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ABSTRACT 

 
The interest in synthetic-jet actuators is elicited by their employment in fluid-control applications, including boundary-
layer control, combustion control etc. These actuators are zero net-mass-flux devices, and generally consist of a 
diaphragm mounted to enclose a volume of fluid in a cavity. The diaphragm bends sinusoidally, and fluid is periodically 
absorbed into and ejected from the cavity through an orifice. The outflow entrains the fluid around it and establishes a 
mean jet flow at some distance from the source.  Piezoceramic materials have been employed to drive the actuator 
diaphragm, especially when actuation frequencies are in excess of a few hundreds of hertz. The piezoceramic is glued 
directly to a silicon diaphragm. In combustion systems, improved turbulent mixing of air and fuel proper can 
significantly improve efficiency and reduce pollution. In boundary-layer separation control applications, synthetic-jets 
are used to improve aerodynamic performance by delaying separation and stall over the airfoil. The current work 
describes the modeling and design process of a piezoceramic-driven synthetic-jet actuator intended, amongst other 
applications, to improve the aerodynamic characteristics of a specific airfoil. A separate study consisting of numerical 
analyses performed with the aid of computational fluid dynamics (CFD) have been run to define the necessary 
performance parameters for the synthetic-jet actuator.  The synthetic-jet actuator design task was achieved by running 
fluid-structure numerical analyses for various design parameters.  
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1. INTRODUCTION AND BACKGROUND 
 
Synthetic-jet actuators have been studied over the past decade [1-6]. The scientific interest in these devices is explained 
by their usage in fluid-control applications, including boundary-layer control, combustion control, mixture control etc. 
Classic boundary-layer control systems include ones where ducted cold air from the aircraft-engine compressor is blown 
through a network of tiny orifices found at the surface of the wing.  The blown air thus entrains the boundary layer and 
significantly delays flow-separation (boundary layer energizer), thus improving aerodynamic surface qualities, especially 
in high angle-of-attack operation regimes.  
A synthetic-jet actuator is a zero-net-mass-flux device, and is comprised of a diaphragm mounted to enclose a volume of 
fluid in a cavity. The diaphragm bends sinusoidally, and fluid is periodically absorbed into and ejected from the cavity 
through an orifice. The outflow entrains the fluid around it and establishes either a vortex sheet or a mean jet flow at a 
distance from the source, as shown in Figure 1. 
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Various methods have been employed to drive the piezoceramic diagram.  Piezoceramic materials have been used to 
drive the vibrating diaphragm of the micropump [4] or synthetic jet. In the simplest configuration, the piezoceramic is 
glued directly to a diaphragm made of silicon. In combustion systems, improved turbulent mixing of air and fuel proper 
can significantly improve efficiency and reduce pollution. In boundary-layer separation control applications, synthetic-
jets are used to improve aerodynamic performance by delaying separation and stall over the airfoil [7]. 
The goal of the current work is to present the design process necessary to develop a synthetic-jet actuator, for a specific 
aerodynamic application, using fluid-structure finite element analysis. 

Piezoceramic Diaphragm

Fluid Cavity

Net flow

Orifice

 
Figure 1 Conceptual Model of a Synthetic Jet Actuator 

 
 
1.1 PIEZOCERAMICS 
 
The diaphragm of the synthetic jet actuator needs to be driven at relatively high frequencies, in excess of 100 Hz, as 
noted in many CFD studies [8]. Piezoceramic materials are uniquely suited to drive actuators at those frequencies, as 
opposed to electro-mechanical or electro-magnetic actuators. The constitutive equations for such materials may be found 
in many references [9].  Table 1 shows some indicative properties corresponding to materials chosen for our actuator 
development, PZT-5A, PZT-5H and PZT-4A [9].  

