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compared to experimental works. Numerical simulation is crucial to expedite the
synthetic jet product enhancement as it opens up big potential in electronic device
application. Studies carried out by many scholars within the scope of this publication
have demonstrated that resonance frequency enhances the performance of synthetic
jet. Reynold numbers vary with frequency, and greater Reynold numbers produced
higher heat transfer coefficients. The majority of researchers have also chosen the
cylindrical cavity type because it offers superior velocity output, which improves
Keywords: cooling performance. According to previous studies, a smaller diameter leads to a
Synthetic jet; cooling; heat transfer higher velocity output and a higher Reynold number.

1. Introduction

The rapid growth of electronic and communication technologies, particularly for 5G Wireless
Communication Technologies, has resulted in the widespread use of small and compact electronic
devices. Due to its integrative and intelligent features, portable electronic systems that combine
numerous intelligent functional units in a restricted space have gotten a lot of attention [1].
Modernized electronic equipment is made to be smaller, faster, and capable of doing more complex
tasks. Due to their compact size, electrical devices have high power densities and operating
temperatures thus lowering their performance. If the electronic device temperature rises, it will
begin to degrade and then shorten its life to the greatest extent. The growth of electronic equipment
necessitates a steady increase in heat transmission intensity [2].

Thermal management will be critical for all types of electronics goods in the coming decade as
there is a link between an electrical component's performance, especially its lifespan or lifecycle, and
its specific working temperature range [3]. In many tiny electronics, existing temperature
management strategies are ineffective. Heat sinks, heat sinks with fans, and other classic cooling
solutions have reached their limits. As a result, more powerful heat transfer improvement methods
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or cooling techniques are needed to keep the temperature of electronic equipment within a safe
range. Synthetic jet (SJ), a novel type of increased heat transfer technology, has progressively gained
popularity as a solution to the above concerns with electronic device heat dissipation.

It was found that SJ had a maximum heat transfer coefficient (HTC) that was 11 times greater
than natural convection [4]. Several cooling systems for removing excess heat have been developed
in the past. Active cooling techniques and passive cooling techniques are the two types of cooling
procedures. An external source of energy is required for active cooling method such as fan, and SJ.
Passive cooling method, such as heat pipes and heat sinks, remove heat without using any extra
energy sources. Due to its low cost, simple structure, light weight, and ease of installation, research
into SJ heat transfer use has accelerated in the previous decade, making it more promising than other
currently used technologies. It comprises of an actuated cavity with a narrow opening (orifice/slot)
and a moving diaphragm under the effect of fluctuating voltage. It goes through two stages within
one operation cycle: suction and ejection. The shape and size of the orifice or slot can affect the flow
field and heat transfer performance [5].

The dimensions and form of the SJ’s cavity have an impact on the velocity produced. As it affects
the average velocity, a shallow cavity has a negative impact on SJ performance [6]. The orifice's
dimensions have a significant impact on the SJ's performance. When compared to the rectangular
orifice, the velocity produced by the circular orifice has a larger peak centerline velocity along the
stream-wise direction [7]. The average Nusselt number (Nu) rises when the nozzle to distance ratio
(H/d) declines at all frequencies. With increasing frequency, the appropriate value of H/d drops. For
small H/d, high frequency SJ were shown to be more effective than low frequency SJ at removing
heat, whereas low frequency SJ were found to be more effective for bigger H/d [4]. The flow field of
the SJ may be separated into three distinct flow area due to its transient feature which are near field
region, transitional region and far field region [7]. The impulse of the vortex has significant impact on
the reversed flow created near the orifice. Each vortex's impulse must be large enough to the forces
connected with the reversed suction flow [8].

The mechanics of flow in this synthetic model can be well understood through simulation analysis
in computational fluid dynamics (CFD), which lowers the cost and analysis time needed in
experimental processes. The purpose of this research is to review the working principle and
numerical technique of a synthetic jet in order to understand the critical parameters involved in
enhancing heat transfer.

2. Working Principles

The research was done by Le Clainche [9] to forecast the spatiotemporal structures of SJ. The
simulations were run with an axis-symmetric flow condition with a cylindrical chamber and circular
jet nozzle. Higher-order dynamic mode decomposition was the method employed (HODMD). A data-
driven approach called HODMD is used to examine data gathered throughout the time period to build
the previous DMD expansion. Interpolation and extrapolation technique can contribute to precise
computations of such expansion. His method has reduced memory requirements by 70%, which has
decreased processing time.

