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a b s t r a c t
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 surfaces. This study proposes that agitators and syn-jets be integrated within air-cooled heat sinks to significantly 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 individual resonant frequencies to actively disrupt and mix the bulk air ﬂow within the channel. The experiments 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 similar rises that agree well with the experiments. The numerical simulations attribute the active heat transfer 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 synjets increases as their amplitude or frequency increases, but the increase percentage by these active components 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.
Ó 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
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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 reported 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 deﬂections 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.
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Nomenclature
A
cp
D
f
h
I
k
P
q
Q_

q
Nu
Re
S
T
DT

heat transfer area of ﬁn surface, or cross-sectional area,
m2
speciﬁc heat of the air, J/kg K
hydraulic diameter of the channel, syn-jet nozzle, or the
agitator plate, mm
agitator or syn-jet frequency, Hz
heat transfer coefﬁcient, W/m2 K
DC current, A
thermal conductivity, W/m K
cross-sectional perimeter, mm
heat transfer rate, W
volumetric air ﬂow rate, LPM
density of the air, kg/m3
Nusselt number, Nu = hD/k
Reynolds number, Re = VD/v
agitator displacement, mm
temperature of ﬁn surface or air ﬂow, K
temperature difference, K

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 piezocantilever was immersed in air which is initially quiescent. They
observed that within each oscillation cycle, a pair of counter-rotating vortices was generated; a high velocity region was formed between 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 measurements. 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 platetip-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, circular, and elliptical shapes when the gap distance was small, medium, 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 simpliﬁed 2-D CFD model to study the air ﬂow ﬁeld and heat transfer
as induced by a piezo-fan. The heat transfer surface was perpendicular 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 former 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-deﬂection position. The vibration of the piezo-fan caused air movement

t
U
V
v

time, s
DC voltage, V
channel ﬂow, syn-jet ﬂow, or agitator operational velocity, m/s
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

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 compared heat transfer augmentation on a ﬂat surface between piezofans 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] conﬁgured 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 expands, 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-induced ﬂows. In the near ﬁeld, a train of counter-rotating vortices
was formed due to ejected ﬂow from the nozzle, advected downstream 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 numbers. 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 effects of frequency and nozzle-to-surface distance, z/d, of syn-jets
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on heat transfer enhancement on an adjacent surface. High-frequency jets removed thermal energy more efﬁcient than did lowfrequency 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 interaction 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 rectangular 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 thickness were studied using the Taguchi design-of-experiments method to achieve the best cooling performance. Utturkar et al. [20]
conducted experimental and numerical studies to investigate impacts 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. Formations of velocity, vortex, pressure, and temperature were documented 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-simulation to study the air ﬂow and heat transfer over a ﬂat surface induced 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 computationally 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 surface, 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] designed 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 translational oscillation of the agitator plate enhanced heat transfer
30% more than did a ﬂapping agitator plate. Decreasing the gap distance 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 agitators, 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 synjets. 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 agitator plates vibrate transversely within the channels and the synjets 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. 1. Schematic of the integrated system.
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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-channel 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 partial 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 enhance 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 synjet 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 transferred to a carbon-ﬁber frame attached at the midpoint, then to the
carbon-ﬁber agitator plate held by the frame. Similarly, the deﬂection 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

Fig. 3. Assembly of a piezoelectric stack and a steel bow.

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

S ¼ S0 sinð2pftÞ for the agitator plate

ð1aÞ

A heat transfer test system was conﬁgured to measure the heat
transfer performance of the representative single channel. The system 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 pressure 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 thermocouples (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 temperatures of the air ﬂow at the channel entrances are measured
using the same type of thermocouples. All thermocouple measurements 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 channel walls which serve as ﬁns. The heater is powered by a lab DC
power supply. The heat input is determined as the product of measured voltage and current across the heater. The entire channel is
wrapped with styrofoam to prevent heat loss to the ambient.

V ¼ V 0 sinð2pftÞ for the syn-jets

ð1bÞ

3.3. Experimental data reduction

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 frequency and 1.4 mm peak-to-peak amplitude. The two fabricated
syn-jet arrays are similarly operated in a translational mode (or

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

h ¼ q=ðA  DTÞ

ð2Þ

Fig. 2. Schematic of the single-channel heat sink unit and experimental conﬁguration. 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

q¼UI

ð3Þ

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

DT ¼

ðT fi  T ai Þ  ðT fo  T ao Þ
ln½ðT fi  T ai Þ=ðT fo  T ao Þ

ð4Þ

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

T ao ¼ T ai 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 measurements. 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 measurement, 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 uncertainties were analyzed by following the methodology in the literature [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.