 
Table 1 Some piezoelectric properties several materials [9] 

Material εΤ31(*8.854*10-12 F/m) d31 (*10-12 C/N) Density (kg/m3) s31
E (10-12* m2/N) 

 

PZT 5A 1730 -171 7750 16.4 

PZT-5H 3100 -274 7500 20.7 

PZT-4A 1475 -123 7500 12.3 

 
 

2. DEFINITION OF PERFORMANCE CRITERIA 
 

This section describes the development of the requirement criteria for synthetic-jet operation and development. The main 
goal of this work was to determine analytically the synthetic-jet actuator design that satisfied the operating conditions 
required by some specific applications. The chosen target application was the aerodynamic characteristics improvement 
for a specific airfoil: LS(1)-0413.  Low speed airfoils, such as the LS(1)-0413 are encountered in many general aviation 
(including unmanned aerial vehicles) [10] and automotive applications. Various two-dimensional CFD analyses looked 
at the effect of a synthetic-jet on the aerodynamic characteristics (lift coefficient CL and drag coefficient CD) of the 
targeted LS(1)-0413, low-speed airfoil. Several synthetic-jet blow directions and mean exit jet velocities were 
investigated. The result on the aerodynamic characteristic of each was ascertained.  The performance criteria were 
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established by the synthetic jet configuration that best improved aerodynamic characteristics and included continuous jet 
velocity.  
 
2.1 DETERMINATION OF ACTUATOR OUTPUT CHARACTERISTICS VIA CFD STUDIES 

The first research goal was to demonstrate that improvement of airfoil aerodynamic characteristics might be attained by 
using synthetic-jets with particular output characteristics; the second goal was to design the actuator capable of 
producing the synthetic jet with the identified characteristics.  For this purpose, the LS(1)-0413 airfoil was modeled in 
two dimensions in Fluent. Several meshes, developed in Gambit, were investigated in order to obtain convergence of 
result. The final mesh used in modeling is shown in Figure 2.   
 

 
Figure 2 Gambit Mesh for LS(1)-0413 Airfoil 

 
First, a baseline simulation was conducted to confirm that the Fluent-predicted coefficient of pressure was the same as 
the one obtained experimentally by NASA[11]. Good agreement was obtained, as shown in Figures 3(a) and 3(b).  The 
coefficient of lift CL at 00 AOA was predicted with a 2.7% error (0.462 vs. 0.45); a free stream velocity of 36.1 m/s was 
used as input; thus the validity of the simulation was verified. Next, the synthetic jet was introduced in the CFD model 
and was simulated as a continuous mass-flux boundary condition on a small length along the airfoil surface; this length 
corresponded to the jet outlet diameter.  Some of the simulation input parameters were: 36.1 m/s free stream-velocity;  
3.2 m/s constant synthetic-jet velocity; 0.6 mm actuator diameter; 0.35 m airfoil chord length; 6% chord length from 
trailing edge jet location; δ=-50 jet orientation with respect to the chord line. The position of the synthetic jet was chosen 
as such since the initial CFD simulation of the “clean” LS(1)-0413 airfoil (airfoil without synthetic-jet), indicated that 
the flow separation started at approximately 94% of chord length from the leading edge, as seen in Figure 4(b). The 
airfoil was placed at an angle of attack (AOA) of 50.  A Spalart-Almares turbulence model was used in the Fluent CFD 
simulation.  

 

 
Figure 3 Pressure coefficient experimental (a) and computational (b) 
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Figure 4 Clean LS(1)-0413 at AOA=50 : (a) velocity magnitude on airfoil and on (b) trailing edge showing flow separation 

 
 

Figure 5 LS(1)-0413 at AOA=50  with jet: (a) velocity magnitude on airfoil and on (b) trailing edge with reduced flow separation 

 
Table 2 shows a comparison of the main aerodynamic coefficients for an airfoil with and without a continuous synthetic-
jet. The lift coefficient CL increased by 4% and the drag coefficient CD decreased by 2.7% when a relatively weak 
velocity (3.2m/s) continuous jet was used and if the angle of attack was 50.  If the angle of attack of the airfoil was 120 
and the same jet characteristics as before were maintained, CL increased by 7% and CD increased slightly by 0.5%.  
Additional simulations were run, with different other δ synthetic-jet angles (including one case where the direction of the 
jet was perpendicular to the airfoil surface), but the current configuration yielded the best results. 
 

