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Abstract 

The synthetic jet actuator is an active flow control device that is used to improve the 

aerodynamic performance on working surfaces such as wings, helicopter blades and ground 

vehicles. The performance of synthetic jet actuator depends on the design of the orifice and 

cavity, and the oscillating driver. Piezoelectric diaphragm was used as an oscillating driver 

because of its small size and easier installation. The focus of this project is to study the effects 

of orifice size and shape for a synthetic jet actuator design. The effects were studied on 

circular and rectangular shapes, and different sizes of orifice. Meanwhile, the configurations 

of the cavity are fixed. Experiments were performed to determine the maximum pulse jet 

velocity and turbulence intensities of the jet coming out of the orifice, driven by the 

Piezoelectric diaphragm at different frequencies, at constant input voltage of 2V. The 

experiment mainly involved the measurement of the exit pulse jet velocity using a hot-wire 

anemometer. The results demonstrated that the circular orifice produced higher maximum 

pulse jet velocity and smaller sizes orifices, both circular and rectangular, results in higher 

velocity jets. 
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1.0 INTRODUCTION  
 

The aerodynamic performance of the aircrafts, 

helicopters and road vehicles can be improved by 

controlling the air flow over the working surfaces, for 

example wings and rotary blades, especially when 

operating at high angles of attack. This condition 

occurs when the boundary layer and the shear flow on 

the suction surface are manipulated until the 

separation region is reduced. There are two types of 

devices in controlling the air flow, which is active and 

passive flow control. To improve the air flow properties 

the devices normally were attached to the suitable 

part of the vehicles. Many flow control devices have 

been produced and tested by previous researchers to 

ensure they work as intended [1]. 

Synthetic jet actuator (SJA) is one of the active flow 

control device used to control the flow separation on 

vehicle surfaces, especially on airfoils of aircrafts [1- 4]. 

In addition, SJA can also be used in the application of 

heat transfer argumentation [5], vectoring thrusts [6] 

and reducing drag in turbulent boundary layers [7]. 

Basically the design of synthetic jet actuator includes a 

round or a slot orifice, a cavity and oscillating driver 

[8]. The pulse air jet was produced through the orifice 

by oscillating drivers inside the cavity. Four types of 

oscillating membrane with different drivers which is 

commonly used to generate synthetic jets are 

oscillating piston, electromagnetic diaphragm, 

piezoelectric diaphragm and acoustic excitation. 

The selection of piezoelectric diaphragms in this 

study is due to their small size and, light weight, thus 

there is no need for external air supply, without 

complex plumbing, rapid time response, low power 

consumption and low cost [9]. This type is very suitable 

to implement in aviation and automotive industry, 

especially to improve the flow separation on the airfoil 

of the wing. 

The performance of SJA depends on parameters 

such as orifice, cavity, frequency, voltage, oscillation 

amplitude and fluid properties [10]. Dahalan [11] in the 

study of cavity effect found that the smaller size of 
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cavity volume results in better performance of SJA. 

Similarly, in a study of the supply voltage effects, it was 

found that an increase in voltage will increase the 

maximum pulse jet velocity. However, the power 

supply unit has a limit of only 2V. Thus the supply is 

attached to a voltage amplifier of 100 gain to give 

about 200V to the piezoelectric diaphragm, for each 

frequency setting [12]. Other studies had also been 

done on different shapes of the orifice to see its 

efficiency and to generate the peak jet velocities [13]. 

The size of the orifice and the natural frequency of the 

diaphragm play important role in determining the 

performance of the SJA. Therefore, the objective of 

this project is to study the effects of orifice based on 

experiments. The SJA was designed with two different 

shapes of the orifice and 3 different sizes of each 

orifice. The experiments were conducted to measure 

the pulse jet velocity using a hot-wire anemometer at 

different frequencies with input voltage of 2V. 

 

 

2.0 SYNTHETIC JET ACTUATOR DESIGN 
 

The SJA was designed to consist of four important 

parts; cavity and orifice body, diaphragm’s body, 

piezoelectric diaphragm and cavity closure (Figure 1). 

 

 
 

Figure 1   Exploded view of synthetic jet actuator 

 

 

2.1 Mechanism of Synthetic Actuator. 

 

The most important component of SJA design is the 

oscillating driver and the piezoelectric diaphragm. The 

function of the oscillating diaphragm is to generate 

the air jet pulse through the orifice from the cavity 

chamber. When the diaphragm oscillates the air from 

the cavity chamber enters and exits through the 

orifice. The air from outside, flows into the cavity 

chamber through the orifice during the injection cycle, 

as shown in Figure 2 [14]. 

