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A novel signal wave pattern is proposed to generate a more efficient synthetic jet, and the unsteady andmean flow

characteristics of the synthetic jet generated by different suction duty cycle factors k are examined by numerical

simulation. Themean flowfields of the synthetic jet with different k have similar features to that exhibited in previous

experiments, but they would have a stronger and larger scale vortex pair with a larger suction duty cycle factor k,

when the two key parameters, the stroke length ratio L0=D and the Reynolds number ReU0
(based on the

characteristic blowing velocityU0 and the orifice scaleD), are set to be constant. The suction duty cycle factor k affects

the vortex strength formed during the blowing cycle only, and nearly does not influence the convection velocity and

trajectory of the vortex. During the suction cycle, the entrainment effect of the actuator decreases with the increase of

suction duty cycle factor k, so that the vortex pair can propagate farther and coalesce to synthesize a larger scale jet.

I. Introduction

T HE synthetic jet was found by Ingard and Labate [1] in 1950.
They used standing waves in an acoustically driven circular

tube to induce an oscillating velocity field in the vicinity of an orifice
endplate and observed the formation of zero net mass flux jets from
opposing trains of vortex rings on both sides of the orifice. It has been
a popular laboratory flow control method since it was first used by
Glezer and Amitay [2] in 1994. The synthetic jet is a zero-net-mass-
flux jet which transfers linear momentum to the flow system without
net mass injection across the flow boundary. The synthetic jets are
usually produced by a sinusoidal oscillating membrane or piston to
alternatively force fluid through an orifice into the external flowfield
and entrain fluid back. During the blowing cycle, the ejected fluid
separates at the sharp edges of the orifice and rolls up to form a vortex
ring or vortex pair. When the membrane begins its suction cycle, the
vortex pair is quite far from the orifice and keeps on propagating
away due to its self-induced velocity. Hence, the vortex pair would
not be entrained to the cavity, but it will coalesce to synthesize a jet
withmomentum transfer to the embeddingflow.The synthetic jet has
a unique feature compared with the traditional blowing or suction
flow control methods, which is that the synthetic jet requires neither
the external air supply nor the complex piping. The synthetic jet
actuator has some advantages such as reduced size and weight,
improved manufacturability, low cost, and increased reliability, so it
has attracted more and more attention in the last two decades. With
the development of microelectromechanical systems [3], the
synthetic jet will be more attractive in flow control of both external
and internal flows (see [4–9]).

Plenty of experiments have been carried out to study the vortex
formation and evolution of the synthetic jet with circular or two-
dimensional orifices (see [10–14]). Two parameters have been found
to be the keys to determine the synthetic jet formation. One is the
stroke length ratio L0=D:

L0 �
Z
�

0

u�t� dt

where u�t� is the streamwise velocity averaged along the cross-
stream direction of the orifice, � is the time length of blowing cycle,
and D is the characteristic length scale of the orifice. The other

parameter is the Reynolds number based on the blowing cycle (i.e.,
the characteristic velocity associated with the blowing cycle) and is
given by ReU0

�U0D=�, where U0 � L0f (f is the oscillation
frequency of the actuator). In the formation of the synthetic jet, the
stroke length ratio L0=D influences the convection velocity and
trajectory of the vortex, and the Reynolds number ReU0

determines
the vortex strength. In the far field, the synthetic jet bears much
resemblance to the continuous jet. However, in the near field,
thesynthetic jet entrains more fluid and thus grows faster than the
continuous jet. Shuster and Smith [14], and Holman et al. [15]
discussed the criterion condition to form a synthetic jet based on a
simple “slug” model [15], and they argued that the synthetic jet
formation is governed by the self-induced velocity of the vortex
formed during blowing cycleVI and the averaged velocity during the
suction cycle Vs. When V1=Vs is set larger than K, here K is a
constant, the synthetic jet will be formed. By order analysis of the
magnitude, it follows that

VI
Vs
� Re
S
> K; Re� �UD=�; S�

���������������
2�fD2

�

r

where Re is the Reynolds number based on the spatial and temporal

averaged velocity during blowing cycle �U and the length scale of the
orificeD, and S is the Stokes number of the actuator frequency. The
data support that the constant K is approximately 2.0 and 0.16 for
two-dimensional and axisymmetrical synthetic jets, respectively.

