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The effect of impingement cooling using a dual synthetic jet actuator (SJA) with improvement of exit
configuration has been investigated experimentally. A hump with cross section of a half-elliptic shape was
attached to the flat between the two exits of the SJA. Due to Coanda effect, spread of the synthetic jet was
enhanced. Two different humps with height to half width ratios of e = 1.0 and 1.5 have been tested. An infrared
camera was utilised to record the temperature of the cooled plate. Statistical results of the temperature have
been discussed. With humps, average temperature of the impinged area decreased about 2.6 °C and 0.6 °C
corresponding to e = 1.0 and 1.5. Standard deviation of the temperature in the impinged area was almost
unchanged. Effective cooled area on the plate was enlarged significantly. For e = 1.0 and 1.5, the effective
cooled area with temperature below 20 °C increased by 1.1 and 0.5 times. It means that the improvement is
very helpful to applications of electrothermal cooling that involve large cooled area.

1. Introduction
Enhancement of heat transfer is very common in industry, for example in electronics. As electronic components
develop with decreasing volumes, their power densities increase. High efficient techniques of heat transfer are
active demand. Impingement cooling by jets is thought to be an effective heat transfer technique (Pavlova &
Amitay 2006). Considering the availability, lower cost and convenience, gas is usually chosen as working fluid.
Large amount of investigations on impingement cooling with gas jets have been conducted. He et al. (2015)
compared the enhancement effects of steady jet and synthetic jet and reported that synthetic jet had higher
efficiency of heat transfer. Experimental investigation performed by Tan et al. (2015) also confirmed the effect.
Synthetic jet is characterized by zero-net mass flux and has the advantages of no plumbing system and small
footprint area. These features make synthetic jet a promising technique for cooling electronic components and
more adaptable in practical applications.
Synthetic jet is formed by synthesis of a train of vortices emitted from an orifice or a slot. The orifice is an exit of
a chamber whose volume is compressed and dilated alternately through a diaphragm. Smith & Glezer (1998)
introduced a new type of synthetic jet actuator (SJA) called piezoelectric SJA. It is further compatible with
compact design for its miniature volume. Later Glezer and Amitay (2002) reviewed the evolution of a synthetic
jet and the flow control mechanism. Mahalingam et al. (2004) utilised SJA to conduct thermal management.
Ghaffari et al. (2016) studied the effect of heat transfer by using a slot impinging synthetic jet. Their results
indicated that the jet-to-surface spacing was crucial to heat transfer and maximum cooling performance was
achieved with dimensionless spacing in the range of 5 ~ 10. This feature was associated with the coherence
vortex structures. Gil & Wilk (2020) investigated impingement cooling with SJA in a large scope of geometry
and supply parameters and proposed new heat transfer correlations. Researches focused on efficiency of
energy utilization (Greco et al. 2018), advanced design of SJA and optimization of operational parameters
(Krishan et al. 2019) have also been conducted.
In regard of efficiency of energy utilisation, Luo et al. (2006) proposed a dual synthetic jet actuator (DSJA) which
is featured by two chambers with two exits and sharing a diaphragm. When the diaphragm vibrates, one
chamber is compressed and gas is ejected with relatively high velocity from the associated exit. The other
chamber is dilated and gas is suctioned with relatively low velocity from the other exit. This process alternately
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occurs and results in a jet at downstream. Since the vibration energy of the diaphragm directly contributes to jet
generation in both ejection and suction phases, the efficiency of energy utilisation is almost two times to that of
conventional SJA. Deng et al. (2017) combined dual synthetic jet actuator with small-scale heat sink to control
the temperature of a high-power LED. Vectoring jet of DSJA is achieved by an adjustable slider (Deng et al.
2015). Cooled area then is expanded by sweeping flows. However, experimental results (Luo et al. 2016)
showed that the cooling capability degraded much when vectoring angle of jet was large.
To enlarge cooled area and keep the cooling capability from being degraded much, an improvement of exit
configuration of DSJA has been done. A hump with cross section of a half-elliptic shape was attached to the flat
between the two exits of DSJA. Due to Coanda effect, spread of jet was enhanced and larger cooled area has
been achieved. Temperature of the impinged plate was measured and some discussion about its statistical
results have been done.