Table 2 Comparison of lift and drag coefficient for LS(1)-0413 

Configuration AOA 50 Cl 

%change 
 Cl Cd 

%change 
 Cd 

Clean airfoil 1.2361110 0.0 0.031899 0.0 
Jet at 94%c  and δ=-50 1.2856380 4.0 0.031035 -2.7 

Configuration AOA 120 Cl 
%change 
 Cl Cd 

%change 
 Cd 

Clean airfoil 1.3032 0 0.06358 0 
Jet at 94%c  and δ=-50 1.3960 7.12 0.06388 0.48 
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 It was observed that improper orientation of the jet with respect to the chord line may actually yield a negative 

influence on the aerodynamic characteristics, fact confirmed by other researchers [12].  
 

 
3 DESIGN ITERATIONS AND ANALYSIS OF RESULTS 

 

This section describes the development of the ANSYS MultiphysicsTM finite element model that was used to investigate 
the piezoceramic-driven synthetic-jet pumps. A simple pump, piezoceramic synthetic-jet actuator design was proposed, 
as described in Section 1. Various pump geometric configurations were studied.  All radii of the cylindrical actuator 
cavity were on the order of centimeters, and all thicknesses of the vibrating diaphragm were on the orders of millimeters.  
The finite element analysis used the axial symmetry of the pump; thus, the model was axisymmetric. When a 
sinusoidally varying voltage was applied to the piezoceramic, it either contracted and pushed the air out of the pump 
cavity, or expanded and absorbed air inside the cavity from the atmosphere.  
The code input file was developed in ANSYS APDL. The analyses conducted using the model were coupled-field (due 
to piezoceramic mechanical-electrical coupling) and featured fluid-structure interaction.  Advantage was taken of the 
axisymmetry of the pump; thus only an axisymmetric model was considered, see Figure 6.  The piezoceramic was 
assumed to be perfectly bonded to the silicon diaphragm. A voltage of 500V-amplitude and variable frequency was 
applied to the piezoceramic layer. The goal was to investigate the influence of different design parameters on the 
developed synthetic jet and find the design parameters of a synthetic jet that could produce a continuous velocity output 
at some distance away from the nozzle, as specified by the run CFD analyses. 
No-slip boundary conditions were applied at the fluid-pump cavity boundary. The sidewalls were modeled with no-flow, 
no-slip boundary conditions imposed on the fluid.  
 

 
 

Figure 6 Axisymmetric Finite Element Model of Synthetic Jet Air Pump 
 
 The nozzle shape was straight. The fluid computations were conducted assuming incompressible and unsteady flow. 
The Shear Stress Transport algorithm was used to model turbulence. Grid converge studies were conducted to determine 
the optimal grid studies; the mesh was refined near the pump outlet.  The size of the actuators was kept under 6 cm in 
diameter; this was chosen to allow the actuators to fit inside small wings characteristic of unmanned aerial vehicles, that 
may use the LS(1)-0413 airfoil. 
A wide set of actuator physical parameters were investigated in order to understand synthetic jet formation and the 
influence of the design parameters on the characteristics of the jet. The characteristics of the jet studied were the velocity 
field distribution: whether a continuous jet was formed or not. The velocity field profile dictates whether the actuator 
may be used as a vortex generator (discontinuous vortices) or as a boundary layer energizer (continuous jet). Jet 

piezoceramic 

silicon 

fluid cavity nozzle 

atmosphere 
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characteristics also included the maximum velocity away from the nozzle and the position of the maximum velocity 
away from the nozzle. 
 
3.1 Actuator Finite Element-Aided Design  

Several actuator configurations were assessed. The baseline configuration is described in Table 3. Figures 7 and 8 show 
the velocity profile as a contour plot and respectively, as a vector plot. The zoom pictures show that the model captures 
the formed vortices in the actuator cavity and in the fluid, see Figure 8. 
 

