive an agitator plate. Deflections generated by either type
of agitator mix the surrounding air, resulting in enhanced heat or
mass transfer.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2013.09.001&domain=pdf
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Nomenclature

A heat transfer area of fin surface, or cross-sectional area,
m2

cp specific heat of the air, J/kg K
D hydraulic diameter of the channel, syn-jet nozzle, or the

agitator plate, mm
f agitator or syn-jet frequency, Hz
h heat transfer coefficient, W/m2 K
I DC current, A
k thermal conductivity, W/m K
P cross-sectional perimeter, mm
q heat transfer rate, W
_Q volumetric air flow rate, LPM
q density of the air, kg/m3

Nu Nusselt number, Nu = hD/k
Re Reynolds number, Re = VD/v
S agitator displacement, mm
T temperature of fin surface or air flow, K
DT temperature difference, K

t time, s
U DC voltage, V
V channel flow, syn-jet flow, or agitator operational veloc-

ity, m/s
v kinematic viscosity of the air, m2/s

Subscripts
0 agitator amplitude or syn-jet peak velocity
ai air flow at channel inlet
ag channel flow and agitator
ao air flow at channel outlet
ch channel flow
fi fin channel inlet
fo fin channel outlet
sj channel flow and syn-jets
sys channel flow and combined system
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Fluid flow, heat and mass transfer generated by piezo-fans were
investigated by many researchers. Kim et al. [7] investigated the air
flow generated by a piezo-cantilever using phase-resolved particle
image velocimetry and smoke visualization techniques. The piezo-
cantilever was immersed in air which is initially quiescent. They
observed that within each oscillation cycle, a pair of counter-rotat-
ing vortices was generated; a high velocity region was formed be-
tween two counter-rotating vortices; and the maximum velocity
within the region was nearly four times the maximum speed of
the free end of the cantilever. Schmidt [8] studied mass transfer
on a surface located perpendicularly to dual piezo-agitators. The
naphthalene sublimation technique was used for transport mea-
surements. The two plates were operated 180� out of phase and
three plate-tip-to-surface separation distances were discussed.
The maximum local Sherwood number occurred at two locations,
the two projections of the plates to the test surface. The overall
average Sherwood number was relatively insensitive to the plate-
tip-to-surface distance. Kimber et al. [9], Kimber and Garimella
[10] experimentally investigated the local heat transfer rate on a
surface cooled by a piezo-fan. The surface was perpendicular to
the fan tip when the fan was at rest and the air near the fan and
surface was initially quiescent. Effects of the vibrational amplitude
and frequency, the fan dimension, and the fan tip-to-surface gap
distance on heat transfer were discussed. A heat transfer contour
envelope around the fan tip was observed to exhibit lobe-like, cir-
cular, and elliptical shapes when the gap distance was small, med-
ium, and large compared with the vibration amplitude. The
optimal gap distance changed with the vibrational amplitude. At
the optimal gap distance, heat transfer increased with vibrational
frequency and amplitude. Açıkalın et al. [11] developed a simpli-
fied 2-D CFD model to study the air flow field and heat transfer
as induced by a piezo-fan. The heat transfer surface was perpendic-
ular to the piezo-fan when it was at its neutral position. Vortices
were clearly observed near the heat transfer surface for situations
in which the vibrational amplitude was large and the gap distance
was small, but the vortices were not found when the vibrational
amplitude was small and the gap distance was large. The presence
of vortices resulted in larger heat transfer enhancement in the for-
mer situation. Abdullah et al. [12] computationally studied heat
transfer enhancement on a surface due to flow induced by a
piezo-fan which was parallel to the surface when at its zero-deflec-
tion position. The vibration of the piezo-fan caused air movement
next to the surface. The fluid vorticity and temperature contours
were observed to begin near the fan tip and move downstream
along the heat transfer surface. Liu et al. [13] experimentally com-
pared heat transfer augmentation on a flat surface between piezo-
fans that were arranged horizontally and vertically to the heat
transfer surface. They reported that heat transfer augmentation
levels by the two arrangements are similar. Petroski et al. [14] con-
figured piezo-fans in an air-cooled heat sink. The flapping fan
plates were parallel with the fin walls but perpendicular to the
fin base when at their rest state. This arrangement allowed not
only the fin walls but also the fin base to be cooled by the vibration
of the flapping plate.

Synthetic jets (syn-jets) represent another efficient option for
enhancing heat transfer in microelectronics cooling. A typical
syn-jet consists of a piezo-material patch, a diaphragm, a cavity,
and a nozzle. When the piezo-material patch contracts and ex-
pands, the diaphragm, which is attached to the patch, periodically
deflects. The deflection causes periodical volume change of air in
the cavity which, in turn, generates oscillatory air flow through
the nozzle. The oscillatory air flow increases mixing of air next to
the nozzle as the exit flow is an impinging flow and the returning
flow is a sink flow. The net mass flow over an operational cycle is
zero. Similar to the piezo-fans, the syn-jets generate large flow
mixing but consume little power when operating at their resonant
frequencies.

The following presents results from researches on fluid flow and
heat transfer of syn-jets. Smith and Glezer [15] conducted an
experimental study of the formation and evolution of syn-jet-in-
duced flows. In the near field, a train of counter-rotating vortices
was formed due to ejected flow from the nozzle, advected down-
stream in the nozzle flow. The flow field was relatively unaffected
by flow drawn back into the nozzle as its path was sufficiently
away from that of the nozzle flow. The jets and the vortices they
carried then underwent transition to turbulence, slowed down, lost
their coherency, and finally became indistinguishable from the
mean jet flow in the far field. Smith and Swift [16] experimentally
compared syn-jets and continuous jets at similar Reynolds num-
bers. Compared with continuous jets, syn-jets generated wider
and slower flows in the near field, but, the induced flow in the
far field bore much resemblance to that generated by continuous
jets. Pavlova and Amitay [17] experimentally documented the ef-
fects of frequency and nozzle-to-surface distance, z/d, of syn-jets