In the applications of the synthetic jet actuation, it is required to
increase the efficiency of the synthetic jet control. Smith et al. [16]
used adjacent synthetic jet actuators driven by signals with different
phase angles to generate jet vector, which improved the effect of the
synthetic jet on separation control. Guy et al. [17] carried out
experimental study on the effects of the geometry parameters to the
velocity field of the synthetic jet. The cavity depth, orifice width, lip
thickness, and orifice vertex angle were examined. Milanovic and
Zaman [18], and Zhong et al. [19] investigated the influence of the
orifice pitching and skew angles on the synthetic jet formation. They
found that the increase in orifice pitching angle leads to a higher jet
exit velocity and more asymmetrical rolling up of vortex rings, then
they suggested that a pitching angle of 45 deg could be a more
desirable choice for the actuator configuration design.

In previous studies, a lot of actuator signals were used to produce
the synthetic jet, such as the sinusoidal wave [4–8], the square wave
[20], and the sawtooth wave [21]. To improve the flow control effect,
they even used the amplitude modulation on the sinusoidal wave
[22]. We have understood that the condition for the synthetic jet
formation is that the self-induced velocity of the vortex formed
during blowing cycle VI is larger than the averaged velocity during
the suction cycleVs from the preceding discussion. Hence, the vortex
formed during the blowing cycle would not be entrained back to the
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cavity during suction cycle, if the time scale of the suction cycle is
increased, and themassflux stays the same as that during the blowing
cycle (as shown in Fig. 1b, the dashed line). In this case, it is expected
that if the vortex formed during the blowing cycle has equal strength
as that generated by the standard sinusoidal function, the entrainment
of the orifice during the suction cycle on the vortex would be
decreased, thus the vortex may propagate farther and form a more
efficient synthetic jet. In this paper, we propose a novel signal wave
pattern to generate a more efficient synthetic jet based on this
consideration, which is the standard sinusoidal function with some
modulation. This ideal is something like that of Lockerby and
Carpenter [23], who proposed a pressure jump actuator driven by the
step force. But the motivation of their studies is to minimize the risk
of ingesting dust [23] and to control a quickly advecting streak in the
turbulence boundary layer [24] which is totally different than ours.
The objective of the present study is to investigate the effect of this
novel signal pattern on the formation and evolution of the synthetic
jet by numerical simulation; the unsteady characteristics and the
mean flowfield of the synthetic jet actuated by this novel signal wave
pattern are also presented.

II. Numerical Simulation Tool and its Validation

The governing equations used in the present study are the two-
dimensional unsteady Reynolds-averaged Navier–Stokes equations,
and they are solved by the commercial computational fluid dynamics
software package Fluent. According to Tang and Zhong [25], the
renormalized group (RNG) k–" and the standard k–! turbulence
models could best match the experimental data, and so all the
simulations in the present study are done by the standard k–!
turbulence model. Pressure implicit with splitting of operators
(PISO) based on a higher degree of approximate relation between the
iterative corrections for pressure and velocity is chosen.Although the
PISO algorithm requires more CPU time, it greatly improves
transient calculations as concluded byTang andZhong [25]. Second-

order upwind spatial discretization is used for the momentum,
turbulence kinetic energy, and turbulent dissipation rate. The orifice-
wideD in the present study is 0.5 mm, and the height of the orifice is
D� 0:5 mm. The cavity width and height are 40 and 16D,
respectively. Then the Helmholz frequency is

f� c

2�

�������
S

VL

r
� 334

2�

�����������������������������
D

40D � 16D �D

r
� 4202:5 Hz

which is much larger than the actuation frequency 200 Hz, and so we
can use the incompressible flow equations to simulate the synthetic
jet in the present study.