The simulations by Chen et al., [10] established the beginning temperature ratio for jet formation
and the threshold value of a non-dimensional parameter at the transition from no jet to a distinct jet.
His research has found that the linear thermos-acoustic theory-based reduced-order network model
offers quick, precise forecasts of the thermos-acoustic instability inside the TAE in the frequency
domain. Ziadé et al., [11] conducted a numerical study to determine whether changes to the inner
geometry of a SJ cause variations in flow behaviour at the exit. It can be seen that the cavity with the
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sharpest transition from orifice to cavity conveys the most momentum at the exit. Lehnen et al., [12]
came to the conclusion that the cavity depth had a considerable impact on the centreline velocity of
the jet.

Numerical simulation of flow control over NASA hump with uniform blowing jet and SJ was
performed by Tang et al., [13]. On the hump, two active flow control methods are used to lessen the
flow separation. According to calculations, the SJ with the same momentum coefficient as the
uniform blowing jet is more efficient than the uniform blowing jet at reducing or removing the
separation in the downstream section of the hump. In order to enhance the performance of a SJ, the
shape of the heating surface and the signal of the diaphragm have been altered by Benayad et al.,
[14]. Numerical analysis has been done to compare the basic and modified case. The obtained data
indicated that the changed case's Nu increased by around 51% in comparison to the basic instance.
A numerical study on the three stages of the vortex self-similarity evolution in an impinging synthetic
jet has been done by Silva-Llanca et al., [15]. His research indicate that the vortex pairs showed
parametric dependence on the vortex-distance-to-radius ratio and self-similarity.

In a numerical study, Huang et al., [16] investigated the HTC brought about by impinging a SJ flow
onto a longitudinal fin employed in an electronic cooling system. The impacts of several factors, such
as H/d and diaphragm movement frequency and amplitude, are noted. It was discovered that
operation frequency increased the fin surfaces' average HTC almost linearly. The time average HTC
on the fin surfaces is shown in Figure 1 together with variations in diaphragm amplitude. The
calculation was performed again at various fixed jet operating frequencies between 153 Hz and 4880
Hz. As the amplitude of the jet grows at a constant operating frequency, the HTC tends to almost
increase linearly. The HTC rises linearly with increasing diaphragm amplitude at a constant operating
frequency. The work of Mird et al., [17] intends to study the cooling properties of a SJ confined
between two parallel isothermal plates with a forced temperature differential. The analysis of the
conditions at the outlet has revealed that depending on the Reynolds number (Re), the outlet
temperature is approximately 1/10 to 1/5 of the temperature difference between the hot and cold
plates and a strong asymmetry appears in the flow between the ejection and suction phases.
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Fig. 1. Heat transfer coefficient vs diaphragm amplitude [16]

A special piston-type SJ with a quick-return characteristic structure has been explored by Liu et
al., [18]. The quick-return piston-type SJ has a considerable impact on the cavity pressure, jet velocity,
mass flow, and momentum; the more pronounced this characteristic, the better the performance.
Mohammadshahi et al., [19] assesses the efficacy of a self-oscillating jet produced by a fluidic
oscillator with two folds feedback for cooling films. The findings with various Re were examined, and
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it was discovered that while the mean Nu was about constant, raising Re causes the oscillating jet to
occur more frequently. The Q-criterion calculation revealed strong vortices as Re rose, however
because of the vortices' high velocity and shorter contact time with the hot plate, the heat transfer
was not considerably altered. The oscillating jet may cover a bigger area and is better for blade
cooling, according to comparisons made between it and a steady jet with a constant Re. Javadi et al.,
[20] carried out numerical studies on impinging heat transfer in cross-flow with and without the
influence of a vortex generator (VG). Due to the strong structures the VG has built, the flow may steer
around the jet and ascend to the top wall of the channel. As a result, the VG lessens the negative
impacts of cross-flow on heat transfer during impingement. Heat transport is improved by the
location of the VG.

The features of transient heat transfer from circular air-jet impingement on a flat plate have been
studied numerically by Guo et al., [21]. For Re values between 14,000 and 53,000 at H/d = 4,
numerical investigations were also carried out to determine the regional Nu distributions on the
plate. The air jet started impinging at time t = 13 s, and the temperature at each site clearly dropped.
The temperature gradually dropped as the air-jet impingement proceeded. When the air jet started
to impinge, Nu at each site grew quickly. Re climbed while the Nu grew. At the point of standstill, the
Nu grew somewhat until peaking. Nu is significantly impacted by the H/d at the stagnation zone.