Fig. 1. Schematic of the integrated system.
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on heat transfer enhancement on an adjacent surface. High-fre-
quency jets removed thermal energy more efficient than did low-
frequency jets at small z/d distances while low-frequency jets were
more effective at large z/d distances. High-frequency jets induced
small vortices which kept breaking and merging before reaching
the surface whereas low-frequency jets produced large vortex
rings which impinged upon the surface separately, without inter-
action with one another. Chaudhari et al. [18] experimentally
investigated the cooling effects of nozzle shape (square, circular,
and rectangular) of a syn-jet impinging on a surface. Under the
same conditions, heat transfer enhancement with a square nozzle
was found to be best at large axial distances (z/d > 5), and a rectan-
gular nozzle yielded best enhancement at smaller axial distances.
Zhang et al. [19] developed a polymer impingement syn-jet driven
by a cantilever PZT bimorph. The jet parameters, such as nozzle
shape, size, and length, cavity size and depth, and diaphragm thick-
ness were studied using the Taguchi design-of-experiments meth-
od to achieve the best cooling performance. Utturkar et al. [20]
conducted experimental and numerical studies to investigate im-
pacts of jet orientation and location on heat transfer enhancement.
The syn-jet was reported to induce similar enhancement whether
used in perpendicular or parallel orientation (relative to the heat
transfer surface) when it was placed at its respective optimum
locations. It is also noted that the syn-jet in their study had a high
frequency of 4500 Hz and a peak velocity of 45 m/s. Jagannatha
et al. [21] reported a detailed numerical study of a syn-jet. Forma-
tions of velocity, vortex, pressure, and temperature were docu-
mented for not only the induced flow field but also within the jet
cavity and nozzle. Thermal performance of the syn-jet was highly
dependent on its oscillating diaphragm amplitude and frequency.
The jet impingement produced a very intense, localized, periodic,
cooling effect. The overall heat transfer rate of the syn-jet was
about 30% better than an equivalent continuous jet. Wang et al.
[22] reported a numerical approach based on the large-eddy-sim-
ulation to study the air flow and heat transfer over a flat surface in-
duced by a syn-jet parallel with the surface. The calculated velocity
and temperature values matched well with the measured values.

To dissipate more thermal energy from modern microelectronic
devices, syn-jets and piezo-fans have been introduced within a
bulk air flow. Erbas and Baysal [23] combined syn-jets with a cross
flow to cool a heat transfer surface. The syn-jets impinged toward
the surface and the cross flow passed along the surface. They com-
putationally showed the influences of the syn-jet’s location, nozzle
height and geometry, and membrane phasing, on the heat transfer
enhancement. With a syn-jet impinging toward a heat transfer sur-
face, Chaudhari et al. [24] experimentally compared heat transfer
enhancement in two cross flows, a steady flow generated by a
fan and an oscillatory flow generated by another syn-jet. The heat
transfer enhancement with the two cross flows were comparable,
but the authors preferred the pulsatile flow as it required less
power than did the steady flow. Mahalingam and Glezer [25] de-
signed a syn-jet-ejector heat sink. Air flow between the fins was
generated by either a syn-jet or a fan at one end of the heat sink.
As a result, the air flow inside the channels was either pulsed or
steady. Their experiments showed that the syn-jet-driven heat sink
dissipated �40% more thermal energy than did the fan-driven heat
sink.

The following researchers used plate agitations to enhance heat
transfer with bulk air flow. Yeom et al. [26] placed an agitator plate
in a channel representing a heat sink in which the channel
through-flow was driven by a fan. The agitator plate’s vibration
was perpendicular to the channel flow and to the channel walls.
It induced mixing within the channel to augment heat transfer.
The heat transfer coefficient of the channel wall was raised by
93% by agitation, compared with a channel-flow-only case. Yu
et al. [27] conducted a parametric study for a similar agitator in
a similar heat sink channel using 3-D CFD simulations. The trans-
lational oscillation of the agitator plate enhanced heat transfer
30% more than did a flapping agitator plate. Decreasing the gap dis-
tance between the agitator plate tip and the channel base surface
sharply increased the heat transfer on the base surface. Also, the
amplitude-frequency product for the agitator was shown to be
the primary parameter for heat transfer enhancement.

The present study is a continuation of preliminary experimental
and computational work conducted by Yu et al. [28]. In this work,
not only the agitator plates discussed in the literature [26,27] but
also syn-jets are integrated with an air-cooled, plate-fin heat sink
to promote the disruption of velocity and thermal boundary layers
on the channel walls and to increase the mixing of the channel flow
so that heat transfer may be significantly enhanced. The proposed
integration is introduced first. Following it are the experimental
configuration and methodology, and the numerical geometry and
solution scheme. Then, experimental and computational results
are presented and discussed.
2. Proposed integration

The integrated system consists of a copper heat sink, plate agi-
tators, and synthetic jets (syn-jets). A schematic of the integration
is shown in Fig. 1. The heat sink has a 100 mm � 100 mm base and
21 plate fins. The fins are 1.6 mm thick, 16.5 mm high, and 3.4 mm
apart. A 100 mm � 100 mm cover sitting on the two end fins is
2 mm above the rest of the fins. The cover plays the role of a shroud
for the heat sink and a mounting surface for the nozzles of the syn-
jets. On the cover are a 20 mm � 90 mm central opening and the
nozzles for the syn-jets. Each nozzle is 1.0 mm square and is
aligned with one of the fin tips. The agitator plates are placed
one each in the twenty channels formed by the twenty-one fins.
They stand 1.0 mm above the heat sink base and in the middle of
the channels in their nominal positions. The agitator plates are
1.0 mm thick, 17.5 mm high, and 100 mm long.