The no-slip (wall) boundary condition is applied for the bottom of
the surrounding flowfield region, the orifice, and the cavity wall. The
outflow condition is used at the top and sides of the surrounding
flowfield (@U=@y� 0, @V=@x� 0). Tomodel the perturbation of the
flow from the oscillation motion of the actuator, a suction/blowing
type boundary condition is used. The perturbation on the flowfield is
introduced through the wall normal component of velocity at the
oscillation membrane U�t� �U0f��� sin�!t�, where f��� is the
different spatial variations over the orifice and � denotes the cross-
stream direction. Kral et al. [26] suggested a “top hat” distribution
closely matches the actual experiment, i.e., f��� � 1. In the novel
signal wave pattern, T1 and T2 represent the time duration of the
blowing and suction cycles in one period, respectively, and the ratio
of these two parameters is defined as the suction duty cycle factor
k� T2=T1. According to this definition, k > 1 means the suction
cycle is longer than the blowing cycle for the synthetic jet, and this
signal wave pattern will generate a more efficient synthetic jet from
the preceding analysis. To keep the constant parameters (L0, ReU0

)
with different suction duty cycle factors, the velocity amplitudes at
the oscillation membrane should be adjusted corresponding to the
suction duty cycle factor. The use defined function in Fluent
specified the velocity normal to the membrane is

U�t�

�

8>><
>>:
k�1
2
U sin

�
k�1
2
!�t�nT�

�
nT� t�nT� T

k�1

k�1
2k
U sin

�
k�1
2k
!�t�nT�� k�1

k
�

�
nT� T

k�1� t��n�1�T

where T � 1=f is the actuator oscillation cycle andU is the velocity
amplitude with the suction duty cycle factor k� 1.

There are three cases simulated in the present studywhich have the
suction duty cycle factor k� 0:5, 1, and 2. The actuator frequency of
the synthetic jet is f� 200 Hz, and the stroke length ratio is
L0=D� 26. The characteristic blowing velocity is U0 � 5:2 m=s,
and this yields the Reynolds number based on the orifice width scale
ReU0

� 356. Because the periods of the blowing/suction cycle
change with the suction duty cycle factor for the synthetic jet with
equal actuator frequency, the time step is selected to insure the total
time step numbers in the blowing or suction cycles are larger than 50
in each step. This results in that the time step numbers with k� 0:5
and 2.0 are 150, but that with k� 1:0 is 100. The convergence
tolerance of continuity and two velocity components of 1E-5 and
maximum iterations of 50 are set.

Tang and Zhong [25] have validated the capability of the standard
k–! turbulence model of Fluent in simulating the flowfield of
synthetic jets in quiescent conditions. To make a further validation,
we chose the experimental data of case 1 in the Langley Research
Center workshop, “CFD Validation of Synthetic Jets and Turbulent
Separation Control” [27] (CFDVAL2004) to verify the present
simulation tool, which is a benchmark experiment in simulating the
synthetic jet development in ambient conditions. The data used in the
present study are the more recent experimental data using particle
imaging velocimetry (PIV), hot wire, and laser Doppler velocimetry
(LDV) by Yao et al. [28]. Because the LDV and PIV experimental
data matched well, we just present the experimental data obtained by
hot wire and LDV. The LDVdata are scaled by a factor 0.9 suggested
in the introduction file, because the amplitude of the membrane in
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Fig. 1 Diagram sketch of the formation of the synthetic jet and the

signal wave pattern with some parameter definitions.
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LDV measurement is larger than that in the hotwire experiment. To
match the velocity fluctuation near the orifice well, we used the
Fourier series to fit the velocity curve at y� 0:3 mm on the orifice
centerline suggested by Vatsa and Turkel [29]. This treatment can
reduce the discrepancy of the membrane boundary condition
between the experiment and the simulation.