Li et al., [22] has performed a numerical investigation of how St, frequency, and Re affect the
behaviours of a triangular SJ flow in terms of heat transfer. The main findings are that variations in
St, or dimensionless stroke length, result in inconsistent frequency effects on heat transfer at various
intervals. The amplitude of the area averaged Nu would typically increase with an increase in Re or
frequency within one cycle. Due to the great coherence between heat and mass transmission, Re and
frequency's respective effects on heat transfer may be traced back to their impact on the flow field.
The flow field would be significantly altered by modifying either of the two parameters separately.
The study's findings by Jacob et al., [23] indicate that heat transmission increases as frequency rises.
At low H/d, there is recirculation and an air entrainment effect, which has an impact on heat
transferability. But this effect diminishes and uniform heat transmission takes place at large H/d and
frequencies. Due to air recirculation, SJ transmit heat less effectively at very low H/d. As the diameter
gets smaller, the heat transmission gets better.

The numerical simulations by d'Alencon et al., [24] demonstrate that, regardless of the Re and
H/d, the k SST was a trustworthy turbulence model for predicting the flow and heat transfer in
conditions with the lower frequency. It was illustrated how a SJ would strike a uniformly heated wall.
The varying vortex dynamics led to a change in the Nu distribution along the wall. Yeom et al., [25]
investigated the application of SJ arrays in a single channel of an air-cooled heat sink to enhance heat
transmission. The increased proximity to the jet orifices, which enhances the effectiveness of the
created vortex ring structures, was shown to make heat transfer in the fin tip region more susceptible
to SJ impingement. The objective of the numerical analysis was to quantify the effects of system
parameters on the efficiency of heat transfer over various regions of the channel (fin) wall. The
channel side surfaces, which are further from the jet orifice, are subject to a reduced cooling impact
from the SJ, according to the numerical study's findings. It is discovered that, when compared to a
situation with cooling by channel through-flow alone, the SJ can increase locally-averaged HTC at the
fin tip by up to 413 percent.

A numerical study of using high amplitude acoustic waves was conducted by Rulik and
Wrdblewski [26]. Two steps were used to split the works that were presented in his study. The
structure and method of producing the flow field unsteadiness in the cavity were the sole things that
were examined in the initial stage. The second stage of the project involved analysing the heat
transfer in the cavity and figuring out how the parameters of the acoustic wave that was generated
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related to the heat transfer intensification process. The data collected demonstrate that the number
of vortices coincides with the cavity maximal mode. It is discovered that the HTC distributions for the
steady-state and the transient-state solutions differ significantly if the generated acoustic wave is
characterised by a large amplitude. Lau et al., [27] investigates the cooling and heat transport
characteristics of Nano-fluids in a microchannel assembly using a single SJ. The results demonstrate
improvement in efficiency of HTC and the cooling capacity of the microchannel. Images of the velocity
field inside the microchannel with various Nano-fluids for the expulsion (t* = 10) and suction (t* =
10.5) stages are shown in Figure 2. The former represents the moment when the diaphragm is moving
at its fastest rate toward the orifice, while the latter represents its fastest rate away from the
opening. In all instances, during the expulsion stage, the fluid ejected from the orifice mixes with the
cross flow in the microchannel to create a clockwise vortex just downstream. The deflection of the
expelled streamlines from the SJ towards the direction of the microchannel flow leads to the creation
of the vortex, which corresponds to flow mixing. The degree of flow mixing and vortex generation
within the microchannel has a significant impact on how well heat transfer is enhanced. It is proven
that the creation of vortices is essential for disturbing the thermal boundary layer at the micro
channel's upper wall, which removes heat from the silicon wafer.

Fig. 2. Velocity field of expulsion (t* = 10) and suction (t* = 10.5) [24]

Huang et al., [28] examines the impacts of the SJ, which is utilised in the study to control the tip
leakage flow in a centrifugal compressor. It is placed at the shroud and close to the blade leading
edge. The following conclusions can be taken from the current work: The tip leaking vortex trajectory
is forced to bend in an upward manner by the SJ. The SJ placement should be close to the leading
edge with a small injection angle in order to have a greater impact on the flow at the tip region close
to the leading edge. The flow close to the leading edge becomes more stable when the SJ is used,
and the dominant frequency is changed to the frequency at which the SJ is activated.