With this integration, air flow generated by a blower enters the
heat sink channels from each of the two ends, is heated by the
channel surfaces, and leaves the heat sink through the central
opening, where the blower is connected. In the meantime, the agi-
tator plates vibrate transversely within the channels and the syn-
jets pulse air flow toward the fin tips. The channel flow, agitation,
and impingement are perpendicular to each other. As a result, the
agitators cool not only the heat sink base surface (perpendicular to
the agitators) but also the channel wall surfaces (parallel with the
agitators), and the syn-jets cool not only the channel wall tips but



Fig. 3. Assembly of a piezoelectric stack and a steel bow.
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also the neighboring channel wall surfaces. Accordingly, significant
heat transfer enhancement is expected from such integration.

3. Fabrication and experimental configuration and method

3.1. Heat sink unit, plate agitator, and synthetic jets fabrication

The proposed integration was investigated with a single-chan-
nel heat sink unit, an agitator, and two arrays of syn-jets, as shown
in Fig. 2. The single-channel unit is a U-shaped copper fin channel,
100 mm long and 16.5 mm high. The two fin walls are 0.8 mm
thick (half of the fin thickness of the module) and 3.4 mm apart.
Two adiabatic partial channels, 1.7 mm wide, 100 mm long,
extending beyond the fins by 3 mm below the fin tips, are attached
to the fin channel to provide space for inclusion of the syn-jets. The
two Plexiglas nozzle plates, 10 mm wide, 40 mm long, 2 mm above
the fin tips, are attached to the top edge of the side wall of the par-
tial channels. There are twenty, 1.0 mm square nozzles in each of
the nozzle plates. The carbon-fiber agitator plate is 100 mm long,
17.5 mm tall, 1.0 mm thick, and 1.0 mm above the fin base. The
fin walls, partial channels, and nozzle plates form a test channel
through which air flow passes. The agitator plate and two syn-jet
array diaphragms are operated orthogonal to one another to en-
hance heat transfer.

Three assemblies of a piezoelectric stack (PI model P-007.40)
and a steel bow were developed to drive the agitator and the
two syn-jet arrays, one for the agitator, and two for the two syn-
jet arrays. Fig. 3 shows the schematic of such an assembly. When
the piezoelectric stack contracts and expands along its axis, the
midpoint of the long edge of the bow deflects in a direction that
is perpendicular to the piezoelectric stack. This deflection is trans-
ferred to a carbon-fiber frame attached at the midpoint, then to the
carbon-fiber agitator plate held by the frame. Similarly, the deflec-
tion is transferred to a carbon-fiber piece attached at the midpoint,
then to the diaphragm of each syn-jet array attached to the piece.
Each stack-and-bow assembly is fixed to a separate anchor and
operated at its respective resonant frequency to give sinusoidal
motion

S ¼ S0 sinð2pftÞ for the agitator plate ð1aÞ

V ¼ V0 sinð2pftÞ for the syn-jets ð1bÞ

to the agitator plate and the syn-jets. In Eq. (1), S is displacement, V is
velocity, f is frequency, and t is time. The fabricated agitator plate is
operated in a translational mode at its resonant state of 530 Hz fre-
quency and 1.4 mm peak-to-peak amplitude. The two fabricated
syn-jet arrays are similarly operated in a translational mode (or
Fig. 2. Schematic of the single-channel heat sink unit and experimental configuration
piston-like mode). Their resonant frequencies are 1230 and
1260 Hz and their peak velocities at the nozzle exit are 44–47 m/s.
All syn-jets in each array are operated in phase. Detailed fabrication
and tests of the assemblies are discussed in the literature [19,26].

3.2. Heat transfer experimental configuration

A heat transfer test system was configured to measure the heat
transfer performance of the representative single channel. The sys-
tem is shown in Fig. 2(a). The channel air flow is generated by a
blower, controlled by a valve, and measured by a volumetric flow
meter (Sierra, model 826-NX-OV1-PV1-V1). The stagnation pres-
sure difference between the channel entrance and the middle
opening is measured by a pressure tap in the exit flow path and
a micro-manometer (Dwyer, model 1430). The temperatures on
the channel walls are measured using E-type, 40-gage thermocou-
ples (Omega, 5TC-TT-E-40-36), four at each entrance (two on each
side) and four at the middle opening (two on each side). The tem-
peratures of the air flow at the channel entrances are measured
using the same type of thermocouples. All thermocouple measure-
ments are recorded by a data acquisition unit (Agilent, model
34970A) and a computer. A flexible Kapton heater (Omega, model
KHLV-103-1-P) is attached to the channel base surface to simulate
heat input. The heat input is conducted from the base to the chan-
nel walls which serve as fins. The heater is powered by a lab DC
power supply. The heat input is determined as the product of mea-
sured voltage and current across the heater. The entire channel is
wrapped with styrofoam to prevent heat loss to the ambient.

3.3. Experimental data reduction

Heat transfer from the channel wall is evaluated in terms of its
convective heat transfer coefficient, h, as

h ¼ q=ðA� DTÞ ð2Þ
. The black dots on the fin wall in (a) denote where thermocouples are attached.
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where A is the total fin surface area, q is the constant heat input

q ¼ U � I ð3Þ

with U and I are measured DC voltage and current. The temperature
difference, DT, is the log mean temperature difference [29]

DT ¼ ðTfi � TaiÞ � ðTfo � TaoÞ
ln½ðTfi � TaiÞ=ðTfo � TaoÞ�

ð4Þ

in which Tfi, Tfo and Tai are measured and Tao is calculated by

Tao ¼ Tai þ
q

qcp
_Q

ð5Þ

where q and cp are air properties and _Q is the measured volumetric
flow rate in the channel. All measurements were taken after the
experiment reaches steady state. Experimental values presented
are mean values taken over a five-minute period after reaching
steady state.

3.4. Experimental uncertainty

The uncertainty associated with the heat transfer coefficient has
contributions from uncertainties in the temperature, thermocouple
location, volumetric flow rate, and DC voltage and current mea-
surements. The uncertainty is within 0.5 �C over a 22–63 �C range
in the temperature measurement, within 1.0 mm over a minimum
11.0 mm range in the thermocouple location measurement, within
0.5 LPM over a nominal 66 LPM range in the flow rate measure-
ment, within 0.1 V over a nominal 20 V range and 0.01 A over a
nominal 1.00 A range in the DC power measurement. These uncer-
tainties were analyzed by following the methodology in the litera-
ture [30]. The bias and precision limits of the heat transfer
coefficient are 5.4% and 3.7%, and the overall uncertainty is 7% with
a 95% confidence level.

