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Experimental study on flow and heat
transfer characteristics of synthetic jet
driven by piezoelectric actuator

ZHANG JingZhou' & TAN XiaoMing

College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing
210016, China

To investigate the flow and heat transfer characteristics of a synthetic jet driven by
piezoelectric actuator, experimental investigation utilizing particle image veloci-
metry, hot-wire anemometer and infrared camera was carried out. The results show
that: (1) At the jet orifice exit, pairs of vortexes are generated, broken down and
merged together periodically, forming a steady jet within a several slot width from
distance near the orifice exit. And during the development, the synthetic jet
spreads rapidly along the minor axis direction of the orifice. While along the major
axis direction, the synthetic jet contracts firstly and then spreads slowly. (2) Exci-
tation frequency forced on the actuator has a great effect on the synthetic jet flow
field. There are two resonance frequencies at which the mean velocity and vorticity
of the synthetic jet are maximized, especially at the higher resonance frequency.
The resonance frequency values obtained by the experiment are lower than the
theoretical values. (3) Similarly to the common jet impingement, the convective
heat transfer coefficients at the target surface impinged by the synthetic jet also
take on up-down tendency varying with the jet-to-surface spacing increment. But
the jet-to-surface spacing ratio for optimum cooling achievement is greater and the
cooling action region is wider than the former, indicating that the synthetic jet in-
troduces a stronger entrainment and more vigorous penetration in the surrounding
fluid.

synthetic jet, impinging cooling, flow, heat transfer

The synthetic jet is a jet-like mean fluid motion formed by time-periodic, alternate suction and
ejection of fluid through an orifice bounding a small cavity, by the time periodic motion of a dia-
phragm that is built into one of the walls of the cavity (Figure 1). The diaphragm is forced to os-
cillate, with fluid being expelled through the orifice as the diaphragm moves upwards. The flow
separates at the edge of the orifice, inducing a vortex ring that moves outwards under its own
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momentum. When the diaphragm moves downwards to entrain fluid into the cavity, the vortex
ring is sufficiently distant from the orifice that it is virtually unaffected by the entrainment of the
fluid into the cavity. Thus, over a single period of oscillation of the diaphragm, whilst there is
zero net mass-flux into or out of the cavity, there is also a non-zero mean momentum flux. This
momentum flux is, effectively, a jet that has been synthesized from the coalescence of a train of
vortex ring of the ambient fluid. Due to the zero-net-mass-flux nature, which eliminates the need
for plumbing, the synthetic jet is regarded as a novel concept for active flow control applications
including jet vectoring, flow separation control, and boundary layer control. It is also potentially
attractive for the enhanced heat transfer application since the synthetic jet is a highly pulsating
flow, being contributed to a stronger entrainment and more vigorous penetration in the surround-

ing fluid.
Previous studies have covered the formation and development of the synthetic jet!"?, the nu-
merical simulation on the flow field of the synthetic

z Synthetic je . 3 e
ﬁ yoithetic jet jet? ™, the performance of the synthetic jet actua-
Onfice - : - T . s
= P el tor’ "% and the application of the synthetic jet ac-
5 tuator'"'?. The concept of using synthetic jets for

heat transfer is relatively new, especially, with little
or no attention given to the heat transfer enhance-
ment by the synthetic jet impingement. In the present
study, the flow and heat transfer characteristics of a
synthetic jet driven by piezoelectric actuator were
Piczociectric composite diaphragm experimentally investigated utilizing particle image
velocimetry, hot-wire anemometer and infrared
camera.

Figure 1 Schematic of synthetic jet actuator.

1 Experiment setup

The synthetic jet actuator for this experiment is shown in Figure 2, and is composed of a closed
cylindrical cavity (inner diameter D = 30 mm, height /=5 mm), in which one of the ends is cov-
ered by a flexible actuator diaphragm (thickness 6 = 0.2 mm). A rigid wall (thickness 6 =1 mm)
with a slot orifice (width $=0.5 mm, length /=10 mm) covers the other end. The actuator dia-
phragm consists of a thin, red copper sheet on which a piezoelectric ceramic disk (PZT-5) is
bonded. The diameter of the red cooper sheet is 30 mm and its thickness is 0.1 mm. The diameter
of the piezoelectric ceramic disk is 20 mm. The actuator diaphragm is excited with a variable
frequency wave generator (YDS966A) whose output is amplified with a power amplifier
(SA-750A). A square waveform was chosen to diver the piezo-element for the reason of the faster
deflation of the actuator diaphragm when excited with a square wave.