Kumar et al., [29] investigates the mechanism of vortex creation and its bifurcation process.
During the first axial switching, it has been noted that the vortex ring splits up close to the orifice exit
and flows away from the centre of the SJ in the minor axis plane. In contrast, the vortex ring in the
major axis plane is drawn toward the SJ’s centreline and eventually vanishes. Haque et al., [30]
presents a numerical analysis of the effect of VG on flow through a heated block. For a range of Re
(500-1050), it is discovered that the number of VG dramatically increases the total HTC. The degree
of improvement is largely influenced by the location of the VG.

Three waveform of SJ were used in Zhang's [31] numerical research. He found that the rate of heat
transmission will typically increase as Re rises. When St is close to the critical St, the transmission rate
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of the T-heat wave is higher than the S-wave and R-wave. The time-dependent inlet velocity profile
for various waveforms is shown in Figure 3. The right portion of streamlines and velocity contours at
crucial St in three waveforms is illustrated in Figure 4 to help better comprehend this phenomenon.
The inlet velocity of an S-wave steadily increases from zero to the maximum value. For R-waves, the
inlet velocity will quickly decrease to its lowest value and stay there throughout the period of rest.
The behaviour of the vortices in a T-wave is comparable to an S-wave. It is clear from the velocity
contour that the T-wave has a higher velocity than the S-wave. As a result, T-wave has a greater
average Nu than S-wave and R-wave as shown in Figure 5. It can be observed that the HTC is strongly
influenced by the waveform.
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Fig. 3. Velocity profiles for different waveform [31]

S-wave R-wave T-wave

Fig. 4. Velocity contours for different waveform [31]
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Fig. 5. Time-averaged Nusselt number for different waveform [31]

For an orifice with a variety of opening angles, numerical predictions are made by Husin et al.,
[32]. The findings demonstrated that a diffuser-shaped orifice improves heat transfer at larger
vibration amplitudes and that an opening angle of 90° is superior compared to 45°. Additionally, an
increase in SJ cooling performance may not be possible for vibration amplitude increments greater
than 0.6mm. The effect of SJ interaction with crossflow in channel on the cooling of heat wall is
investigated by Xiang et al., [33]. The interaction of the SJ with the channel flow enhances heat
dissipation at the heated wall. In the jet hole, the downstream region's heat transmission has
improved while the upstream region's heat transfer has deteriorated. According to research by
Rhakasywi et al., [34] heat transport in a heat sink with an impinging SJ may be mathematically
calculated in three dimensions using several sinusoidal and non-sinusoidal wave excitation modes.
The results of this investigation showed that when the SJ used a 120 Hz square wave, the impinging
SJ applied to the heat sink revealed the optimum heat transfer capacity for cooling. It is clear from
the Figure 6 that compared to the frequencies of 80 Hz and 160 Hz, the square wave excitation mode
with a frequency of 120 Hz produces a greater Nu. According to estimates, air exchange into and out
of the SJ cavity can occur for a long enough amount of time during vibrations that happen at a
frequency of 120 Hz.
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Fig. 6. Time-averaged Nusselt number for various square wave frequency [34]
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The effects of jet stream injection from a channel's bottom wall on the vibration and heat transfer
of a cylinder with transverse motion in a low Re zone have been the subject of a numerical
investigation by Rabiee et al., [35]. The findings demonstrate that for slots near to the cylinder, the
vibrations of the cylinder begin to significantly decrease from an injection velocity onward, which is
associated with a decrease in the force coefficients applied to the cylinder. The entire Nu reaches its
minimum value at a certain jet injection velocity that is controlled by the cylinder-slot distance and
the channel's input flow velocity. Zhu et al., [36] used direct numerical simulation to study the flow
via a slotted cylinder. The change in flow direction or the variability in flow rate in slits is caused by
the alternating vortex shedding and varying pressure distribution. The cylinder with a straight
transverse slit has the best control, taking the slit's inner wall into account. The decreases in drag and
lift at Re=100 is 1.7% and 17%, respectively.