The simulation domain is the same as that suggested by
CFDVAL2004 in case 1, and the differences are the geometry of the
cavity and the membrane oscillation direction (as shown in Fig. 2).
The effect of grid resolution on the solution has been examined. The
structure of the two-dimensional grid one and two provided by the
CFDVAL2004 are used as the coarse andmediumgrid systems in the
present simulation, which have 46,000 and 17,800 grid points,
respectively. The total grid points in the fine grid system are about
315,700. The grid distribution in these three grid systems are
presented in Table 1. The streamwise velocity fluctuation in one
cycle at three points, y� 0:3, 2, and 4 mm (x� 0), and the time-
averaged streamwise velocity along the centerline calculated with
three grid systems are plotted in Figs. 1 and 4, respectively. It is observed that the results calculated with the medium grid and find

grid have almost no difference, but the velocity amplitude predicted
with the coarse grid is a little less than the former two grid systems.
Therefore, themedium grid is proper for the present study and is used
in the following simulations. The scale of the computational domain
and the density in the fine grid system are listed in Table 2, and the
detail about the grid distribution can be seen in Fig. 2. Figures 1 and 4
also contain the experimental data measured by hotwire and LDV.
The streamwise velocity fluctuation calculated in the present study

Fig. 2 Medium grid system adopted in present simulation.

Table 1 Three grid systems

Table 1 Cavity Orifice Surrounding

Coarse 100 	 60 49 	 60 192 	 193
Medium 150 	 100 73 	 100 433 	 361
Fine 200 	 133 100 	 133 571 	 483

Fig. 1 Phase-averaged centerline velocity during one cycle for the

validation case 1 of CFDVAL2004.
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match well with the LDV data, but has some discrepancy with the
hotwire data. This can be attributed to disturbance to the hot wire
introduced by the velocity gradient and the heat transfer to the wall
when the hot wire is applied in the boundary layer [26]. Figure 4
presents the comparison of the time-averaged streamwise velocity
along the centerline. The simulation results are also coincident to the
LDVdata, except for a little overprediction in the region y > 15 mm.
From the preceding discussion, it is concluded that the simulation
tool and the grid system used in the present study are suitable to
simulate the synthetic jet in static ambient air.

III. Formation and Evolution of Vortex
in the Near Field

Figure 5 shows the vorticity contours during the blowing and
suction cycles with the suction duty cycle factor k� 0:5, 1, and 2,
and the vorticity levels used in the three cases are the same and the
contour legends are omitted. The figures in left column are
corresponding to the moment with the peak blowing velocity. It is
obvious that the position and scale of the first vortex pair formed near
the edge of the orifice have little difference in all these three cases.
This result indicates that the position of the vortex pair is independent
of the suction duty cycle factor k during the blowing cycle. It is well
known that the stroke length ratio L0=D is the key parameter
determining the trajectory of the vortex pair and its convection
velocity. The stroke length ratios L0=D in our three cases, obtained
by integrating the velocity during the blowing cycle, have the same
value, and so the first vortex pair has the same trajectory during the
blowing cycle. But the second vortex pair in the same figure appears
at different positions; they areY=L0 � 0:48, 0.6, and 0.7 for k� 0:5,
1.0, and 2, respectively. The figures in the right column show the
development of the first vortex pair, which presents the effect of the
suction on the vortex pair formation.

The instant streamwise velocity ucl�t� at 12 different stations in the
region Y=D� 0:1� 16 along the centerline are presented in Fig. 6.
All the curves in the figure have a uniform vertical scale of �5� 5,
which is marked at the top of the figure. The variation of the
streamwise velocity represents the movement of the vortex pair, and

the moment when the peak velocity appears is corresponding to the
vortex pair center just passing through the sample point. In the near
field of the synthetic jet with 0:1< Y=D < 4, the peak blowing
velocity increases in the streamwise direction, but the peak suction
velocity decreases monotonically. Figure 7 shows the peak blowing
velocity uclmax �maxhucl�t=T; Y=D�i and the peak suction velocity
uclmin �minhucl�t=T; Y=D�i vs the streamwise location Y=D. The
maximum value of uclmax which represents the location of the vortex
pair fully formed appears at about Y=D� 4; meanwhile the peak
suction velocity uclmin induced by the suction of the orifice goes to
zero. These indicate that the entrainment of the orifice to the ambient
fluid during the suction cycle has vanished and the vortex pair has
been fully formed. In the region with 4< Y=D < 16, there is more
quiescent fluid entrained into the jet with the development of the
vortex pair, which results in the decrease ofuclmax to satisfy the lawof
momentum conservation. Comparing the curves with different
values of k in Fig. 6, it is obvious that the peak blowing velocity
almost vanishes for k� 0:5 at Y=D� 12, but it also exists for k� 2
until Y=D� 16. Figure 7 presents that the peak blowing velocity
uclmax=U0 varies from 2.6, 3.7, to 5.9 with k� 0:5, 1.0, and 2.0.
Based on the Biot–Savart law, it can be estimated that the strength of
the corresponding vortex pair also increases with k. Thus, we can
conclude that the position of the first vortex pair is not affected by the
suction duty cycle factor, but the vortex pair strength is enhanced
with the increase of k. Back to the discussion in preceding sections,
the strength of the vortex pair depends on the Reynolds numberReU0