The flow fields of the synthetic jet downstream the orifice were investigated without an op-
posing impingement wall. In this study, particle image velocimetry (PIV) and hot-wire anemom-
etry (TSI model 1201-20) were used to acquire the synthetic jet flow field over a complete drive
cycle. Independent measurements from two different techniques offer a cross check of the flow
field data. Specifically, the instantaneous synthetic jet flow fields in a 2D plane along and across
the slot orifice were measured by PIV. The hot-wire probe were set up to scan the time averaged
velocity profile along the centerline of the synthetic jet flow.
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Figure 2 Synthetic jet actuators. (a) Jet orifice plate; (b) actuator diaphragm.
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Figure 3 Schematic diagram of experimental system.

The experimental apparatus for the synthetic jet impingement is sketched in Figure 3. The im-
pingement target is a thin constantan foil (100 mm wide, 150 mm long and 0.01 mm thick) held
flat by a stiffening fixture on the transparent plastic plate. The foil is heated by passing an electric
current through it and cooled by a synthetic jet directed perpendicular to it. The temperature dis-
tribution on the rear face of the foil (the opposite side of jet impingement) were measured by an
infrared camera (TVS-2000MK) which works at speed of 30 frames per second, and the revolu-
tion of the temperature is —20°C—200°C. To make the object thermal image be detected by the
infrared camera, a viewing window in the transparent plastic plate was made, with 50 mm wide
and 70 mm long. When the foil being heated, the viewing window is covered with a thick asbes-
tos plate. Once the temperature field on the impinging target was steady, the asbestos plate was
taken out and the temperature distribution inside the viewing window was than measured by the
infrared camera. The heating process was monitored by three thermo-couples fixed on the foil.

In fact, since the Biot number Bi=hs/A (where s and A are the thickness and thermal con-
ductivity of the foil, respectively) is much less than unity, the temperature can be considered
practically uniform across the foil thickness. So the convective heat transfer coefficient on the
target surface is evaluated as

_ 970 (1)
AT, -T))

where T,

]

is the target temperature, 7; is the synthetic jet temperature (may be regard as am-
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bient temperature T,), A is the effective area of heating foil, O is the input power imposing on
heating foil, O, are the heat losses including radiation and natural convection from impinging
target.

0,=0,+0,, @
here @, is radiation loss, O, is natural convection loss. They are estimated according to heat

transfer basic theory!"*!.

0, =g0(T, -T,), (3a)
Q.=h(T,-T,), (3b)
where ¢ is the outer surface emissivity of the transparent plastic plate, o is the Stefan-Boltz-
man constant, A, is the natural convection coefficient. 7,, is the average temperature on the

transparent plastic plate, measured from five thermo-couples fixed on the outer surface of the
transparent plastic plate. Differences between considering and neglecting heat losses are gener-
ally on the order of 2% —6%.

2 Flow visualization of synthetic jet

Figure 4 shows the time sequence of the instantaneous flow field generated by the synthetic jet
actuator from a slot orifice operating at a frequency of 1000 Hz and an input voltage of 175 V for
one period of oscillation of the membrane. The pictures of flow field, taken in a 2D plane along
the minor axis direction of the slot orifice (x-z plane) were shown in Figure 4(a), illustrate the
formation-development process of the vortex ring. As the membrane oscillates, the ambient air is
alternately drawn into and expelled out from the cavity orifice. When the fluid is expelled out
from the slot orifice, a shear layer forms at the slot edges, and the vorticity in the shear layer rolls
up ambient air to form pairs of counter-rotating vortices. Some traces of the previous vortex pair
are still discernible in the middle downstream and the emerging turbulent jet is visible farther
downstream. In subsequent images, the new vortex pair undergoes the transition and development,
shedding into the surrounding fluid, wrapping around the cores of the primary vortices and dissi-
pating downstream. Because of periodic formation of new vortex pairs in the slot orifice, con-
tinuous momentum is replenished to the downstream to maintain the quasi-continuity of the syn-
thetic jet.

Figure 4(b) shows pictures of flow field taken from the side of slot-length (y-z plane). Because
the orifice length is too big comparing with the vortex size, pairs of vortices could not be seen
near the slot exit but a narrow strip vortex. As the narrow strip vortex moves away from the slot,
it breaks down into a series of vortices and diffuses into the surrounding fluid.

As may be seen in Figure 5, the PIV vector plots are superimposed over vorticity plots that
were generated for time-average using the data obtained by PIV analysis. The physical size of
each plot is 30 mm wide and 30 mm high. The bottom border of the plots coincides with the ac-
tuator orifice. The vorticity is defined as

Q=VxV, ©))
here Q is the vorticity, V is the velocity vector.