Qiu et al.,, [37] has numerically examined the flow and heat transmission properties in a
microchannel outfitted. A hairpin vortex makes up the majority of the vortex structure. The legs of
the hairpin vortex lengthen as it moves downstream and combine with a pair of large-scale
longitudinal vortices. The parametric investigation shows that while H/d determines the transient
heat transfer performance, Re mostly influences the improvements of the time-area-averaged Nu
and the overall pressure drop. Qayoum et al., [38] has carried out comprehensive computational
research on the effect of orifice on the optimum excitation frequency of a single cavity with different
orifices. A piezoelectric actuator's SJ velocity is greatest when it is operating at its resonance
frequency. The H/d at close ranges for single rectangular-slot and single-hole orifices have a greater
impact on the SJ actuator. Each SJ quickly combines with the central one in the case of the several
synthetic jets, resulting in a combined jet with a sizable momentum flux.

Krishan et al., [39] has extensively researched the impact of sidewalls for continuous jets. With
the use of Large Eddy Simulations (LES), a slot SJ is examined in order to comprehend how sidewalls
affect the behaviour of the SJ flow-field. In order to prevent flow entrainment over the span-wise
axis of the jet, the sidewalls are attached to the shorter side of the slot and extend in the stream-
wise direction of the jet. The SJ's flow-field has undergone a considerable shift as a result of the
sidewalls' presence. Due to the sidewalls, one of the unique characteristics of axis-switching in slot
SJ flow field is reduced. Further simulations showed that the continuous contact of the vortex with
the wall boundary layer in the span-wise plane causes the plane SJ to expand slowly in comparison
to the free SJ in the lateral plane. The sidewalls' existence would have a major impact on the SJ's
ability to transmit heat because they have a considerable impact on its flow-field in the context of
the augmentation of heat transfer by SJ impingement.

Tan et al., [40] presents a study for increasing the impingement heat transfer of array continuous
jets by including a SJ into the array unit. A particular hybrid-jet impingement arrangement with a
square-layout continuous-jet array and a centrally located SJ actuator is the subject of his numerical
research. As a result of the localised heat transfer enhancement at the central zone of the array unit
on the coordination mechanism of active pulsating SJ and passive pulsated wall jet, the results
demonstrate that the integrity of a central synthetic jet in a continuous-jet array is indeed an effective
way to improve the overall heat transfer performance. The heat transmission in the continuous-jet
stagnation zones is essentially unaffected by the presence of a SJ at the continuous-jet array centre.
However, this integrated SJ effectively enhances the local heat transfer in the central zone of a square
configuration array unit, which enhances both the heat transfer uniformity and the overall heat
transfer. The target surface mostly suffers from the periodic separate impact of the principal vortex
rings at a close impinging distance. A trailing jet that is in front of the main vortex rings dominates
the downward flow of a SJ while it is at a great impinging distance.
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The results of numerical modelling by Sadaghiani et al., [41] show that adding nanoparticles to
the base fluid significantly changed velocity profiles and enhanced heat transfer. The thermal and
hydrodynamic impacts of Nano-fluid flows were found to be greatly underestimated by the
homogeneous (single-phase) model. Kashyap et al., [42] researches the impact of secondary surfaces
(SS) fixed over a rectangular VG while providing a summary of dynamic mode decomposition. When
SS is present, the flow behind the VG significantly shears the generated primary vortex, causing it to
stretch. Stretching reduces the span of the created vortices while increasing the angular momentum
of the vortex. A greater tilt of the primary vortex toward the hot surface results from the addition of
SS in z-axis. As a result, primary vortex bounces back more violently, which finally causes the helicity
to fall. This demonstrates that primary vortex’s slow propagation speed with the inclusion of SS.

Jacob et al., [43] uses numerical analysis to determine the HTC of a SJ emerging from a circular
orifice at H/d=6. The outcome demonstrates the importance of the H/d and sinusoidal wave
frequencies on the measured heat transfer rate. Nu for stagnation rises with the Re for the tested
range of values, as shown in Figure 7. By increasing the Re, the axial momentum increases and
turbulence forms in the flow direction. As a result, the fluid's velocity increases along with the HTC.
According to Mohammadpour et al., [44], heat transfer increase for in-phase and 180° out-of-phase
twin jets depends on orifice spacing. This arrangement caused a distinct pattern of vortex to emerge,
which disrupted the main channel flow and encouraged rapid thermal mixing inside the channel. The
biggest cooling improvement was achieved with the channel design configuration using two SJs
running at 180° out-of-phase and 2 mm orifice spacing.
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Fig. 7. Variation of stagnation Nusselt Number with Reynolds Number [43]

