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investigated with large eddy simulation (LES). The maximum jet Mach number is
related to the maximum pressure inside the actuator regardless of the number of
orifices. Temporal variations of the jet Mach number are almost identical for different
cycles, and the jet formation in each cycle occurs under the same conditions despite
the unsteady nature of the jet interaction. The phase-averaged statistics are used to
examine the interaction of the synthetic jets. The converging, merging, and combined
regions known for the interaction of continuous jets appear for the interaction of the
high-speed synthetic jets slightly before the end of the blowing phase. However, the
converging region is not clearly observed at the beginning of the blowing phase
because the jets tend to be parallel to each other. Therefore, the combined region
forms at a late stage of the blowing phase. Before the jets are combined, velocity
fluctuations in the blowing phase become large near the furthest locations where the
jets reach. Once the jets merge by their interaction, large velocity fluctuations are
observed at the downstream end of the merging region. The probability density

Keywords: functions of velocity fluctuations in the blowing phase tend to deviate from a Gaussian
piston-driven synthetic jets; LES; distribution along the centerline of the jets. This deviation is more significant for the
compressible flows; supersonic jets two-orifice model than for the four-orifice model under the same actuation frequency.

1. Introduction

Synthetic jets have been studied because of their unique property, which is formed entirely from
working fluid [1]. The synthetic jet is often generated with a piezoelectric driver, which has been used
to study the fundamental factors in the formation and evolution of the synthetic jet, such as the
vortex pair [2]. Comparisons of synthetic jets with continuous jets are also reported in previous
studies. For example, with the same Reynolds number (2000), although the mean velocity profiles
between them are similar, the synthetic jets are wider in width [3]. However, the acceleration and
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deceleration of the synthetic jet affect the instantaneous velocity profile and the probability density
function of the velocity time derivative, which are different from continuous jets [4]. In terms of
application, synthetic jets show potential application in flow control [5]. In aerodynamics, it can delay
flow separation on airfoils by reducing the thickness of the surface boundary layer. As another
application in fundamental studies of turbulence, synthetic jets are often used to generate
turbulence with desired properties, such as isotropic turbulence without a mean flow [6]. A random
nine-synthetic-jet system can generate turbulence with large velocity fluctuations and a small mean
flow [7].

The interaction of multiple continuous jets results in a complex flow field. An array of holes can
be used to generate multiple jets for possible technical applications or further study. For example,
four aligned jets are ejected within the boundary layer to reduce drag in film cooling [8]. Nasr et al.,
[10] divided the jet interaction regions by converging, merging, and combining regions. The maximum
of the mean streamwise velocity is reached at the combined point in the x direction [9].
Ghahremanian et al., [10] investigated a confluent jet array and confirmed that the velocity at which
the jets merge is lower than a twin jet, but the mean velocity decay is slower. For the jet interaction,
there are also linear relationships between the nozzle spacing extension and the streamwise location
of the combining/merging points [11], and between the separation length and the merging point
location [12]. The jet spacing also has a significant influence on the production of vortices [13].
Theoretical power laws for kinetic energy spectra of turbulence are often observed in a single
turbulent jet [14]. It is also evaluated in the interaction regions of multiple jets [15]. The interaction
results in the non-Kolmogorov -5/3 spectrum of streamwise velocity fluctuations [16]. In addition,
the relationship between extreme events and the -5/3 law is proved for the jet interaction [17].

Regarding the interaction of multiple synthetic jets, Smith et al., [18] showed that the phase angle
affects the path of the newly merged vortex pair due to the strong entrainment of ambient fluid. In
contrast, the direction of the merged jets depends on the initial phase with a significant relative phase
of the two jets [19]. With a modified design, the incline synthetic jet array can attain a peak velocity
of up to 100 m/s [20]. Jankee et al., [21] showed that the multiple synthetic jets are efficient in
separation control and drag reduction when the orifice spacing is smaller than 6.5 times the orifice
diameter. Another application of synthetic jet array is utilized for the enhancement of heat transfer
in the heat sinks for electronics cooling. Cavity size, shape and orifice length are parameters that
affect heat transfer performance [22]. In addition, at a high vibration amplitude, the large opening
angle of the orifice largely affects the performance [23]. Coupling with the cross-flow of 14.7 m/s and
8 m/s, the activation of the synthetic jet array contributes up to 9.3 % and 23.1 % of the heat transfer
coefficient, respectively [24].