Table 3 Base configuration for parametric actuator studies  

Material Thickness 
piezoceramic 
(mm) 

Thickness 
silicon (mm) 

Radius 
piezoceramic 
(mm) 

Radius silicon 
(mm) 

Nozzle radius 
(mm) 

Piezoceramic 
actuating 
frequency 
(Hz) 

PZT-4A 2.5 1.5 25 30 1 500 
 
 
A continuous jet was established after about 0.2 seconds.  The velocity along the center of the nozzle, the symmetry Y 
axis, varied. The maximum velocity that was input was measured in the middle of the highest velocity zone away from 
the nozzle (see Figure 7) and on the Y axis of symmetry-this procedure was followed in all analysis cases.  The velocity 
magnitude was 1.49 m/s and it was located at 0.8 mm away from the nozzle. The velocity right at the end of the nozzle 
varied with the radial distance from the axis of symmetry and was zero at the walls. 
 
 

 
 

Figure 7 Velocity of jet a) contour plot and b) zoom 

 
In all subsequent studies that were conducted, one parameter was varied while others were kept constant. 
 

Zoom 

Velocity 
measurement 
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Figure 8 Velocity of jet (vector plot)  

 
3.1.1 Output Jet Characteristics vs. Piezoceramic Thickness 

 Table 4 shows the continuous jet output velocities against the variable piezoceramic thickness. The highest output 
velocity, measured at a distance of from the nozzle, corresponded to a matching silicon-piezoceramic thickness of 1.5 
mm.  
 

Table 4 Output velocity vs. variable piezoceramic thickness PZT-4A 

 
Piezoceramic thickness 

(mm) 
Silicon thickness (mm) Maximum velocity (m/s) Position away from nozzle 

(mm) 
1.5 1.5 2.7470 4.1
2.0 1.5 2.2044 3.16
2.5 1.5 1.49 0.8
3.0 1.5 0.9995 2.07

 
The continuous jets formed in approximately 0.2s from the start of the analysis. 

 
 

3.1.2 Output Jet Characteristics vs. Voltage Actuation Frequency 

 
Table 4 shows the continuous jet output velocities against the variable voltage actuation frequency. The highest output 
velocity, measured at a distance of from the nozzle, corresponded to a voltage-actuating frequency of 1000 Hz. 
 
 

Table 5 Output velocity vs. variable voltage actuation frequency PZT-4A 

Frequency Maximum velocity (m/s) Location from nozzle (mm) 
750 1.9 3 
1000 8.87 4.9 
1250 4.9 1.5 

Vortex 

Proc. of SPIE Vol. 6930  69300K-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/19/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



0 3.315 6.631
1.658 4.973

ZZIZPZHHIZ1ZZZ1ZZZ7HI PZZZP+PZT4 1000 HZ

AN

9.946 13.262
8.289 11.604 14.92

 

 

 
The maximum output corresponds to a frequency of 1000 Hz (see Figure 9).  The continuous jet formed here could 
easily satisfy the operating conditions found in the LS(1)-0413 airfoil study (3.2 m/s). 
 

 
Figure 9 Velocity distribution for 1000 Hz 

 
 3.1.3 Output Jet Characteristics vs. Piezoceramic material 

 
In addition to the PZT-4A, two additional piezoceramic materials were investigated: PZT-5A and PZT-5H. In the case of 
PZT-5A, and at a frequency of 500 Hz,  the synthetic-jets becomes discontinuous; i.e. the next vortex sheet does not 
“catch-up” to the previous one, like it was true in the case of the PZT-4A baseline model.  The actuator with the baseline 
geometry but which employed PZT-5A worked as a vortex generator, and not as a continuous jet, as shown in Figure 11. 
 