Geng et al., [45] has found that when the nozzle diameter is small, the thrust is driven by velocity.
While the thrust is acceleration-dominated when the diameter is large. There are two distinct
patterns in the thrust fluctuation with nozzle height. The first variation in thrust pattern is dominated
by the pressure force. The accelerating force has a greater impact on the second pattern of thrust
fluctuation. The bidirectional SJ was studied by Fisher et al., [46] in order to determine any potential
benefits. One of the main conclusions of this study is that if the input (suction) and outflow (ejection)
directions of a SJ are tuned individually, the performance of the jet might be greatly enhanced. The
findings also indicate that the size of the separation bubble is not significantly affected by the various
parabolic velocity profiles provided at the jet exit. The results, however, are dependent on the kind
of jet exit conditions used. In the current research, Hoh et al., [47] has constructed a CFD model of a
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fluid mixer supported by a SJ. The simulation outcomes demonstrate that this model can forecast the
time-averaged mixing degree for a range of stroke ratio with a maximum difference of roughly 20%
very effectively.

Lemanov et al., [48] has found that the stagnation Nu rises at short H/d. The intensity of heat
transfer is found to diminish as the distance is increased farther and as Re rises. Liu et al., [49]
suggests a formation criterion for the two-dimensional SJ. For the covered range of simulations, SJ
may be divided into four stages by looking at the trend of normalised stroke distance against
dimensionless parameter, Lam et al.,, [50] study to determine the fluid flow and heat transfer
characteristics of various discrete electronic components mounted on the bottom plate of the
channel with and without a porous layer. The primary recirculation period's duration is shown to
grow near to the jet intake as Re increases. The thermal boundary layer is found to be thickest along
the secondary recirculation, which eventually causes overheating, while the thickness is thinnest in
the stagnation region, creating a high Nu. The average Nu for all heat sources is observed to rise with
rising Re and fall with decreasing H/d. The addition of a porous layer fully eliminates recirculation
bubbles on heat sources.

Belova et al., [51] has carried out computational studies of the impact of SJ on the flow in the
model transition channel. Due to the huge diffuser expansion angle, a detachment flow forms in the
channel, which is physically induced by a positive pressure gradient on the wall; Heat flux into the
wall increases in the zone of separated flow; the highest heat flux is seen at the attachment point of
the separation flow. The total pressure loss is decreased as the separation region's size is reduced. Li
et al., [52] has looked into the heat transmission and flow structure of periodic pulsating slot-jet
impingement of Nano-fluids with rectangular wave and triangular wave. The findings show that T-
wave is more effective at enhancing heat transmission. And on the subject of heat transfer
performance, Re and show an excellent mutual promotion relationship.

Benayad et al., [14] has modified the SJ with obstruction orifices and undulant heated wall with
a slope and it is result indicate enhancement on the heat transfer due to increase of vortex formation
in the flow domain. The magnitude velocity contours for the basic case with a periodic signal and the
modified case with the bi-periodic signal are shown in Figure 8. Results are consistent with a jet
amplitude of 75 mm and a transverse flow velocity of 1 m/s. The findings clearly demonstrate that
the modified case's magnitude velocity is larger due to the bi-periodic signal's acting force and the
creation of the jet vortex caused by the little inclined flow originating from the modified orifice's
inclination. It is shown in Figure 9 that the case with modification gives higher values of Nu.
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Fig. 8. Velocity contour (a) Basic case (b) Modified case [14]
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2.1 Frequency Analysis

According to Wang et al., [53] research, the SJ excitation frequency significantly affects the
control of two DOF VIVs. The cycles of the in-flow and cross-flow have many different amplitudes
when excitation frequency below 4.0. Lehnen et al., [12] came to the conclusion that the H/d and
frequency have the most effects on the SJ ability to dissipate heat. It was discovered by Huang et al.,
[16] that frequency increased the fin surfaces' average HTC almost linearly. At a fixed operating
frequency, the HTC increases linearly with increasing diaphragm amplitude. Liu et al., [18] conclude
that in under any conditions, the suction time would get longer as the frequency rose, but the
structure with rapid return can mitigate this effect.