4. Numerical simulations

Fluid flow and heat transfer with an operational agitator plate
and synthetic jets (syn-jets) in the single channel were simulated
using ANSYS FLUENT [31]. The geometric model is shown in
Fig. 4. The dimensions in the model match the experimental con-
figuration, except the channel length is half of the actual channel
due to the symmetry along its centerline (50 mm). The agitator
plate was modeled by four moving walls, and therefore the volume
occupied by it was excluded from the computational domain.
Fig. 4. Geometric model of the CFD simulations.
There is no difficulty in completely simulating the syn-jets (includ-
ing nozzles, cavities, and diaphragms), however, the cavities and
diaphragms were excluded from the computational domain to save
computational resources. The sinusoidal velocity was directly
specified at the nozzle-cavity plane.

The boundary conditions in the simulations were specified as
constant velocity (8.0, 11.0, or 14.7 m/s) and temperature (300 K)
for air flow at the channel inlet, constant pressure (101.3 kPa) for
air flow at the downstream opening, constant temperature
(320 K) on the side and base surfaces of the channel, constant
temperature (300 K) and sinusoidal velocity for air flow at the
nozzle-cavity plane, and adiabatic surfaces on the top cover and
the agitator plate. All jet flow velocities at the nozzle-cavity plane
are in phase.

User-defined functions and dynamic meshes were employed in
order to accurately simulate vibration of the agitator plate, the jet
flow from the syn-jets, and the mixed air flow within the channel.
The oscillation of the agitator plate was specified by a user-defined
function as Eq. (1a); the syn-jet flow at the nozzle-cavity plane by a
user-defined function as Eq. (1b). The air flow around the agitator
plate was dynamically meshed to respond to the agitator oscilla-
tion. Fig. 5 shows the meshing scheme. The two partial channels
on the sides of the main channel and all nozzles were meshed as
stationary hexahedrons; the passage between the nozzles and
the fin tips was meshed as stationary tetrahedrons; the channel
outside of the agitator plate was meshed as dynamic hexahedrons
using a layering method (see its details in the user documentation
in the literature [31]). Specifically, the dynamic hexahedrons on
the left of the agitator plate are compressed (or stretched) and
those on the right are stretched (or compressed) while the hexahe-
drons above and below the agitator plate are translated with the
agitator plate.
Fig. 5. Meshing scheme and fin segments of the CFD simulations.



Y. Yu et al. / International Journal of Heat and Mass Transfer 68 (2014) 184–193 189
Fig. 5 also shows that the entire fin surface was sliced into nine
segments along the streamwise direction. This enables a local heat
transfer coefficient on each fin segment to be monitored so that ef-
fects of the agitator plate and syn-jets on heat transfer enhance-
ment may be seen clearly. With the specified boundary
conditions, the air temperature at the middle opening, and the heat
transfer rate on each fin segment recorded from the computations,
the heat transfer coefficient of each fin segment can be calculated
by following Eqs. (2) and (4). The overall heat transfer coefficient of
the channel is calculated as
h ¼
X9

i¼1

Aihi

,X9

i¼1

Ai ð6Þ
The fluid flow and heat transfer within the channel were computed
using a transient pressure-based solver and a realizable k–e turbu-
lence closure model with enhanced wall treatment near the heat
transfer surfaces. Among solution methods, a SIMPLEC algorithm
was used to solve pressure–velocity coupling, a standard interpola-
tion algorithm to calculate pressure, a second-order upwind meth-
od to discretize convection terms, a Green-Gauss node based
method to discretize gradient terms, and a first-order implicit
method to discretize time in the governing equations. Under-relax-
ation factors in solution controls were kept at their respective de-
fault values. The convergence criterion was 10�4 for the
continuity and momentum equations, and 10�7 for the energy
and turbulence equations. The time step was chosen to be
5.0 � 10�6 s, yielding 400 steps for one cycle of the agitator plate
and 160 steps for one cycle of the syn-jets. This time step size is fine
enough to ensure accuracy.

Computed results must be mesh-independent and validated
against known results. A successful mesh-independence study
was carried out. A comparison was made between measured and
computed heat transfer coefficients for the case of 8 m/s channel
flow velocity (see Fig. 6). Based on the convergence of the heat
transfer coefficient, meshing of 1.473 million elements was chosen
in the computations, representing a compromise between accuracy
and computational cost. With this meshing, the computed heat
transfer coefficient matches the experimental value to within
5.3% difference. A numerical scheme which is similar to the current
scheme was validated in the literature [27].

Each computation was kept running until all variables were
periodically repeatable. The computed heat transfer coefficients
presented in the next section are their mean values over two
repeatable cycles for the agitator and five repeatable cycles for
the syn-jets, which is one combined cycle when the agitator and
syn-jets are operated simultaneously.
Fig. 6. Mesh independence and validation comparisons.
5. Results and discussion

Heat transfer enhancement by the active agitator and synthetic
jets (syn-jets) are shown by comparison against the stationary
channel flow case. The two cases have the same channel, agitator,
and syn-jet geometries. The agitator and syn-jets are operated at
their respective resonant states in the active cases whereas they
are at rest in the stationary case. The comparisons were carried
out experimentally and computationally. In experiments, the agi-
tator was operating in a translational mode with 530 Hz resonant
frequency and 1.4 mm peak-to-peak amplitude; the two syn-jet ar-
rays were operating at 1230 Hz and 1260 Hz resonant frequencies
and 44–47 m/s peak velocities at the nozzle inlet. In computations,
the agitator was operating in a translational mode with 500 Hz fre-
quency and 1.4 mm peak-to-peak amplitude; the syn-jet array was
operating at 1250 Hz frequency and 45 m/s peak velocity. With
these conditions given, comparisons were carried out for different
channel flow velocities (8.0, 11.0, 14.7 m/s velocity at the channel
inlet) and different active scenario (active agitator, active syn-jets,
and active combined system).
5.1. Heat transfer enhancement by the active system