Closer to the jet exit plane (z/b=10—15), the vorticity appears the maximum, and at this nor-
mal position, the magnitude of the centerline velocity also appears the biggest. This behavior
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Figure 4 Time sequence of the flowfield visualization of synthetic jet. (a) The section plane along slot-width direction (x-z
plane); (b) the section plane along slot-length direction (y-= plane).
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Figure 5 Velocity vectors and vorticity distributions of synthetic jet. (a) The section plane along slot-width direction; (b) the
section plane along slot-length direction.

perhaps is the indication that the steady synthetic jet is already developed. From this normal sec-
tion plane on, the vorticity is gradually diffused into the surrounding fluid (the vorticity values
are low). It is important to note that the diffusion process in the section plane along slot-width
direction is virtually different from that in the section plane along slot-length direction. A re-
markable difference is that the synthetic jet spreads rapidly in the minor axis direction of the ori-
fice, while in the major axis direction, the synthetic jet contracts firstly and then spreads slowly. A
reasonable cause for this phenomenon is attributed to the un-even vorticity distribution of the
narrow strip vortex, referring to the vorticity is relatively weaker in the vicinity of orifice ends.
When the synthetic jet is developed downstream, the vortex pairs with lower vorticity are drawn
into the vortex pairs with higher vorticity in the middle orifice, forcing the synthetic jet contracts.
As the synthetic jet is developed further downstream, the surrounding fluid is rolled up, causing
the synthetic jet to propagate at a certain speed.

3 Exciting resonance frequency

It may be expected that the velocity output from the actuator reaches a peak value when it is ex-
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cited at its resonance frequency. Assuming that the vibrating diaphragm is modeled as a circular
disk, rigidly clamped at its edge, the solution to this problem is well documented!**), and the first

two resonance frequencies, f,,, are given by

4EY
3(1-v*)m,D*’
where K, ,=10.2 and 21.3, respectively; £ is Young’s modulus (107.9 Mpa); ¢ is the thickness of
actuator disk (0.1 mm); v is Poisson’s ratio (0.35); m,is the mass per unit area of actuator disk
(density is 8900 kg/m’); D is the disk diameter (30 mm). The first two resonance frequencies of
the actuator were computed using eq. (5), based on the mechanical properties of the steel disk
alone. They are /i=548 Hz and f;=1144 Hz.

The time-averaged centerline velocities at different normal distances away from the jet orifice
were measured by hot-wire anemometry. The results are presented in Figure 6, where the
time-averaged velocity is plotted with respect to the excitation frequency. Two resonance fre-
quencies of fj=340 Hz and /,=1000 Hz are easily identified. It is evident that the actuator pro-
duces fairly high velocities even when operated off-resonance and the synthetic jet could not be
formed under some frequencies. These results are consistence with the measurement by PIV. It is
also seen that the centerline velocity accelerates to a maximum at a normal distance of z/6=10—

27’f1,2 =K, )

15 under excitation resonance frequency of 1000 Hz.

The discrepancy between the experimental and analytical values (especially at the lower reso-
nance frequency) may be related to the interference introduced by the piezoelectric disk that was
bounded at the center of the steel disk. The vibrating mode and the mechanical properties simpli-
fied in the analysis are somewhat different from the real case. And another reason is that the vi-
brating system should be more complicated than the analytical model, being composed of vibrat-
ing diaphragm, cavity and fluid inside cavity. Therefore the inertial action of the fluid inside cav-
ity maybe induces negligible influence on the resonance frequency of the actuator. It is should be
noted that the excitation resonance phenomenon is common for the synthetic jet actuator, but the

values of the excitation resonance frequency are relationship to the structure of the actuator.
6

Uo (m's)
w
T

f{Hz)

Figure 6 Mean centerline velocity at different excitation frequencies.
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Analyzing the flow field features of the synthetic jet in details, it is found that pairs of vortex
are generated, broken down and merged together periodically, forming the continue jet at one
normal distance near the jet orifice (z/b is about 6). And then during the development of the syn-
thetic jet, it spreads rapidly in the orifice minor axis direction. While in the major axis direction,
the synthetic jet contracts firstly and then spreads slowly. This transition position occurs in the
range of z/b=10—15, where the centerline velocity of the synthetic jet flow accelerates to a
maximum value.

4 Heat transfer on impingement target

Figure 7 shows the temperature distributions on the constant heat-flux (1000 W/m?) heating foil
surface under the impingement of the synthetic jet actuated at a frequency of 1000 Hz and a
voltage of 175 V. In the thermal images, each plot is 50 mm wide and 75 mm length in the physi-
cal size and the horizontal direction coincides with the major axis direction of the slot orifice.
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Figure 7 Temperature contour of heated plate at different impinging distances (g= 1000 W/m?).

