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ABSTRACT

Article history:

Synthetic jet impingement cooling has been identified to be an advanced cooling
technique in a variety of applications such as turbine blade cooling, paper drying, and
electronic cooling. The high heat removal capabilities with a simple construction of
the device, demonstrate the advantage of synthetic jet compared to other methods.
In the present work, the 3D numerical simulation using computational fluid dynamics
(CFD) is carried out to predict the heat transfer performance of synthetic jet
produced by speaker actuator with the diffuser-shape orifice. Numerical predictions
are made for an orifice diameter of 6 mm with several opening angles. The excitation
frequency of the speaker diaphragm is fixed at 100 Hz. Three vibration amplitude are
used to investigate the effect of the different velocity of synthetic jet. The results
showed that the opening angle of 90o is better than 45o and the heat transfer
enhancement using a diffuser shaped orifice is more significant at a higher vibration
amplitude. Also, the increment of vibration amplitude more than 0.6mm may not
increase the cooling performance of synthetic jet.
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1. Introduction
Synthetic jet is a flow generated by a movement of the diaphragm in an enclosure with a small
opening. The vibration of diaphragm created suction and ejection of fluid into and out from a cavity
through one or more orifice in one completed cycle. The ejection cycle generates positive net
momentum and creates a pulsating jet moving forward direction. This unique flow has been
intensively studied in thermal management field especially in electronic cooling.
Numerous investigations have been carried out on impinging synthetic jet over the last decades.
Recent studies of synthetic jet have focused on heat transfer characteristics [1–6], which
demonstrate the effectiveness of the cooling capability of the synthetic jet. Several of them
discussed the heat transfer enhancement of synthetic jet experimentally. Most of the research
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investigated the effects of orifice sizes and shapes, orifice thickness, excitation frequency, cavity
size, actuator orientation, and orifice-to-surface spacing. From the experimental results, synthetic
jet shows significant improvement in heat transfer characteristics.
In addition to the experimental studies, numerous researchers have used numerical simulation
to investigate the characteristics of the synthetic jet. Sila and Ortega [7] investigated the convective
heat transfer while Jain et al., [8] studies the flow characteristic. Both performed a twodimensional numerical with laminar flow modelling for a single synthetic jet. Alimohammadi et al.,
[9] work on flow vectoring phenomenon of the adjacent synthetic jet. Their two-dimension
simulation results are validated with an image from particle image velocimetry (PIV). Yao Ma et al.,
[10] analyzed the cooling of the microelectronic chip by using a multiple orifice synthetic jet
actuator. The multiple orifices provide more cooling area and enhanced the heat dissipation
compared to single orifice configuration. Lv et al., [11] simulated the effect of actuator parameters
and frequency on flow characteristic of synthetic jet. They found that the diameter and depth of
the cavity and orifice have influences the synthetic jet flow characteristics. A three-dimensional
modeling to study the behavior of flow and heat transfer of synthetic jet in micro-channels was
done by A. Lee et al., [12]. The finding showed that the ejection of synthetic jet perpendicular to
the micro-channels flow to enhance the heat dissipation.
The orifice is one of important parameter in the synthetic jet studies. Most of numerical
simulation used a straight wall types orifice with various geometry and size. Lingbo et al., [13] used
sharp edge circular shape orifice with diameter of 50mm and thickness of 40 mm. Also, Hatami et
al., [14] used round orifice with diameter of 5mm and thickness of 10mm. A limited number of
studies have considered the diffuser-shape orifice in numerical investigation. This types of orifice
will enlarge the spread area of synthetic jet in a short distance.
In present work, a three-dimensional simulation of the speaker driven synthetic jet impinges on
a square surface and spread out randomly is numerically studied. The effect of the opening angle of
the diffuser-shape orifice and vibration amplitude of speaker cone on the convection heat transfer
performance are the main concern of this research. The air is used as a working fluid. The synthetic
jet actuator is constructed by the round speaker with 74 mm diameter. The speaker diaphragm is
cover with an enclosure to create a cavity. The orifice with a diameter of 6 mm and a thickness of 3
mm is created at the center of the device cavity. The effect of two opening angles (45o and 90o) and
three diaphragm peak to peak amplitude (0.3, 0.6 and 0.9 mm) are examined. The geometry and
relevant parameters are shown in Figure 1. The orifice to plate distance is fixed to 15 mm. The
heating surface is treated as a constant heat flux surface.

