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Abstract Numerical simulations of flow surrounding a synthetic jet actuating device
are presented. By modifying a dynamic mesh technique available in OpenFOAM,a
well-documented open-source solver for fluid dynamics, detailed computations of
the sinusoidal motion of the synthetic jet diaphragm were possible. Numerical so-
lutions were obtained by solving the two dimensional incompressible viscous N-S
equations, with the use of a second order implicit time marching scheme and a cen-
tral finite volume method for spatial discretization in both streamwise and crossflow
directions. A systematic parameter study is reported here, in which the external
Reynolds number, the diaphragm amplitude and frequency, and the slot dimensions
are varied.

1 Introduction
Synthetic jets are commonly generated by the time-periodic ejection and suction of
fluid across an orifice, resulting in zero-net mass flux [7]. Since the experimental
work of Ingård and Labate [9] in the ’50s, the study of synthetic jets has become
one of the most attractive subjects of research in fluid mechanics. The primary rea-
son behind is that the synthetic jet can be utilized as a flow control method, with
several engineering applications [2], [7]. Originally demonstrated in the laboratory
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by Wiltse and Glezer [16], synthetic jets can further work as micro-fluidic devices
with a potential implementation to thrust vectoring of jet engines.

A series of studies have been devoted to the control of synthetic jets in the past
years. Chen et al. [4] and Davis and Glezer [6] have presented the mixing enhance-
ment for the active control of separation and turbulence in the boundary layer (see
also Smith and Glezer [15], and Crook et al. [5]). Mittal et al. [12] studied the per-
formance of a synthetic jet actuator, based on a number of geometrical, structural
and flow parameters. Amitay et al. [1] demonstrated the usage of synthetic jets in
delaying separation. Further works on synthetic jets included two-dimensional si-
multions in quiescent flow conditions by Kral et al. [10] and Lee and Goldstein
[11]. Moreover, Sahni et al. [13] have studied, both experimentally and numerically,
the three-dimensional flow interactions between a finite-span synthetic jet and a
crossflow, using a chord-based model.

The basic features of a synthetic jet actuator are illustrated schematically in Fig-
ure 1. Trains of vortices induced by the harmonic motion of a diaphragm located
opposite to the slot, interact to produce the jet. The diaphragm amplitude and fre-
quency, and the slot dimensions may change the characteristics of the jet’s evolu-
tion. In addition, the jet flow may be significantly reshaped during the ejection and
suction phases. It is critical therefore to characterize this evolution, in order to un-
derstand the flow physics of synthetic jets.

In the current study, we modified a dynamic mesh technique available in Open-
FOAM, in order to conduct a series of numerical simulations of the synthetic jet
model. The paper is organized as follows: Section 2 presents the numerical frame-
work, Section 3 discusses the computational results, and Section 4 summarizes the
results of this study.

Fig. 1 (Left) Schematic diagram of a synthetic jet actuator [3]. (Right) Application of a jet actuator
on an airfoil, with evident decrease of the downstream separated region [8].

2 Methods

2.1 Actuator geometry and computational mesh
The two-dimensional synthetic jet actuator considered in this study was comprised
of a rectangular cavity, the upper wall of which included a thin slot of width d
and width-to-height ratio (d/h) of 1; the lower wall opposite to the slot formed
an oscillating diaphragm (cf. Figure 2). The cavity was 20d in width and 4d in
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height, connected via the slot to a rectangular space that was d in width and 2d
in height, above the cavity. This geometry was used as a reference geometry upon
which several geometrical and flow parameters were tested (see Section 2.3).

The computational mesh of the actuator geometry was constructed using the
mesh generator available in the OpenFOAM library. A mesh of 107× 54 quadri-
lateral elements was used for the overall computational domain, of which 30× 25
elements were used inside the slot and 118×58 elements inside the rectangular cav-
ity. A very fine boundary layer mesh was constructed near the walls to adequately
capture the viscous flow effects.

2.2 Governing equations and numerical tools
The 2-D incompressible viscous Navier-Stokes equations are written in conserva-
tion form as follows, assuming unit fluid density:

5·u = 0 (1)
∂u
∂ t

+(u ·5)u =−5P+ν52 u (2)

where u is the velocity vector, P is the pressure and ν is the kinematic viscosity of
the Newtonian fluid.

Numerical simulations were carried out with OpenFOAM, an open-source C++
library with a wide collection of processing applications. Solution of the governing
equations was achieved with a second order implicit time marching scheme and a
central finite volume method for spatial discretization.