As the non-dimensional jet-to-surface distance z/b varies from 10 to 100, the temperature dis-
tributions on the target take on different features. In the case of z/6=10, the isothermal contours
appear to be approximately circular. With the jet-to-surface distance far away from the jet orifice,
the isothermal contours appear obviously elliptical, and the cooling area enlarges as also as the
minimal temperature value decreases. Although the major axis direction of the elliptical isother-
mal contours coincides with the orifice length direction in general, it is interest to find that the
major axis direction for the core cooling area is in the direction of the orifice minor axis direction
when z/b=40. Once the non-dimensional jet-to-surface distance reaches to 80, the cooling action
by the synthetic jet behaves the optimum.

In the case of z/b=10, corresponding to the transition position of the synthetic jet, although the
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centerline velocity of the synthetic jet flow accelerates to a maximum value in this normal dis-
tance, the sufficient diffusion of the synthetic jet does not occur, therefore the action region of the
synthetic jet is confined on the impinging target. It is worth noting that the flow field measure-
ment was conducted in the exception of the impinging target. Once a solid plate is placed near the
jet orifice, the steady synthetic jet flow should not formed, for the reason is that the vortex ring
generated in the vicinity of the orifice is not sufficiently distant from the orifice that it is virtually
affected by the entrainment of the fluid into the cavity. As far as the heat transfer characteristics
by the impingement cooling is concerned, z/b=10—15 is not the optimum non-dimensional
jet-to-surface distance for achieving the best cooling performance. On the other hand, if the
jet-to-surface distance is too big, the intensity of the synthetic jet should decay severely, resulting
in a poor cooling action on the impinging target. In the present study, the optimum non-dimen-
sional jet-to-surface distance is 80.

According to the velocity vectors and vorticity distributions of synthetic jet (Figure 5), the dif-
fusion capacity of the synthetic jet is significantly advantage in the minor axis direction of the
orifice in the middle of downstream. Refer to the position z/6=40, the profile of the synthetic jet
is wider in the minor axis direction of the orifice than that in the major axis direction, resulting in
that the major axis direction for the core cooling area is in the direction of the orifice minor axis
direction. The features of the temperature distribution on the heating foil surface are consistent
with the flow characteristics of the synthetic jet.

The local heat transfer coefficient distribution profiles with respect to the orifice minor and
major axis directions, respectively, are presented in Figure 8. All the profiles are similar to each
other that the local heat transfer coefficient value is the maximum at the impingement stagnation
and decrease with the increase of x/b or y/b. Similarly to the common jet impingement, the con-
vective heat transfer coefficients at the target surface impinged by the synthetic jet also take on
up-down tendency varying with the jet-to-surface spacing increment, but the jet-to-surface spac-
ing ratio for optimum cooling achievement under the impingement of the synthetic jet is greater
than that of common jet impingement!"®), Another notable feature is that the cooling region under
the impingement of the synthetic jet is wider than that of common jet impingement. The decay
rate of the local heat transfer coefficient in the regions away from the impingement stagnation is
obviously weaker compared to the common jet impingement. It is indicated that the synthetic jet
introduces a stronger entrainment and more vigorous penetration.
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Figure 8 Local heat transfer coefficient distributions at different jet-to-surface distances. (a) Minor axis direction of jet orifice;
(b) major axis direction of jet orifice.
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5 Conclusions

(1) At the jet orifice exit, pairs of vortexes are generated, broken down and merged together
periodically, forming a steady jet within a several slot width from distance near the orifice exit.
And during the development, the synthetic jet spreads rapidly along the minor axis direction of
the orifice. While along the major axis direction, the synthetic jet contracts firstly and then
spreads slowly. This transition position occurs in the range of z/6=10—15, where the centerline
velocity of the synthetic jet flow accelerates to a maximum value.

(2) Excitation frequency forced on the actuator has a great effect on the synthetic jet flow field.
There are two resonance frequencies at which the mean velocity and vorticity of the synthetic jet
are maximized, especially at the higher resonance frequency. The resonance frequency values
obtained by the experiment are lower than the theoretical values. With the exception that the vi-
brating mode and the mechanical properties simplified in the analysis are somewhat different
from the real case, the inertial action of the fluid inside cavity maybe induces negligible influence
on the resonance frequency of the actuator.

(3) The features of the temperature distribution on the heating foil surface are consistent with
the flow characteristics of the synthetic jet. Similarly to the common jet impingement, the con-
vective heat transfer coefficients at the target surface impinged by the synthetic jet also take on
up-down tendency varying with the jet-to-surface spacing increment. But the jet-to-surface spac-
ing ratio for optimum cooling achievement is greater and the cooling action region is wider than
the former, indicating that the synthetic jet introduces a stronger entrainment and more vigorous
penetration in the surrounding fluid.
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