Fig. 1. Important geometry
impingement synthetic jet

in
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2. Methodology
The unsteady Reynolds-average Navier-Stokes (RANS) equations are chosen as governing
equations for the synthetic jet problems. The flow is assumed to be incompressible and turbulent.
The governing equations describing the fluid flow are conservation of mass, conservation of
momentum and conservation of energy. The general form of the mass conservation equation for
incompressible flows can be written as
𝜕𝜌

𝜕

+ 𝜕𝑥 (𝜌𝑢𝑖 ) = 0
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where 𝑃 is the static pressure, 𝜏𝑖𝑗 is the viscous stress tensor and g 𝑖 and 𝐹𝑖 are the gravitational
acceleration and external body force in the 𝑖 direction respectively. The energy equation cast in
terms of ℎ (static enthalpy) can be written as
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where 𝑇 is the temperature, 𝑘 is the thermal conductivity. The turbulent model for the current
study is shear-stress transport (SST) 𝑘 − 𝜔. The selection of the turbulent model is based on the
research finding by Bazdidi-Tehrani et al., [15]. The transport equations for the turbulence kinetic
energy (𝑘) and the specific dissipation rate (𝜔) are represented by Eq. 4 and 5, respectively. For
more details on the SST 𝑘 − 𝜔 turbulence model referred to the reference [16] and [17].
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The averaged Nusselt Number on the impingement surface is calculated by
𝑁𝑢𝑎𝑣𝑔 =

ℎ𝑎𝑣𝑔 𝑑
𝑘

(6)
where d is orifice diameter, k is air thermal conductivity, the averaged heat transfer coefficient is
calculated using Eq. 7
𝑞

ℎ𝑎𝑣𝑔 = (𝑇 −𝑇
𝑠

𝑎)

(7)

where 𝑞 is the constant heat flux, 𝑇𝑠 is the impingement surface average temperature and 𝑇𝑎 is the
ambient temperature.
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2.1 Computational Domain and Boundary Condition
The axisymmetric three-dimensional model is constructed to replicate the actual conditions of
synthetic jet impinge on the heating surface. The computational domain for the simulation is shown
in Figure 2. The fluid domain is divided into two regions. The upper region consists of a moving
diaphragm and cavity while the lower includes an orifice, ambient air and heating surface. The
upper region is meshed with unstructured tetrahedral mesh due to profile complexity and the
movement of the diaphragm [10]. The lower region is meshed with structured hexahedral mesh to
reduce the simulation time.
speaker
diaphragm
(dynamic mesh)

cavity

orifice

heating surface
(constant heat flux)
ambient air
(outlet pressure)

Fig. 2. Meshing and the boundary conditions of the computational fluid domain

The outlet pressure boundary condition (relative pressure is assumed as zero) is applied to the
ambient air as this allows the flow to enter and exit the domain. The diaphragm, cavity surfaces,
and heater surface are considered as an impermeable wall with additional conditions are applied to
the diaphragm and heater surface. A constant heat flux of 2000 W/m2 is applied over an area of
(0.05x0.05) m2 heating surface. The surrounding area of the heating surface was assigned with zero
heat flux. The crucial part is to set up the moving boundary of the speaker diaphragm. The
diaphragm is a module with dynamic mesh technique and user-defined function (UDF) to imitate
the movement of the speaker diaphragm. For the present study, the sinusoidal function of 100 Hz
has been employed to simulate the vibrating profile of the speaker diaphragm. The amplitude of
the vibration (peak to peak) is varied from 0.3 mm to 0.9 mm. The time-varying profile of a moving
diaphragm is expressed as
𝑎