Heat transfer coefficients of the overall heated surface with the
two active components operating one at a time and with the com-
bined active system operating, were first measured and then com-
puted with an 8.0 m/s channel inlet flow velocity. The results are
summarized in Fig. 7. Compared with the stationary case
(h = 110.5 and 98.9 W/m2 K in the experiments and computations,
respectively), the syn-jets raised the overall heat transfer coeffi-
cient by 31.0% (48.8% by computation), the agitator raised h by
63.4% (66.5% by computation), and the combined system by
82.4% (92.9% by computation). All of the three active cases in-
creased heat transfer significantly. The agitator yields more heat
transfer enhancement than the syn-jets, the combined system
yields more enhancement than either of the two components sep-
arately. The enhancements are attributed to the turbulence and
vorticity generated by the agitator and syn-jets.
5.2. Mechanism for active heat transfer enhancement

The turbulence level in a fluid flow can be shown by the Turbu-
lence Kinetic Energy (TKE). Fig. 8 plots contours of TKE due to oper-
ation of the syn-jets. The contours are on an YZ plane which is
directly through the center of the left syn-jet column (see Fig. 4).
This plane is chosen because it is within the core flow region that
Fig. 7. Overall heat transfer coefficients of each active component under 8 m/s
channel flow.



Fig. 8. TKE (m2/s2) contours on an YZ plane (through the left jet column) at various
times within one cycle,(a) 0%, (b) 25%, (c) 50%, (d) 75% and (e) 100%, generated by
the syn-jets.

Fig. 9. TKE (m2/s2) contours on an YZ plane (0.25 mm away from the left fin wall) at
various times within one cycle, (a) 0%, (b) 25%, (c) 50%, (d) 75% and (e) 100%,
generated by the agitator plate.

Fig. 10. TKE (m2/s2) contours on the same YZ plane at 62.5% of the cycle for the syn-
jets and 25% of the cycle for the agitator, generated by the active system.
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is affected by the syn-jets. The jet flow changes following the sinu-
soidal profile, as described by Eq. (1b), within one cycle. From 0% to
50% of the cycle, the jet flow is in its ejection phase and reaches its
max velocity at 25% cycle. The ejected flow clearly induces turbu-
lence in the channel flow, and the induced turbulence reaches its
peak values around 25% of the cycle. From 50% to 100% of the cycle,
the jet flow is in its suction phase, and reaches its max velocity at
75% of the cycle. The drawn flow generates turbulence in the chan-
nel flow as well, although the turbulence is not as strong as that in
the ejection phase. The TKE contours without the syn-jets operat-
ing look like the portion upstream the first jet in Fig. 8, which is
uniformly low. A comparison of the active and stationary cases
clearly shows that the jet flow, perpendicular to the channel flow
in the vertical direction, introduces significant turbulence to the
channel flow next to the fin tip region.

Fig. 9 shows the contours of TKE due to operation of the agitator
plate. The contours are on an YZ plane which is 0.25 mm away
from the left channel wall (see Fig. 4). Turbulence in this plane clo-
sely influences heat transfer on the left channel wall. The agitator
plate vibrates following the sinusoidal profile described by Eq. (1a).
From 0% to 25% of the cycle, the agitator plate moves from its neu-
tral position toward the right wall of the channel (see Fig. 4). The
motion leads an expanded channel flow between the left channel
wall and the agitator plate. The expansion causes deceleration for
the channel flow and therefore turbulence (possibly separation)
in the channel flow next to the channel wall. While the channel
flow primarily moves in the streamwise direction, it passes over
the agitator plate tip (the free edge near the base of the channel)
and is driven in the transverse direction as secondary motion. This
motion generates strong vortices next to the base of the channel
and the neighboring channel wall region (see Fig. 9(a)). The vorti-
ces propagate upwardly (see Fig. 9(b)). It is seen that main turbu-
lence is generated by this transverse motion. From 25% to 75% of
the cycle, the agitator plate moves from its right limit to its left
limit, passing its neutral position at 50% of the cycle. This motion
causes a contracted channel flow between the left channel wall
and the agitator plate. The stabilizing acceleration leads to a de-
crease of turbulence for the channel flow during this time. The
channel flow between the agitator plate and the right channel wall
experiences a deceleration and a transverse motion over the agita-
tor plate tip, a situation which is similar to that of the channel flow
between the left channel wall and the agitator plate from 0% to 25%
of the cycle. Turbulence is accordingly generated near the right
channel wall and the channel base. From 75% to 100% of the cycle,
the agitator moves from its left limit to the neutral position. The
channel flow between the left channel wall and the agitator plate
experiences its second deceleration and a transverse motion,
which similarly generates turbulence in the channel flow next to
the left channel wall and the channel base.

When the syn-jets and the agitator are operating simulta-
neously, the turbulence in the entire channel flow is derived from
a combination of the turbulence generated by each of the two.
Fig. 10 shows the contours of the TKE due to the combined active
system. The YZ plane is the same one as in Fig. 9. The time is at
62.5% of the cycle for the syn-jets and at 25% of the cycle for the
agitator. The turbulence next to the channel tip is mainly due to



Fig. 12. Overall heat transfer coefficients under different channel flow velocities.
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the syn-jets; the turbulence and vortices next to the channel wall
and channel base is due to the agitator.

In the stationary case, the channel flow is in the laminar regime,
as the Reynolds number (will be defined in Eq. (8)) indicates. But,
in the active cases, it is seen that the channel flow is highly turbu-
lent due to the operations of the syn-jets and agitator. The gener-
ated turbulence consequently augments heat transfer on all the
channel surfaces. The effects of the generated turbulence on heat
transfer for the different fin segments are demonstrated by the lo-
cal heat transfer coefficients on those segments, as plotted in
Fig. 11. The specific fin segments are referred to Fig. 5. The individ-
ual heat transfer coefficients were obtained from computation. The
same 8 m/s channel flow and active operating parameters were
used in the computations.