based on the orifice scale and the characteristic blowing velocityU0,
and so the suction duty cycle factor k must have some relation with
the Reynolds number ReU0

. Now we recall the definition of the
suction duty cycle factor k in Fig. 1b. Although the three cases have
the same actuator frequency f� 200 Hz, the actual efficient
frequency of the blowing cycle should be kf, which varies with the
suction duty cycle factor k. Then it is easy to derive that the efficient
Reynolds number for the vortex formation during the blowing cycle
should be Re
 � kReU0

, which increases with k and results in the
enhancement of the vortex pair.

Figure 8 shows the trajectories of the vortex pair in the present
three cases and the results of Smith and Glezer [11]. The simulated

trajectory for k� 1:0 in the present study matches well with the
experimental data at ReU0

� 489. The positions of the vortex pair at

the end of the blowing cycle are marked with open circle symbols on
the curves, and that in the right columnof Fig. 4 aremarkedwith open

square symbols. It can be seen that the onset time of the first vortex
pair varies with k, but the positions of the vortex pair in three cases

have little difference during the blowing cycle, which is coincident to
the conclusion from the vorticity contours in Fig. 4. During the
suction cycle, the entrainment effect on the vortex pair decreases

with k, so that the vortex pair can propagate further and then form an
larger scale jet in the far field. The celerity velocity Uc of the vortex
pair is determined by taking the time derivative of its trajectory. The
variation of the celerity velocity (normalized by the characteristic

blowing velocityU0) with t=T for the vortex pairs is shown in Fig. 9.
During the blowing cycle, the positions of vortex pair with different k
have almost equal value, so the celerity velocity increases with k.
This can be explained as the time length of the blowing cycle
decreases with k. At the end of the blowing cycle (t=T > 1=3, 1/2,
and 2/3 for k� 0:5, 1.0, and 2.0, respectively), the celerity velocities
of the vortex pair begin to decrease sharply. For k� 1:0, the celerity
velocity decreases like �t=T��2 (a straight line segment m��2 is
shown in Fig. 9 for reference), this result is coincident to that of Smith
and Glezer [11]. For k� 2:0 and 0.5, the exponent factors m are

�1:35 and �2:3, respectively. The decrease of celerity velocity
becomes slow with k increase, which also indicates that the

entrainment effect of the actuator on the vortex pair is diminished.
From the effects of k during the blowing and suction cycles, we can
know the following:

1) The suction duty cycle factor k does not affect the stroke length
ration L0=D, and so it has little influence on the trajectory of the

vortex pair of the synthetic jet.

Fig. 4 Time-averaged centerline velocity for the validation case 1 of
CFDVAL2004.

Table 2 Scales of the computation domain and the grid density in the

medium grid system

Zones Geometry
scale

Grid points Min. horizontal
grid size

Min. vertical
grid size

Cavity 40 	 16D 150 	 100 0:0053D 0:0053D
Orifice D 	D 73 	 100 0:0026D 0:0053D
Surrounding 480 	 480D 433 	 361 0:0026D 0:0053D
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Fig. 5 Vortex structure during the blowing and suction cycles of the oscillation.
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2)With the increase of k, the actual efficient Reynolds numberRe


increases, and the entrainment of the actuator on the vortex pair
decreases. This leads to the vortex pair moving farther and forming a
larger scale jet.