Then, the air inside the cavity chamber is forced out 

through the orifice, forming a train of vortex rings. This 

process is known as the expulsion cycle as shown in 

Figure 3. The resultant momentum is non-zero although 

there is no input of mass. Each cycle of the diaphragm 

causes a change in the mass of the cavity due to its 

movement, but the net change in mass is zero and 

called a zero-net-mass-flux-jet [14]. 

 

 

Figure 2  Injection cycle 

 

 

 

Figure 3  Expulsion cycle 

 

 

2.2 Estimated Value Formulae 

 

The design of SJA is generally divided into the design 

of several parameters; operating (amplitude and 

frequency), geometric (diameter and thickness of the 

orifice, diameter and height of the cavity) and flow 

(density and viscosity) [12]. Changing the design 

specification of SJA can influence the flow 

characteristic especially the velocity and momentum 

of the pulse jet. The value of the non-dimensional 

parameters are indicators of the performance and 

capabilities of SJA. They are basically, Reynolds 

number, Re, stokes number, S, Strouhal number, St, and 

Helmholtz frequency, 𝒇𝑯 . These non-dimensional 

parameters are used as a guideline in the design of 

the geometry and estimate the performance of SJA 

[12- 15]. The formula used for the non-dimensional 

parameters are; 
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a) Pulse jet Reynolds number,  𝑅𝑒 =  
𝑢𝑗 × 𝑑𝑜

𝜈
 

b) Pulse jet Stokes number,  𝑆 =
𝜔× 𝑑𝑜

2

𝜈
 

c) Pulse jet Strouhal number,  𝑆𝑡 =  
𝑆

𝑅𝑒
=  

𝑓× 𝑑𝑜

𝑢𝑗
  

d) Helmholtz frequency, 𝑓𝐻 =  
𝑐

2𝜋
 √

𝐴

𝐿𝑒𝑉
  

  

Where, A = Orifice area, m2 

 c  = Speed of sound in air, m/s 

 do = Orifice diameter, m 

 𝑓 = Diaphragm’s frequency, Hz 

 Le = Effective length of the orifice, m 

 V = Cavity volume, m³ 

 𝑣 = Fluid kinematic viscosity, m2/s 

 𝜔  = 2𝜋𝑓 

 

In order to determine the turbulence intensity, the 

formulas are as follows [16]: 

 

i. 𝑀𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  
1

𝑁
 (𝛴𝑖

𝑁 𝑈𝑖) 

ii. 𝑅𝑜𝑜𝑡 𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑈𝑅𝑀𝑆 =  √
1  

𝑁
 𝛴𝑖=1

𝑁  (𝑈𝑖
′ )² 

iii. 𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑈𝑅𝑀𝑆

𝑀𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
 × 100 

 

where,  𝑈𝑖 = Discrete velocity at t time 

 𝑈𝑖
′ = 𝑈𝑖 – Mean Velocity 

 N  = Number of data 

 

 

3.0 EXPERIMENTAL SETUP 
 

3.1 Fabrication 

 

The fabrication process of SJA needs to be done 

neatly and precisely. A slightly inaccuracy, defects 

and misalignment on SJA model can influence the air 

pulse jet produced. The fabrication of SJA mainly used 

wire cut machine and milling machine. Wire cut 

machine was used to fabricate the crucial part of SJA 

especially for rectangular orifice and cavity hole. 

 

3.2 Configurations of SJA 

 

This project focused on the effects of the orifice of SJA. 

Two different shapes (circular and rectangular) with 

three different sizes for each orifice shape were 

designed and manufactured. Meanwhile, the 

configurations of the cavity were fixed, using the 

curved shaped cavity with thickness of 4mm giving the 

cavity volume of 4.923 x 10-6 m3. Table 1 shows the 

specifications of circular orifice and Figure 4 shows the 

isometric drawing of SJA cavity body with circular 

orifice. 

 
Table 1  Specifications of circular shaped orifice 

 Size A Size B Size C 

Diameter, do (mm) 1 1.5 2 

Area, A (mm2) 0.785 1.767 3.14 

 

Figure 4  Cavity body with circular orifice 

 

 

Table 2 shows the specification of rectangular orifice 

sizes and Figure 5 is an isometric drawing of SJA cavity 

body with rectangular orifice. 