With only the channel flow, the stationary case, the heat trans-
fer coefficient is highest in the fin tip region, decreasing along the
fin wall, and becoming smallest in the channel base region
(Fig. 11). This pattern is altered by the syn-jets whose effects are
mainly localized in the fin tip region, as discussed above (see Figs. 8
and 10). The pulsating jet flow radically affects the channel flow
near the fin tip region, causing the heat transfer coefficient in the
fin tip region to sharply rise. The pulsation becomes progressively
much weaker on the channel wall and weaker yet on the channel
base. The main effect is a shift of heat transfer coefficients on the
channel wall and base regions in the channel flow to higher levels.

With the agitator operating, the distribution of the heat transfer
coefficient is fundamentally changed (Fig. 11) from that in the
channel flow only case. This change is due to the agitator plate
globally disrupting and mixing the channel flow. The heat transfer
coefficients on the fin tip and channel base regions are raised due
to mixing effects by vortices shedding along the agitator plate tip.
The heat transfer coefficients at the mid sections of the channel
walls are enhanced by acceleration and deceleration of the channel
flow as caused by the agitator operation.

When the syn-jets and agitator are operating simultaneously,
the heat transfer enhancement is essentially the combination of
those by the syn-jets and agitator (Fig. 11), separately. The syn-jets
dominate the fin tip region; the agitator dominates the channel
side wall and channel base regions (see Fig. 10). The overall heat
transfer accordingly outperforms that by either the syn-jets or
the agitator, alone.
5.3. Active heat transfer enhancement under different channel flows

The heat transfer coefficients on the overall heated surfaces as
augmented by the combined active system were measured and
computed for 8.0, 11.0 and 14.7 m/s channel flows. Fig. 12 summa-
rizes the results. Compared with the stationary case, the overall
Fig. 11. Distributions of the local heat transfer coefficients over different wall
segments.
heat transfer coefficient enhancement is 80.1%, 72.4% or 61.3% as
measured and 92.9%, 67.1% or 52.4% as computed, for the cases
with 8.0, 11.0, and 14.7 m/s channel flow velocities, respectively.
The computations generally agree well with the measurements,
as shown in Fig. 13. The active system substantially raises the heat
transfer coefficients. The enhancement is attributed to the signifi-
cant turbulence within the channel flow, which is generated by the
active agitator and syn-jets, as discussed above.

A correlation between the heat transfer performance, the chan-
nel flow, and the active enhancement is desired to generalize the
results. Since the heat transfer performance of the channel is influ-
enced by the channel geometry, the channel flow, and the active
enhancement of the syn-jets and the agitator, corresponding Nus-
selt number and Reynolds number are defined first.

The Nusselt number for the channel, Nu, is defined as

Nu ¼ hDch
k with Dch ¼ 4Ach

Pch
ð7Þ

where h is the heat transfer coefficient, Dch the hydraulic diameter
of the channel, k the thermal conductivity of the air, Ach and Pch the
cross sectional area and perimeter of the channel. Given the
k = 2.63 � 10�2 W/m K and the physical dimensions of the channel
described in Sections 2 and 3, the Nusselt numbers are calculated
for the heat transfer coefficients shown in Figs. 7, 11 and 12.

The Reynolds number for the channel flow, Rech, is defined as

Rech ¼
VchDch

m
ð8Þ

where Vch is the channel flow velocity, and v is the kinematic viscos-
ity of the air. Given the v value of 1.589 � 10�5 m2/s and the
Fig. 13. Overall heat transfer coefficient enhancement by the active system under
different channel flow velocities.
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described physical dimensions of the channel, Rech = 1332, 1832,
and 2448 for the 8.0, 11.0 and 14.7 m/s channel mean flow veloci-
ties, respectively. The Reynolds number indicates that the station-
ary cases range from representative laminar flow to
representative transitional and turbulent flow.

The Reynolds number for the syn-jets, Resj, is defined as

Resj ¼
VsjDsj

m
ð9Þ

where Vsj is the peak velocity at the nozzle-cavity plane and Dsj the
nozzle diameter. Given the v value of 1.589 � 10�5 m2/s, the nozzle
diameter, and the active operating parameters, the Reynolds num-
ber is calculated as Resj = 2832.

The Reynolds number for the agitator plate, Reag, is defined as

Reag ¼
VagDag

m
and Dag ¼

4Aag

Pag
ð10Þ

where Vag is the peak velocity of oscillation of the agitator plate (the
velocity can be determined by differentiating Eq. (1a)), Dag the
hydraulic diameter, and Aag and Pag the cross sectional area and
perimeter of the agitator plate normal to the channel flow and to
the channel walls. Given the v value of 1.589 � 10�5 m2/s, the de-
scribed physical dimensions, and the active operating parameters,
Reag = 3945.

With the Nusselt and Reynolds numbers defined, the correla-
tion is extracted to be:

Nu ¼ 0:120Re0:615
ch þ 0:836

nResj

Rech

� �0:413

þ 6:303
Reag

Rech

� ��0:081

ð11Þ

in which n is the total number of syn-jets (n = 20). The first term on
the right side of Eq. (11) reflects the effects of the channel flow on
heat transfer; the second term reflects the effects of the syn-jets rel-
ative to the channel flow; and the third term reflects the effects of
the agitator plate relative to the channel flow. The correlation ap-
plies to different stationary and/or active situations, for instance,
the channel flow only, the channel flow and the syn-jets, etc.
Fig. 14 shows the correlations for those different situations, with
the measured and computed Nusselt numbers plotted as well. The
maximum difference between the correlation and the measured
or computed value is 9.9%.