There is no difﬁculty in completely simulating the syn-jets (including 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 oscillation. 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 hexahedrons above and below the agitator plate are translated with the
agitator plate.

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 conﬁguration, 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.

Fig. 5. Meshing scheme and ﬁn segments of the CFD simulations.
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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 effects of the agitator plate and syn-jets on heat transfer enhancement 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
9
X
h¼
Ai h i
i¼1

,
9
X
Ai

ð6Þ

i¼1

The ﬂuid ﬂow and heat transfer within the channel were computed
using a transient pressure-based solver and a realizable k–e turbulence 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 interpolation algorithm to calculate pressure, a second-order upwind method 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-relaxation factors in solution controls were kept at their respective default values. The convergence criterion was 104 for the
continuity and momentum equations, and 107 for the energy
and turbulence equations. The time step was chosen to be
5.0  106 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.
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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 agitator was operating in a translational mode with 530 Hz resonant
frequency and 1.4 mm peak-to-peak amplitude; the two syn-jet arrays 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 frequency 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 combined active system operating, were ﬁrst measured and then computed 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 coefﬁcient 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 increased 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 separately. 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 Turbulence Kinetic Energy (TKE). Fig. 8 plots contours of TKE due to operation 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.
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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.

is affected by the syn-jets. The jet ﬂow changes following the sinusoidal 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 turbulence 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 channel ﬂow as well, although the turbulence is not as strong as that in
the ejection phase. The TKE contours without the syn-jets operating 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 closely 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 neutral 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 vortices propagate upwardly (see Fig. 9(b)). It is seen that main turbulence 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 decrease 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 agitator 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

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.

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 simultaneously, 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. 10. TKE (m2/s2) contours on the same YZ plane at 62.5% of the cycle for the synjets and 25% of the cycle for the agitator, generated by the active system.
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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 turbulent due to the operations of the syn-jets and agitator. The generated 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 local heat transfer coefﬁcients on those segments, as plotted in
Fig. 11. The speciﬁc ﬁn segments are referred to Fig. 5. The individual 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 transfer 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
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Fig. 12. Overall heat transfer coefﬁcients under different channel ﬂow velocities.

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 signiﬁcant 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 channel ﬂow, and the active enhancement is desired to generalize the
results. Since the heat transfer performance of the channel is inﬂuenced by the channel geometry, the channel ﬂow, and the active
enhancement of the syn-jets and the agitator, corresponding Nusselt number and Reynolds number are deﬁned ﬁrst.
The Nusselt number for the channel, Nu, is deﬁned as

Nu ¼ hDkch

ch
with Dch ¼ 4A
P
ch

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  102 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

V ch Dch

m

ð8Þ

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 summarizes the results. Compared with the stationary case, the overall

where Vch is the channel ﬂow velocity, and v is the kinematic viscosity of the air. Given the v value of 1.589  105 m2/s and the

Fig. 11. Distributions of the local heat transfer coefﬁcients over different wall
segments.

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 velocities, respectively. The Reynolds number indicates that the stationary 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

V sj Dsj

ð9Þ

m

where Vsj is the peak velocity at the nozzle-cavity plane and Dsj the
nozzle diameter. Given the v value of 1.589  105 m2/s, the nozzle
diameter, and the active operating parameters, the Reynolds number is calculated as Resj = 2832.
The Reynolds number for the agitator plate, Reag, is deﬁned as

Reag ¼

V ag Dag

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  105 m2/s, the described physical dimensions, and the active operating parameters,
Reag = 3945.
With the Nusselt and Reynolds numbers deﬁned, the correlation is extracted to be:


0:413

0:081
nResj
Reag
Nu ¼ 0:120Re0:615
þ 0:836
þ 6:303
ch
Rech
Rech

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 relative to the channel ﬂow; and the third term reﬂects the effects of
the agitator plate relative to the channel ﬂow. The correlation applies 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

higher active heat transfer enhancement is sought. The fact the active 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 transitional regime. One might expect greater enhancement with agitation 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 remains 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 (synjets) 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-channel 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 channel, both the syn-jets and agitator augment heat transfer signiﬁcantly, 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 acceleration 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 combined turbulence and vortices introduced in the channel ﬂow by
the agitator and syn-jets. The overall heat transfer performance increases 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 velocity. 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 extracted based on the experimental and computational results.
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