2. Experimental approach
2.1 The DSJA and humps
As mentioned above, DSJA looks like that two conventional SJAs are closely abreast (see Figure 1). So the
behaviors of the two exits have a phase difference of π. The shared diaphragm is driven by two piezoelectric
disks. Geometry parameters, such as length, width and depth of the slots and chambers, are chosen carefully.
It follows the principle that the natural resonant frequency of the diaphragm is as close as possible to the
Helmholtz frequency of a single chamber. Investigations indicated that excitation with this frequency could obtain
the largest exit velocity (Buren et al. 2016). There is a unique geometry parameter that is the distance of the
two exits. Previous study (Liu et al. 2019) showed that appropriate distance could avoid self-support
phenomenon and result in a strong jet. In present work, the two slot exits of 2 × 20 mm are spaced by 5 mm.

Figure 1: Schematic of DSJA
A hump is attached to the flat between the two slots to improve the synthesis of flows ejected from the two exits
(see Figure 2). The cross section of the hump is half-elliptic shape with height of h, width of d = 5 mm and length
of l = 20 mm. Due to Coanda effect, gas ejected from one slot attaches to the associated side of the hump.
Deflection of flow occurs and spread of the synthetic jet is enhanced. Two humps with different e defined as
Eq(1) have been tested.
e=

h
d/2

Figure 2: DSJA with a hump

(1)
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2.2 Experimental setup
A thin steel plate heated by electricity was chosen as the cooled plate. An infrared camera was deployed on
one side of the plate to measure its temperature. On the other side, the DSJA was set up to cool the steel plate.
Figure 3 shows the schematic of the experimental setup. Since the steel plate is only 0.08 mm, it is assumed
that no gradient of temperature exists between the two sides of the plate. In order to improve the accuracy of
temperature measurement, the plate was coated with a very thin black paint which has a high emissivity of 0.95.

Figure 3: Schematic of the experimental setup
The infrared camera has a resolution of 320 × 240 pixels. Any variation of temperature that is bigger than 0.05
°C can be detected. Infrared thermal images were recorded at 10 Hz with 256 color levels. A room thermometer
was used to record the environmental temperature which was also the temperature of the cooling gas. The axis
of the slots of the DSJA was vertical to the plate with a distance of H. The DSJA was excited by a sinusoidal
signal with frequency of 528 Hz and amplitude of 150 V. A maximum velocity of 28 m/s at the slots was achieved.
The process of measurement is as follows. Firstly, the plate is heated by electricity with constant power. Its
temperature then increases to a certain value at which thermal balance is achieved. After a moment, the DSJA
is started and temperature of the plate decreases. Another thermal balance will be achieved and distribution of
the temperature of the plate won’t vary anymore. This state is kept for a while before the measurement is
finished.
2.3 Data reduction
Infrared thermal images are transferred to a computer and analyzed by a specialized software. A rectangular
region of 90 × 130 pixels corresponding to 51.4 × 81.3 mm is chosen as the impinged area. Figure 4 shows
typical thermal images of the two thermal balance states. Histories of maximum, average and minimum
temperatures in the rectangular region are presented in Figure 5.
Analysis of the average temperature in the rectangular region is conducted with the use of classical thermal
balance method. For the first balance state, heat loss is attributed to heat transfers of radiation, free convection
and conduction. For the descent process and the second balance state, heat transfer of forced convection is
involved. The four items related to heat loss are calculated by Eq(2) ~ Eq(5) with Kelwin temperatures. The
associated parameters are assigned as these: ε = 0.95, σ = 5.67 × 10-8 W/ (m2*K4), A1 = 51.4 × 81.3 mm2 = 4.2
× 10-3 m2 and A2 = (51.4 + 81.3) × 2 × 0.08 mm2 = 2.1 × 10-5 m2.
qrad =εσA1 (T4 -T4gas )

(2)

qfc =kfc A1 (T-Tgas )

(3)

dT
dl

(4)

qcond =-kcond A2

qfdc =kfdc A1 (T-Tgas )

(5)
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Figure 4: Typical thermal images. Left: at the first balance state; right: at the second balance state.