IV. Characteristics of the Mean Flowfield

Cross-stream distributions of the time-averaged streamwise
velocity U with k� 2:0 are plotted in Fig. 10 (the velocity U is
normalized by the time-averaged velocity along the centerline Ucl,
and the cross-stream coordinate is normalized by the local jet width
b�x� based on 0:2Upp; hereUpp is the peak-to-peak value ofU). The
dashed lines are the cross-stream distributions of U at 15 different
streamwise stations with Y=L0 � 0:1� 1, and the dark line
represents the hyperbolic cosine function U�Uclcosh

�2 (�y)
(where � is a parameter of the fit). Similar to the experimental results
(Smith and Glezer [11], Smith and Swift [12]), the cross-stream
distributions of the nondimensional streamwise velocity of the
synthetic jet collapse reasonably well, and they match well with the
hyperbolic cosine function. The cross distributions of time-averaged
streamwise velocity with k� 0:5 and 1.0 have the same feature
without being presented here.

The width b of the synthetic jet with k� 0:5, 1.0, and 2.0 at
different streamwise stations are plotted in Fig. 11, inwhich the black
line represents the power function curve with the factor m� 1.
Except for the region near the orifice (Y=D < 0:5), the width of all
jets grows linearly with the streamwise coordinate (b / Y). Smith
and Glezer [11] indicated in their early study that the jet width b
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(based on Ucl=2) in the cross-stream plane increases like Y0:88, but
b / Y for conventional two-dimensional jets. In recent studies on the
comparison of synthetic jets and conventional continuous jets, Smith
and Swift [12] argued that the cross-streamwidth b increases linearly
with Y, which is reasonably coincident to the present study. From the
characteristics of the synthetic jets with different k (the cross-stream
velocity distributions of time-averaged streamwise velocity and the
width of the jet), one can see that the flowfield actuated with different
suction duty cycle factors is similar to that mentioned in previous
studies.

Although the flowfields are similar for k� 0:5, 1.0, and 2.0, the
scale and the strength of the vortex pairs have some difference, which
has already been discussed. These differences also can be presented
in themeanflowfield. Figure 12 shows the time-averaged streamwise
velocity along the centerline Ucl with three different suction duty
cycle factors. With k� 0:5 and 1.0, the time mean streamwise
velocity grows faster at beginning, then it falls down slowly after the
peak value before a more quick decrease. The time-averaged
streamwise velocity with k� 2:0 keeps at a high level for Y=D�
4� 18 after the increase onset. Another difference among these three
jets is that they have different Ucl except in the region Y=D < 4,
which is the vortex formation period of the synthetic jet. The
synthetic jet with a larger value of k has a larger Ucl and can form a
larger scale jet. The figure shows that the streamwise velocity with
k� 0:5 decreases to zero at Y=D� 20, but it has a value of 0:1U0

with k� 2:0 at Y=D� 30.

V. Conclusions

The synthetic jet actuated by a novel signal wave pattern is studied
numerically. The signal used in the present study is a modification
mode from the standard sinusoidal function, which lengthens the
time of the suction part and shortens the time of the blowing part in
one oscillation cycle. A new parameter, the suction duty cycle factor
k, is introduced to represent this modification. The formation and
evolution of the vortex and the mean flowfield are presented. The
following conclusions can be drawn:

1) The synthetic jets with different suction duty cycle factors have
similar characteristics to that exhibited in previous studies; this
means that the synthetic jet actuated by the novel signal wave pattern
does not change its essential features.

2) The novel signal pattern proposed in the present study can
generate a much stronger vortex pair, and so it can coalesce to
synthesize a larger scale jet in the far field.

3) During the blowing cycle, the suction duty cycle factor just
affects the strength of the vortex pair, but not the convection velocity
and trajectory of the vortex. With a larger value of k, the strength of
the vortex pair formed during the blowing cycle is increased.

4) The entrainment effect of the actuator cavity during the suction
cycle on the vortex pair decreases with the increase of suction duty
cycle factor k.
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