𝑦(𝑡) = 2 𝑠𝑖𝑛(2𝜋𝑓𝑡)

(8)

the instantaneous logarithmic diaphragm velocity is derived by differentiating Eq. 9
𝑣(𝑡) =

𝑑𝑦
𝑑𝑡

= 𝑎𝜋𝑓 cos(2𝜋𝑓𝑡)

(9)
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where 𝑦 is the displacement of the rigid diaphragm, 𝑎 is the amplitude of vibration (peak to peak),
𝑓 is the frequency, 𝑡 is the time and 𝑣 is the velocity.
2.2 Solution Procedure
The pressure-velocity coupling was solved using a couple scheme. The second-order upwind
spatial discretization was used for the momentum, energy, turbulent kinetic energy, and turbulent
dissipation rate. Under-relaxation factors were left as default values.
3. Results
3.1 Effect of Vibration Amplitude
The importance of vibration amplitude of the speaker diaphragm on heat removal is address in
this subsection. Figure 3 represents the variation of time-averaged temperature, 𝑇𝑎𝑣𝑔 with x/d for
three different values of diaphragm amplitude at fixed diffuser-shape orifice opening angle. The
results from Figure 3(a) and 3(b) demonstrate that the time-average temperature on the heated
surface impinge by synthetic jet with the vibration amplitude of 0.6mm and 0.9mm are more
uniformly distributes compare to 0.3mm. The increased in vibration amplitude means increment in
velocity of synthetic jet. Event through there is a raise of the velocity but there is no significant
change in temperature distribution along x/d between 𝑎=0.6mm and 𝑎=0.9mm. The results may
due to the limitation of air to absorb heat from the heated surface.

(a)
(b)
Fig. 3. Time-averaged temperature distribution on heater surface for (a) ∅ = 45 and (b) ∅ = 90𝑜

3.2 The Effect of Orifice Opening Angle
The orifice opening angle effect on heat transfer of an impinging synthetic jet is investigated
using different values of opening angle. Figure 4 illustrates the variations of the time-averaged
Nusselt number, 𝑁𝑢𝑎𝑣𝑔 , with respect to the dimensionless axial distance, 𝑥/𝑑 for variation of
opening angle. Figure 4(a) displays the distribution 𝑁𝑢𝑎𝑣𝑔 of at lowest vibration amplitude
(𝑎=0.3mm), the overall trends of 𝑁𝑢𝑎𝑣𝑔 decrease with the increase of 𝑥/𝑑. The wave effect of
𝑁𝑢𝑎𝑣𝑔 distribution is due to the characteristics of synthetic jet flow with sinusoidal function input.
The effect of opening angle is not clearly seen. However, the enhancement of heat dissipation due
to the opening angle is showed in Figure 4(b). At the vibration amplitude of 0.6mm, ∅=90o
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dominate the higher values of 𝑁𝑢𝑎𝑣𝑔 . The increment of vibration angle also helps to delay the
fluctuation values of the 𝑁𝑢𝑎𝑣𝑔 distribution along 𝑥/𝑑. The significant of heat transfer
enhancement due to opening angle is presented in Figure 4(c). At highest amplitude (𝑎=0.9mm),
the orifice opening angle of 90o show the highest heat transfer followed by 45o and 0o respectively.

(a)

(b)

(c)
Fig. 4. Time-averaged Nusselt number distribution over 𝑥/𝑑 for different vibration amplitude (mm):
(a) 0.3, (b) 0.6, and (c) 0.9

4. Conclusions
In this paper, the numerical simulation of synthetic jet produced by a single speaker diaphragm
impinge on the heating surface has been performed. From the finding, it can be concluded that the
heat transfer performance for opening angle of 90o is better than 45o at a higher vibration
amplitude. Also, the increment of vibration amplitude more than 0.6mm may not improve the
cooling performance of the synthetic jet.
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