Eq. (11) and Fig. 14 indicate several conclusions. First, heat
transfer within the channel increases with increasing channel flow
velocities. Secondly, heat transfer within the channel increases
with increasing operational strength (amplitude and frequency)
of the active syn-jets and agitators. Thirdly, the active heat transfer
enhancement decreases with increasing channel flow velocities,
which implies that higher active operations are desired when
Fig. 14. Extracted correlations between Nu and Rech with nResj = 56640, Reag = 3945.
Experimental (o) and computed (D) Nu are plotted as well.
higher active heat transfer enhancement is sought. The fact the ac-
tive heat transfer weakly decreases with the increasing strength of
operation of the agitator (shown by Eq. (11)) in the present study
might be attributed to the channel flow being across the transi-
tional regime. One might expect greater enhancement with agita-
tion from the laminar flow than from the transitional flow.

It is lastly noted that Eq. (11) is extracted based on single Resj

and Rsag and a relative narrow range for Rech. The correlation re-
mains to be verified for different active operating states of the
syn-jets and agitator and for larger variations of the channel flow
velocity.
6. Conclusions

This study has proposed that agitators and synthetic jets (syn-
jets) be integrated into air-cooled plate-fin heat sinks so that heat
transfer performance is greatly enhanced. The proposal has been
experimentally and computationally investigated in a single-chan-
nel unit with piezoelectrically-driven agitator and syn-jets. The
bulk air flow passes through the single channel. The agitator and
syn-jets actively deflect the bulk air flow to enhance heat transfer.
The agitator and syn-jets are operated at their respective resonant
frequencies.

As shown by the overall heat transfer coefficients of the chan-
nel, both the syn-jets and agitator augment heat transfer signifi-
cantly, 31.0% by the syn-jets and 63.4% by the agitator at a
representative condition. The agitator outperforms the syn-jets in
the active heat transfer enhancement. The TKE contours of the
channel flow and the local heat transfer coefficients on the channel
segments reveal the active enhancement mechanism. The syn-jets
mainly raise heat transfer in the fin tip region. The heat transfer
enhancement is due to the turbulence introduced in the channel
flow near the fin tip region by periodically pulsating air flow from
the syn-jets. The agitator raises heat transfer in the channel wall
and base regions. The heat transfer enhancement is due to mixing
effects of vortices shed along the agitator plate edges and the accel-
eration and deceleration of the channel flow along the inner part of
the agitator plate; both are generated by periodic traverse motion
of the agitator plate.

When the agitator and syn-jets are operating simultaneously as
a combined active system, heat transfer performance is augmented
by up to 82.4%. The active augmentation is attributed to the com-
bined turbulence and vortices introduced in the channel flow by
the agitator and syn-jets. The overall heat transfer performance in-
creases with increasing channel flow velocity. The active heat
transfer enhancement generally increases with increasing strength
of operation (amplitude and frequency) of the combined system,
but decreases percentage wise with increasing channel flow veloc-
ity. These conclusions are quantitatively indicated by a correlation
between the Nusselt number for the channel, and the Reynolds
numbers for the channel flow, agitator, and syn-jets, which is ex-
tracted based on the experimental and computational results.
Acknowledgments

This work was supported in part by the Defense Advanced Re-
search Projects Agency (DARPA) Microtechnologies for Air-Cooled
Exchangers (MACE) Program. The views expressed are those of
the authors and do not reflect the official policy or position of
the Department of Defense or the U.S. Government. This work is
approved for public release and unlimited distribution. The authors
also acknowledge computational resources and technical consulta-
tion from the Minnesota Supercomputing Institute at the Univer-
sity of Minnesota.



Y. Yu et al. / International Journal of Heat and Mass Transfer 68 (2014) 184–193 193
References

[1] P. Teertstra, M.M. Yovanovich, J.R. Culham, Analytical forced convection
modeling of plate fin heat sinks, J. Electron. Manuf. 10 (4) (2000) 253–261.

[2] Z. Duan, Y.S. Muzychka, Experimental investigation of heat transfer in
impingement air cooled plate fin heat sinks, ASME J. Electron. Packag. 128
(4) (2006) 412–418.

[3] E.M. Sparrow, D.S. Kadle, Effect of tip-to-shroud clearance on turbulent heat
transfer from a shrouded, longitudinal fin array, ASME J. Heat Transfer 108 (3)
(1986) 519–524.

[4] S.A. El-Sayed, S.M. Mohamed, A.M. Abdel-latif, A.E. Abouda, Investigation of
turbulent heat transfer and fluid flow in longitudinal rectangular-fin arrays of
different geometries and shrouded fin array, Exp. Therm. Fluid Sci. 26 (8)
(2002) 879–900.

[5] M. Toda, Theory of air flow generation by a resonant type PVF2 bimorph
cantilever vibrator, Ferroelectrics 22 (1979) 911–918.

[6] M. Joshi, S. Priya, Piezo-bow-high displacement and high blocking force
actuator, Integr. Ferroelectr. 82 (1) (2006) 25–43.

[7] Y.-H. Kim, S.T. Wereley, C.-H. Chun, Phase-resolved flow field produced by a
vibrating cantilever plate between two end plates, Phys. Fluids 16 (1) (2004)
145–162.

[8] R.R. Schmidt, Local and average transfer coefficients on a vertical surface due
to convection from a piezoelectric fan, in: Proceedings of the Intersociety
Conference on Thermal Phenomena in Electronic Systems, Washington, DC,
1994, pp. 41–49.

[9] M. Kimber, S.V. Garimella, A. Raman, Local heat transfer coefficients induced
by piezoelectrically actuated vibrating cantilevers, J. Heat Transfer 129 (9)
(2007) 1168–1176.

[10] M. Kimber, S.V. Garimella, Measurement and prediction of the cooling
characteristics of a generalized vibrating piezoelectric fan, Int. J. Heat Mass
Transfer 52 (19–20) (2009) 4470–4478.

[11] T. Acıkalın, S.V. Garimella, A. Raman, J. Petroski, Characterization and
optimization of the thermal performance of miniature piezoelectric fans, Int.
J. Heat Fluid Flow 28 (4) (2007) 806–820.