 
Table 2  Specifications of rectangular shaped orifice 

 Size A Size B Size C 

Diameter, do (mm) 2 2 2 

Length, l (mm) 6 8 10 

Area, A (mm2) 12 16 20 

 

 

 

Figure 5  Cavity body with rectangular orifice 

 

 

3.3 Experimental Equipment and Measurement 

 

The experimental schematic is shown in Figure 6. Power 

supply or function generator was used to supply the 

voltage and frequency signals to power the 

piezoelectric diaphragm. The testing involves 

manipulating the applied frequencies and input 

voltages of the SJA under a square waveform. The 

function generator can supply the voltage in the 

range of 10 mVp-p to 10 Vpp and frequency up to 

12.5 MHz. However, the input voltage was set to a 

constant throughout the experiment which is 2 Vp-p 

and the applied frequency is set from 100 Hz to 1000 

Hz with the increments of 100 Hz. The SJA needs high 

voltage to vibrate the piezoelectric diaphragm then to 

produce better pulse jet velocity. Then, the Trek Model 

601 C two-channel amplifier was used for the 
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experiment with capabilities to gain the input voltage 

to 100 times. The SJA produced air pulse jet through 

the orifice and the velocity was measured using a hot-

wire anemometer located 1mm above the centreline 

of the orifice.  

The raw data that was generated from the hot-wire 

anemometer was filtered using a Data Acquisition 

System and sent to a computer to be analyzed via a 

Dantec Dynamic Software called Stream-ware. The 

applied frequency were varied but the voltage was 

fixed at 2Vpp. The program was used to analyze all the 

raw data. The software display shows the pulse jet 

velocity time trace produced from the orifice of the 

SJA and also calculated the mean velocity, root mean 

square velocity and turbulence intensity. 

 

 
Figure 6  Experimental schematic of synthetic jet actuator 

 

 

3.4 Calibration of Hot-Wire Anemometer. 

 

The hot-wire anemometer was calibrated using UTM-

LST wind tunnel and the velocity in meters per second 

can be read directly through the computer via 

Stream-ware program, which is run based on LabView 

software. The total uncertainty of the hot-wire 

measurements is between 2.2 and 4.2 percent of the 

measured velocity. This was calculated according to 

Santo [17]. 

 

 

4.0 RESULT & DISCUSSION  
 

The objective of this project is to study the effect of the 

orifice of SJA based on experiments. Two different 

shapes of orifices (circular and rectangular) of three 

different sizes for each, were designed, fabricated and 

tested. The configurations for the cavity and 

piezoelectric diaphragm were unchanged. The 

experiments were mainly oriented to measure the 

pulse jet velocity created by the SJA through the 

orifice, using a hot wire anemometer. The data was 

recorded using the Dantec Dynamic Software for 5 

seconds with a sampling rate of 1000 Hz. The 

parameters obtained from these experiments were the 

maximum pulse jet velocity, mean velocity, root mean 

square velocity and turbulence intensity. The mean 

and root mean square velocities were then used to 

determine the percentage of turbulence intensity of 

the jet. 

Figure 7 shows a 0.02 s sample of the time trace of 

the pulsed SJA velocity for the different sizes of circular 

orifice. The applied frequency of the driving 

diaphragm was varied, but the input voltage was kept 

constant at 2 V. The graphs shows that the air 

velocities can be classified as pulsed jet, which 

peaked at a given time interval. It was found that the 

graphs give different values of maximum pulse jet 

velocities for SJA of different orifice sizes. However, 

different applied frequencies also affect the pulse jet. 

Therefore, testing should be done on a range of 

different frequencies to understand the jet behaviour 

better, and to determine the maximum pulse jet 

velocity for each design.  

 

 

Figure 7 Pulsed Jet velocity time trace of SJA of circular orifice 

at different applied frequencies, but constant input voltage 

of 2 V. 

 

 

Figure 8 presents the experimental data of maximum 

pulse jet velocity against the applied frequency for 

different circular sizes of orifice. There were three 

different sizes of the circular shaped orifice; Size A 

(0.785 𝑚𝑚2), size B (1.767 𝑚𝑚2) and size C (3.142 𝑚𝑚2). 

The findings show that the Circular Sized A orifice 

produced the highest maximum pulse jet velocities 

that is 20.69 m/s, at the applied frequency of 900Hz 

compared to Circular Sized B that produced maximum 

pulse jet velocity of 18.40 m/s at applied frequency of 

500 Hz and 600 Hz, while Circular Sized C orifice 

produced 16.83 m/s at applied frequency of 400 Hz. 

This shows that the smaller sized orifice would give 

higher maximum pulse jet velocities. It should be noted 

that the ability of SJA to produce maximum pulse jet 

velocity also depended on the frequency. The result 
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appeared that the SJA of a specific size had 

performed well with a specific operational frequency. 