 
Figure 10 Output for PZT-5A actuator; the successive vortices do not “catch-up” 

 
 
 
 
3.1.4 Output Jet Characteristics vs. Outlet Radius 

 
For material PZT-4A, the outlet radius was varied and the influence on the output jet velocity field characteristics was 
analyzed. The material was actuated at a frequency of 500 Hz; the rest of the geometric characteristics remain the same.  

Velocity 
measurement 
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The nozzle radius had a large influence on the synthetic jet: it dictated whether the output was continuous or not (Figure 
11), and whether the exit vortex jet was formed or not (Figure 12). 
 
 

Table 6 Output velocity vs. variable voltage actuation frequency PZT-4A 

Outlet radius (mm) Maximum velocity (m/s) Location from nozzle (mm) 
0.3* Vortex center velocity 5.7 

Nozzle velocity 14.1 (Figure 11) 
9mm 

0.75 3.09 3.16 
1.5** Nozzle maximum velocity 0.38 - 
*Discontinuous jet; actuator worked as a vortex generator 
** Vortex does not propagate away from nozzle 
 

 
 

Figure 11 Output for PZT-4A actuator, 0.3mm nozzle radius 

 

 
Figure 12  Output for PZT-4A actuator, 1.5mm nozzle radius; no vortex leaves the nozzle 

The same studies were undertaken for an actuator employing PZT-5H, in the baseline configuration. 
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 Table 7 Output velocity vs. variable voltage actuation frequency PZT-5H 

Outlet radius (mm) Maximum velocity (m/s) Location from nozzle (mm) 
0.75* Vortex center velocity 4.15 

Nozzle velocity 15.5 (Figure 11) 
7  

1.00*(baseline geometry) Vortex center velocity 5 
Nozzle maximum velocity 8.5 
 

4 

*Discontinuous jet; actuator worked as a vortex generator 
 
With the more “powerful” (higher electromechanical coupling) PZT-5H material, the nozzle-exit velocities were higher 
than for the PZT-4A actuator (Figure 13). For the PZT-5H and baseline configuration, a continuous jet is almost formed 
(see Figure 14). 

 
 

Figure 13 Output for PZT-5H actuator, 0.75mm nozzle radius 

 
Figure 14 Output for PZT-5H actuator, 1mm nozzle radius 

 
Additional cases were run for actuators that used the PZT-5H material in which the voltage frequency was varied (Table 
8, Figure 15). 
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Table 8 Output velocity vs. variable voltage actuation frequency PZT-5H 

Frequency Maximum velocity (m/s) Location from nozzle (mm) 
750* Vortex center velocity 28.8  6.7 
1000* Vortex center velocity 39 6.5 
1250* Vortex center velocity 38 7.45 
* Discontinuous jet; actuator worked as a vortex generator 
 

 

Figure 15 Output for PZT-5H actuator, 1250 Hz frequency, baseline geometry 

 
4. CONCLUSIONS 

 
A coupled-field, fluid-structure interaction, finite element code was developed in ANSYS to analyze the feasibility of a 
piezoceramic-driven, synthetic-jet actuator for target applications. One of these applications was the improvement of 
airfoil aerodynamic quantities.  Several CFD simulations were conducted on a synthetic-jet augmented airfoil to 
determine the desired synthetic-jet characteristics. Then, several actuator configurations were studied to arrive at a 
design that would satisfy the requirements obtained in the CFD studies.  The design process was conducted via several 
iterations and produced an actuator that produced a synthetic-jet suitable for use in the aerodynamic control applications 
presented in Section 2. The studies yielded actuator configurations that may be used not only as continuous jet 
generators (boundary-layer energizers, but also as vortex generators. The dimension of the nozzle dictated the character 
of the exit flow field. The usage of a higher electromechanically-coupled piezoceramic, such as the PZT-5H led to 
higher nozzle output velocities, but did not lead (if the geometric configuration was not chosen properly) to a continuous 
jet that might be desired in “synthetic-jet as boundary layer energizer” type of applications.  This work will progress 
with the study of active composite using single-crystal piezoceramic fibers for actuator design. 
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