[12] M.K. Abdullah, M.Z. Abdullah, M.V. Ramana, C.Y. Khor, K.A. Ahmad, M.A.
Mujeebu, Y. Ooi, Z. Mohd Ripin, Numerical and experimental investigations on
effect of fan height on the performance of piezoelectric fan in microelectronic
cooling, Int. Commun. Heat Mass Transfer 36 (1) (2009) 51–58.

[13] S.-F. Liu, R.-T. Huang, W.-J. Sheu, C.-C. Wang, Heat transfer by a piezoelectric
fan on a flat surface subject to the influence of horizontal/vertical
arrangement, Int. J. Heat Mass Transfer 52 (11–12) (2009) 2565–2570.

[14] J. Petroski, M. Arik, M. Gursoy, Optimization of piezoelectric oscillating fan-
cooled heat sinks for electronics cooling, IEEE Trans. Compon. Packag. Technol.
33 (1) (2010) 25–31.
[15] B.L. Smith, A. Glezer, The formation and evolution of synthetic jets, Phys. Fluids
10 (9) (1998) 2281–2297.

[16] B.L. Smith, G.W. Swift, A comparison between synthetic jets and continuous
jets, Exp. Fluids 34 (4) (2003) 467–472.

[17] A. Pavlova, M. Amitay, Electronic cooling using synthetic jet impingement, J.
Heat Transfer 128 (9) (2006) 897–907.

[18] M. Chaudhari, B. Puranik, A. Agrawal, Effect of orifice shape in synthetic jet
based impingement cooling, Exp. Therm. Fluid Sci. 34 (2) (2010) 246–256.

[19] M. Zhang, T.W. Simon, L. Huang, V.A. Selvi, M.T. North, T. Cui, A polymeric
piezoelectric synthetic jet for electronic cooling, in: Proceedings of ASME 2011
International Mechanical Engineering Congress and Exposition, Denver,
Colorado, 2011, Parts A and B, vol. 10, pp. 235–239.

[20] Y. Utturkar, M. Arik, C.E. Seeley, M. Gursoy, An experimental and
computational heat transfer study of pulsating jets, J. Heat Transfer 130 (6)
(2008) 2201–2210.

[21] D. Jagannatha, R. Narayanaswamy, T.T. Chandratilleke, Analysis of a synthetic
jet based electronic cooling module, Numer. Heat Transfer Part A: Appl. 56 (3)
(2009) 211–229.

[22] Y. Wang, G. Yuan, Y.-K. Yoon, M.G. Allen, S.A. Bidstrup, Large eddy simulation
(LES) for synthetic jet thermal management, Int. J. Heat Mass Transfer 49 (13–
14) (2006) 2173–2179.

[23] N. Erbas, O. Baysal, Micron-level actuators for thermal management of
microelectronic devices, Heat Transfer Eng. 30 (1–2) (2009) 138–147.

[24] M. Chaudhari, B. Puranik, A. Agrawal, Heat transfer analysis in a rectangular
duct without and with cross-flow and an impinging synthetic jet, IEEE Trans.
Compon. Packag. Technol. 33 (2) (2010) 488–497.

[25] R. Mahalingam, A. Glezer, Design and thermal characteristics of a synthetic jet
ejector heat sink, J. Electron. Packag. 127 (2) (2005) 172–177.

[26] T. Yeom, T. Simon, Y. Yu, M. North, T. Cui, Convective heat transfer
enhancement on a channel wall with a high frequency, oscillating agitator,
in: Proceedings of ASME 2011 International Mechanical Engineering Congress
and Exposition, Denver, Colorado, 2011, vol. 10, Parts A and B, pp. 875–884.

[27] Y. Yu, T. Simon, T. Cui, A parametric study of heat transfer in an air-cooled heat
sink enhanced by actuated plates, Int. J. Heat Mass Transfer 64 (2013) 792–801.

[28] Y. Yu, T. Simon, M. Zhang, T. Yeom, M. North, T. Cui, Enhancing heat transfer of
air-cooled heat sinks using piezoelectrically-driven agitators and synthetic
jets, in: Proceedings of ASME 2011 International Mechanical Engineering
Congress and Exposition, Denver, Colorado, 2011, Parts A and B, vol. 10, pp.
895–903.

[29] F.P. Incropera, D.P. DeWitt, T.L. Bergman, A.D. Lavine, Introduction to Heat
Transfer, fifth ed., Wiley, New Jersey, 2007.

[30] R.J. Moffat, Describing the uncertainties in experimental results, Exp. Therm.
Fluid Sci. 1 (1) (1988) 3–17.

[31] ANSYS FLUENT 13.0, Ansys, Inc., Canonsburg, PA, USA.

http://refhub.elsevier.com/S0017-9310(13)00775-8/h0005
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0005
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0010
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0010
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0010
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0015
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0015
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0015
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0020
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0020
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0020
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0020
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0025
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0025
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0025
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0030
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0030
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0035
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0035
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0035
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0040
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0040
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0040
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0045
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0045
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0045
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0050
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0050
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0050
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0050
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0050
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0055
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0055
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0055
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0055
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0060
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0060
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0060
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0065
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0065
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0065
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0070
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0070
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0075
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0075
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0080
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0080
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0085
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0085
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0090
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0090
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0090
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0095
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0095
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0095
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0100
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0100
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0100
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0105
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0105
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0110
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0110
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0110
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0115
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0115
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0130
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0130
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0120
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0120
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0120
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0125
http://refhub.elsevier.com/S0017-9310(13)00775-8/h0125

	Enhancing heat transfer in air-cooled heat sinks using  piezoelectrically-driven agitators and synthetic jets
	1 Introduction
	2 Proposed integration
	3 Fabrication and experimental configuration and method
	3.1 Heat sink unit, plate agitator, and synthetic jets fabrication
	3.2 Heat transfer experimental configuration
	3.3 Experimental data reduction
	3.4 Experimental uncertainty

	4 Numerical simulations
	5 Results and discussion
	5.1 Heat transfer enhancement by the active system
	5.2 Mechanism for active heat transfer enhancement
	5.3 Active heat transfer enhancement under different channel flows

	6 Conclusions
	Acknowledgments
	References