Figure 9 illustrates the effect of circular orifice area 

on the best maximum pulse jet velocity. Further 

analysis showed that the reduction in the size or area 

of the circular orifice would increase the maximum 

pulse jet velocity produced.  

 

 
Figure 8  The maximum pulse jet velocity against applied 

frequency for different circular sized orifice 

 

 

 
Figure 9  Effect of circular orifice area on the best maximum 

pulse jet velocity 

 

 

Figure 10 shows the graph of maximum pulse jet 

velocity against applied frequency for rectangular 

shaped orifices of different sizes: Rectangular Size A 

(12 𝑚𝑚2),  Rectangular Size B (16 𝑚𝑚2) and 

Rectangular Size C (20 𝑚𝑚2). Figure 10 shows that the 

Rectangular Sized A orifice produced the highest 

maximum pulse jet velocity, which is 6.67 m/s followed 

by Rectangular Sized B orifice which produced a jet of 

velocity 4.73 m/s and Rectangular Sized C produced 

4.40 m/s at the same applied frequency of 900 Hz. 

Figure 11 shows the effects of rectangle orifice size, 

at different frequency but constant supply voltage. 

The result showed similar trend to Figure 9, where 

reducing the area of rectangular orifice will increase 

the best maximum pulse jet velocity. These results are 

in agreement with [18], whose findings showed the 

effects of width of the slot (rectangular) orifice on 

maximum ejected velocity. The reduction of the slot 

width would give better maximum ejected velocity.  

 

 
Figure 11  The effects of rectangular orifice area on the best 

maximum pulse jet velocity 

 

 

However, the comparison between circular orifice 

and rectangular orifice shows that circular orifice 

produces higher maximum pulse jet velocities 

compared to rectangular orifice. This is because the 

circular orifice models have smaller size orifices 

compared to the rectangular orifice models. It was 

quite difficult to fabricate rectangular orifices to have 

small sizes comparable to the circular orifices. The 

rectangular orifice was fabricated using a wire-cut 

machine, capable of cutting a minimum slot size of 2 

mm. To cut a narrower slot would not guarantee 

dimensional accuracy. 

Figures 12 shows the jet turbulence intensity 

variations with respect to applied vibration frequencies 

of the diaphragm of the SJA for circular orifice. The 

graphs do not show specific trends. Figure 13 shows 

the turbulence intensity variations with respect to 

applied frequency for rectangular orifice. The figure 

clearly shows that at 900 Hz, the turbulence intensity 

rose sharply to maximums of 10.2% for size A, 4.5% for 

size B and about 3% for size C. 

For flow control applications high turbulent intensity 

jets are required. The SJA needs to produce high 

turbulence intensity jets to be able to induce enough 

energy into the main flow so as to prevent separation, 

especially in turbulent separated flows. 

As the size of the orifice increases the natural 

frequency of the jet would decrease. This condition 

was also stated in Helmholtz resonance theory. This 

proved that the performance of SJA would improve if 

the size of the orifice is reduced. 

 
Figure 10  The maximum pulse jet velocity against applied 

frequency for different rectangular sized orifice 
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Figure 12  Turbulence intensity variations against the applied 

frequency for different circular sized orifice 

 

 

 
Figure 13  Turbulence intensity variations against the applied 

frequency for different rectangular sized orifice. 

 

 

5.0 CONCLUSION 
 

The orifice design effects on a synthetic jet actuator 

(SJA) driven by a piezoelectric diaphragm were 

investigated via experimental method. This study 

focused on two orifice designs of circular and 

rectangular shapes, each with 3 different sizes. 

Experiments were conducted to measure the pulse jet 

velocity out of the orifices using a hot-wire 

anemometer. The diaphragm was driven at different 

frequencies but with constant input voltage of 2 V. 

The experimental results showed that the ability of 

SJA to produce maximum pulse jet velocity depends 

on the applied frequency and the orifice size, while 

other parameters were unchanged, namely the 

diaphragm, and the chamber volume and shape. 

Each orifice shape has its own optimum applied 

frequency that gives optimum SJA performance. This 

study has also found that generally the maximum pulse 

jet velocity and percentage of turbulence intensities 

increases if the size of the orifice is reduced. This is true 

for both shapes of the orifice; circular and rectangular.  

The findings of this investigation complemented 

those of earlier studies. In addition, these findings have 

significant implications for the understanding of how to 

improve the SJA performance especially for flow 

separation control applications. However, further 

experimental investigations are needed to study the 

effects of orifice depth and the selection of 

piezoelectric diaphragm of different materials and 

sizes. 
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