The motion of the diaphragm was simulated by modifying a dynamic mesh tech-
nique available in OpenFOAM. The class dynamicInkJetFvMesh is modified here
for generate the mesh. The mesh motion was controlled by changing the frequency
and the amplitude of the diaphragm’s forced oscillation. Figure 2 shows an example
of the dynamic mesh displacement during the periodic movement of the diaphragm.

Fig. 2 Dynamic mesh displacement during the harmonic motion of the diaphragm in the synthetic
jet actuator.
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2.3 Boundary conditions and fluid parameters

The diaphragm is modeled as a plate oscillating in its fundamental mode, according
to the following motion profile:

0.5∗ (cos(2πt f )−1). (3)

The diaphragm has its maximum deflection at the center of the cavity and zero
deflection at the two ends. Focusing on the parameters that are expected to have a
strong influence on the characteristics of the synthetic jet. In the current study, we
chose to systematically study the diaphragm amplitude A/H, the frequency f , the
width-to-height ratio of the slot (d/h), and the external flow Reynolds number Red ,
based on the slot width. The selected parameters are shown in Table 1

Assuming no external flow, the pressure gradient is zero. The Neumann and
Dirichelet boundary conditions were used. For the cases where external flow is con-
sidered, the direction of flow is from let to right, according to Figure 2.

Fig. 3 Profile of velocity necessary for jet for-
mation at t/T = 0.25 for d = 0.0051m.

A B C D E F
Red 0 0 0 0 71.426 250
d/h 1 1 0.5 1 1 1
f 0.05 0.05 0.05 0.1 0.05 0.05
A 0.1 0.2 0.2 0.2 0.2 0.1

Stokes Number 3.32 3.32 3.32 4.7 3.32 3.32

Table 1 The values of frequency, amplitude and
slot width-to-height ratio chosen for the pre-
sented parametric study.

3 Results
Velocity profiles at the peak of the blowing stroke(t/T = 0.25) are shown in Fig-
ure 3, which are good agreement with the experiment data [14]. Figure 4 shows
sequences of instantaneous contour plots of spanwise vorticity, at four different
stages of the diaphragm’s oscillation cycle: at maximum expulsion, minimum vol-
ume, maximum ingestion and maximum volume. The first four cases (A to D) are
simulated with no external flow, i.e. Red = 0, whereas the last two cases (E to F)
assume the presence of external flow. The parameters used for all numerical simu-
lations are those shown in Table 1.

In case A, the diaphragm amplitude is small, and therefore vortices generated
near the slot during each stage of the cycle, remain in the region without escaping
the cavity. Specifically, during the expulsion stroke, a symmetric pair of counter-
rotating vortices is generated near the slot lips, in the direction above the cavity;
during the ingestion stroke, a new pair of vortices is formed inside the cavity. Dou-
bling the amplitude of the diaphragm oscillation (case B) resulted in vortices that
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escape the cavity, during the maximum expulsion stage, and travel inside the exter-
nal space. These vortices do not interact further with the synthetic jet. During the
maximum ingestion stage, fluid particles just above the slot are sucked back in the
cavity and travel towards the transversely oscillating diaphragm plate. Flow imping-
ing on the plate results in a layer of stagnant fluid. Increasing the height of the slot
at twice the previous value, while maintaining the same oscillation amplitude (case
C), had no significant influence on the evolution of the synthetic jet. Increase of the
diaphragm frequency to the double value of that in case B, while maintaining the
same amplitude and slot width-to-height ratio (case D), had only a small influence
on the evolution of the vortices, as compared to case B, with slightly greater sepa-

Fig. 4 Instantaneous contours of vorticity at four different stages of the diaphragm oscillation, in
the absence (cases A to D) and in the presence (cases E and F) of external flow. The parameters
used for the simulations are presented in Table 1.
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ration. In the final two cases E and F, the presence of external flow drastically alters
the evolution of the synthetic jet, which through interaction with the external flow,
reshapes and becomes highly asymmetric within the cavity. The jet also affects the
external flow at the regions downstream of the slot, by periodically altering the wall
stresses.

4 Conclusion
A synthetic jet actuator has been parametrically studied here, by utilizing a modified
dynamic mesh technique. The diaphragm is modeled to undergo harmonic oscilla-
tions. The evolution of the synthetic jet in the absence of external flow, showed that
the amplitude and frequency have a stronger influence on the characteristics of the
jet, than the slot height. In the presence of external flow, the synthetic jet is greatly
varied. By using appropriate parameters, the jet can control the flow development
downstream of the slot.
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