The main findings by Li et al., [22] are that variations in St, result in inconsistent frequency effects
on heat transfer at various intervals. The amplitude of the area averaged Nu would typically increase
with an increase in Re or frequency within one cycle. Due to the great coherence between heat and
mass transmission, Re and frequency respective effects on heat transfer may be traced back to their
impact on the flow field. The flow field would be significantly altered by modifying either of the two
parameters separately. According to Li et al., [22], Re affects the ideal frequency that results in the
highest time-area averaged Nu. Most of the time, an increase in Re or frequency would demonstrate
an increase in area averaged Nu during a period. The highest area averaged Nu's normalised
occurrence moment at identical Re progressively lags with a frequency in the region of 10-35 Hz. The
variation trend of the area averaged Nu with normalised time differs from Re even at the same
frequency.

Three waveform SJ were used in Zhang's [31] numerical research. The rate of heat transmission
will typically increase as Re rises. One can infer that low frequency is good at removing heat from a
system at low Re, whereas high frequency is more efficient at high Re. Qayoum et al., [38] has found
that a piezoelectric actuator's SJ velocity is greatest when it is operating at its resonance frequency.
The multi-orifice SJ’s optimum frequency is lower than the single-orifice SJ)’s. Dong et al., [54] has
found that the primary clockwise vortex is favoured by low frequency and small amplitude, whereas
the anticlockwise vortex is favoured by high frequency and large amplitude. Ahmad and Qayoum [55]
has found that a SJ with a single orifice and a double orifice operates at its resonance frequency when
its velocity reaches a maximum value to produce upward sweep vortices. The average HTC brought
on by the double orifice SJ is 32% greater than the single orifice SJ at the resonance frequency and
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voltage. Li et al., [52] has found that the frequency-induced trend suggests that as the frequency
increases, the effect of frequency on the enhancement of heat transfer weakens.

3. Numerical Approach

An earlier attempt had been made to explore the SJ effect through numerical simulation research.
In order to simulate the moving diaphragm of the jet as a moving wall boundary, user-defined
function (UDF) has been used [29,40,45,52,55]. The governing equations of continuity, momentum
and energy based on URANS (Unsteady Reynolds Averaged Navier-Stokes) has been mostly used
[26,46,48,49,52,55].

Geng et al., [45] and Hoh et al., [47] have runs the simulations with ANSYS Fluent while take into
account the flow as incompressible and in transient state. The pressure-velocity coupling scheme is
chosen to be the pressure implicit with the splitting of operators (PISO). CFD software ANSYS Fluent
with the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) technique has been widely
use among the researchers in order to simulate the incompressible flow. [16,25,29,40] In order to
take into account turbulent and viscous effects, the k-omega SST model is mostly chosen to solve the
mathematical model [10,16,19,25,26,40]. The turbulence model was used because it accurately
depicts the flow in the vicinity of the wall and performs better when dealing with the large flow
fluctuation [56]. Qiu et al., [37] runs simulations in three dimensions, incompressible flow and
constant physical attributes. In this study, the pressure-velocity coupling is handled by the SIMPLEC
algorithm. Fisher et al., [46] uses ANSYS FLUENT's PISO method for transient calculations and the
SIMPLE technique for pressure-velocity coupling in steady-state simulations.

4, Discussions

Table 1, Table 2 and Table 3 summarize studies regarding synthetic jet application using numerical
simulation concerning on frequency and Reynold numbers (Re), design parameter and method
review. The majority of researchers employed various resonance frequency values, choosing the ones
that were good for their diaphragms, according to the observation from summarised studies in Table
2. At its resonance frequency, where the diaphragm displays the greatest amplitude, a synthetic jet
operates more effectively. The greatest amplitude of the diaphragm is achieved while using the
resonance frequency. More fluid is trapped inside the volume chamber as a result of a higher
amplitude producing a higher swept volume. As a result, the most air is evacuated at the fastest
speed.

Other than that, Re is a crucial factor in fluid dynamics since it may be used to assess the flow
conditions. The Re of a SJ varies with driving frequency and diaphragm amplitude. Given the ideal
jet-to-surface separation, higher Re resulted in a higher HTC. The performance of the SJ is also
impacted by the volume cavity design. According to Table 2, previous researchers frequently examine
the cylindrical cavity as literature has found that the cylinder cavity provides a better velocity output.
The orifice is a key element of the volume chamber, providing fluid access during the suction and
ejection phases and having an open diameter. It is clear that researchers favoured circular orifice the
most since they provided superior velocity profiles and enhanced cooling. When compared to the
rectangular orifice, the SJ produced by the circular orifice has a larger peak centreline velocity along
the stream-wise direction. In addition, smaller orifice’s diameter results in higher Re, according to a
common finding in the literature.