Figure 5: Histories of temperatures
Based on the distribution of temperature of the plate, conductive loss can be calculated and is less than 4 % of
the total heat loss. So this item is omitted in next analysis. Considering that there are two sides of the plate, the
thermodynamics equations are built as follows.
Qelec -2qrad -2qfc =0
Qelec -2qrad -qfc -qfdc =Cm

(6)
dT
dt

Qelec -2qrad -qfc -qfdc =0

(7)
(8)

Here Qelec is the heating power of electricity, C is specific heat and m is mass. Eq(6) and Eq(8) describe the first
and second thermal balance states. Eq(7) describes the descent process of the temperature. Integrating Eq(7),
one can obtain the temperature with following form.
T=c1 ec2t +c0

(9)

Here c0, c1 and c2 are constants. Figure 6 shows the comparison of calculated and measured temperatures. It
is seen that the agreement is very good. This validates the analysis of thermodynamics.

Figure 6: Comparison of temperatures
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Combining Eq(6) and Eq(8), the forced convection coefficient kfdc can be determined (see Eq(10)). T2
corresponds to the average temperature at the second balance state. The kfdc is the exact parameter that is
used to evaluate the cooling effect of DSJA.
kfdc =

Qelec -2qrad (T2 )
-kfc
A1 (T2 -Tgas )

(10)

3. Results and discussion
Two humps of e = 1.0 and 1.5 have been tested. The DSJA was deployed at d = 9.2 which is defined by Eq(11).
The second thermal balance state was checked. Average temperature and standard deviation of temperature
in the rectangular area are displayed separately in Figure 7. For comparison, values of cases with no hump are
plotted at e = 0. It can be seen that cooling effect is enhanced by the humps. About 2.6 °C reduction has been
achieved with e = 1.0, 0.6 °C was dropped with e = 1.5. However, the standard deviation of temperature seems
to be unchanged nearly.
d=

H
2√Sslot /π

(11)

Figure 7: Temperatures with humps. Left: average temperature; right: standard deviation.
Cooling capability is judged directly by the forced convection coefficients. Figure 8 shows the kfdc which is
calculated by Eq(10) and corresponds to the rectangular region. It is seen that kfdc is enlarged significantly.
Approximate 100 % and 30 % increment of kfdc are obtained with e = 1.0 and 1.5. Due to the insufficiency of
data at e = 1.0, the enhancement of cooling effect may be overestimated.

Figure 8: Forced convection coefficients
The cooling effect on the plate can also be evaluated by effective cooled area at the second thermal balance
state. Effective cooled area is the area with temperature less than a specified temperature. Ratios of the effective
cooled area to the plate’s total area are plotted in Figure 9. Though the scatter of data is a little wide, the trend
of improvement is obvious. The largest effective cooled area is achieved with e = 1.0. For the specified
temperature of 20 °C, the effective cooled area increases by 1.1 and 0.5 times with e = 1.0 and 1.5there. The
effective cooled area reduces rapidly as the specified temperature decreases. However this doesn’t happen to
the cases of e = 1.0. These behaviors are consistent with the variations of average temperature in the
rectangular region. To some degree, the consistency indicates that choosing the rectangular region as the
impinged area is reasonable.
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Figure 9: Ratios with different specified temperatures

4. Conclusions
Investigation of impingement cooling with improvement of exit configuration of DSJA has been conducted.
Results show that the cooling capability of DSJA is enhanced significantly. In the impinged area, 2.6 °C reduction
has been achieved with hump of e = 1.0, accompanied by a large effective cooling area. In future, this effect will
be examined with higher heating power to check the cooling potential of DSJA.
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