It can be shown that the research procedures employed in the studies make use of simulation
tools such CFD techniques for thermal analysis. Table 3 shows that ANSYS is a highly well-liked
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software platform that researchers favour for carrying out CFD flow studies. Due of its high accuracy

in boundary layer simulations, experts advise using the shear stress transport (SST), thermal-fluid
model, and K-Omega turbulence model while performing the CFD analysis. URANS (Unsteady
Reynolds Averaged Navier-Stokes) solvers are also frequently employed. Researchers frequently
utilise the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) technique to model
incompressible flow because it works well for unsteady flow with tiny time steps.

Table 1 Table 2

Frequency and Reynold numbers Design parameter
Reference Frequency (Hz) Reynold Reference Cavity Orifice

Number Le Clainche [9] Cylindrical  Circular

Lehnen et al., [12] 1, 4, 100, 200, 400 300,1200 Kane et al., [18] Cylindrical  Circular
Benayad et al., [14] 10,000 5-20 Guo et al., [21] Cylindrical  Circular
Liu et al., [18] 100-200 - Kumar et al., [27] Cylindrical Slot
Lietal., [22] 10,20,50 10,000 - 20,000 Zhu et al., [33] Cylindrical  Slot

Zhang et al., [29] 0, 10, 20, 50, 100, 1553, 3883, Qiu et al., [34] Cylindrical  Circular
200, 400 7767 Jacob et al., [40] Cylindrical  Circular
Qayoum and Malik 10,32,50 120,137,145 Ahmad and Cylindrical  Circular
[35] Qayoum [51]
Lemanov et al., [45] 1-200 Hz -
Li et al., [48] 10,20,75 10,000 - 20,000
Dong et al., [50] 800-1000 -
Ahmad and 15,475, 951 247,330
Qayoum [51]
Table 3
Method review
Reference CFD software Pressure-velocity  Type of flow Turbulence
coupling scheme model
Chen et al., [10] ANSYS Fluent PISO - k-omega SST
D’ Alencon et al., [11] ANSYS Fluent SIMPLE Transient conventional k-
SST
Benayad et al., [14] ANSYS Fluent - Transient, incompressible k-omega SST
Huang et al., [16] ANSYS Fluent SIMPLE Incompressible k-omega SST
Mohammadshahi et al., - SIMPLE Incompressible k-omega SST
[19]
Lietal., [22] - - Transient, incompressible, k-turbulence
SST
Yeom et al., [52] ANSYS Fluent SIMPLE Incompressible k-omega SST
Rulik and Wroblewski [24]  ANSYS Fluent Transient, compressible k-omega SST
Lau et al., [25] - SIMPLE Incompressible -
Kumar et al., [27] ANSYS Fluent SIMPLE Transient, incompressible -
Qiu et al., [34] - SIMPLEC Transient, incompressible -
Tanetal., [37] ANSYS Fluent SIMPLE Incompressible k-turbulence
SST
Gengetal., [42] ANSYS Fluent PISO Transient, incompressible k-omega SST
Fisher et al., [43] ANSYS Fluent PISO, SIMPLE Transient, steady k-turbulence
SST
Hoh et al., [44] ANSYS Fluent PISO Transient, incompressible -
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5. Conclusions

This research reported on the working principle and numerical approach selection. The main goal
was to provide the researcher with a clear understanding of the direction of numerical analyses in
synthetic jet applications. In order to properly analyse the efficacy of synthetic jet cooling, numerical
modelling is essential. The nature of the flow field and the properties of the micro heat transfer were
the main topics review in the study. Studies conducted by various researchers covered in the scope
of this paper have shown that synthetic jet operates more effectively with resonance frequency.
Reynold number are varied with the frequency and higher Reynold numbers resulted in higher heat
transfer coefficient. Other than that, cylindrical cavity type has been chosen by most researchers as
it provides better velocity output resulting to better cooling performance. Based on the previous
researchers, smaller orifice’s diameter result to higher velocity output thus led to higher Reynold
number. Other than that, ANSYS is a highly well-liked software platform that academics favour for
carrying out CFD flow studies. Finally, yet importantly the advantages of SJ are it is low cost, it has
simple structure, lightweight and ease of installation.

Data Availability Statement (DAS)
The data that support the findings of this study are available from the corresponding author, N.R.,
upon reasonable request.
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