However, with conventional synthetic jets, there are some limitations related to the frequency of
oscillations, the material for the diaphragm, and even the power input. These limitations have been
significantly overcome through the development of piston synthetic jet actuators (PSJAs), which can
provide a high-speed regime [25]. It can achieve full-scale application when the peak velocity reaches
124 m/s [26]. By using PSJA, the highest lift coefficient ascends by 80%, and the stall angle changes
from 12 to 18 deg. [27]. In one of the latest experiments with PSJ in the case of the single orifice, the
flow velocity can reach approximately Mach 1.6 [28]. Crittenden et al., [25] studied the parameters
affecting the velocity characteristics, including actuation frequency, piston stroke length, and
compression ratio. The compressibility effect relates to the pressure asymmetry during the blowing
and suction phases. In addition, there is a correlation between the maximum Mach number and the
maximum pressure inside the actuator [28]. This correlation is also found in a numerical model [29].
The PSJs are also used to generate compressible turbulence by the interaction of supersonic synthetic
jets. The compressible turbulence chamber was developed with the opposition of the jet arrays,
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which generates nearly homogeneous and isotropic turbulence with a small mean velocity at the
chamber center [30]. Furthermore, the compressible homogeneous and isotropic turbulence
generated by the PSJAs was investigated to evaluate compressibility effects on the statistical
properties of turbulence [31].

Although high-speed synthetic jets generated from multiple orifices of PSJs have potential
applications for flow control and fundamental studies of turbulence, such flows have hardly been
investigated. Sakakibara et al., [28] characterized the performance of the PSJA with two or four
orifices with the pressure measurement inside the actuator and flow visualization. However, the flow
field formed by the interaction of the multiple synthetic jets has not been investigated in detail. The
present study reports numerical simulations of a multi-orifice PSJA. The performance of the
simulated PSJA is tested by comparing the pressure variation in the actuator and the pressure
dependence of the maximum jet Mach number with experimental data. In addition, the interaction
of multiple synthetic jets is investigated with velocity statistics. The details of the numerical
simulations are presented in Sec. 2, while the results are discussed in Sec. 3. The paper is summarized
in Sec. 4.

2. Numerical Procedures
2.1 Numerical Model of Piston Synthetic Jet Actuators

A numerical model of the PSJA is based on the experimental study by Sakakibara et al., [28]. The
PSJA consists of a piston/cylinder actuator with an orifice plate at the top of the cylinder. In
experiments, the actuator part is often developed based on a model engine, and the piston is driven
with a motor. We consider the PSJAs with two or four orifices, as shown in Figure 1. The basic
dimensions also follow the experiment [28]. Here, we use square orifices instead of the round orifice
to simplify the computational model, although synthetic jets often use the latter. Our previous study
has confirmed that the performance of the PSJA is similar for square and round orifices as long as the
orifice area is identical [29]. For both two- and four-orifices models, the side dimension of square
orifices is d =2 mm. They are placed in symmetrical positions at a distance of 2 mm and in the center
of the top wall of a square cylinder with a sidelength of 24 mm. The length of the cylinder is Ly = 21.7
mm, which also determines the bottom dead center (BDC) position for the piston. With a piston
stroke of L =20.6 mm, the top dead center (TDC) position will be 1.1 mm from the top of the cylinder.
Here, the piston movement is described by the cosine function with a frequency f, and the details
will be described in the following section. A point marked as P is the point for sampling pressure and
temperature in the cylinder. The location of this point is determined in the same way as in the
experiment when a pressure transducer is installed [28]. Its position is centered on the segment from
the edge of the square orifice to the edge of the cylinder.
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Fig. 1. Piston synthetic jet actuators (PSJAs): a) two-orifice model; b)
four-orifice model (all dimensions are in mm)

2.2 Computational Domain and Numerical Methodology

The computational domain consists of three parts: the piston/cylinder part for piston movement,
the outflow part where the synthetic jet forms, and the orifice part which connects the other two
parts, as shown in Figure 2a. The orifice parts have two orifices or four orifices depending on the
models. The rectangular blocks are used for these parts. With the two-orifice model, each part has a
size of (Lx, Ly, Lz) listed in Table 1. The coordinate origin of this model is set at the center of two
orifices. Similarly, with the four-orifice model, each part has its parameters listed in Table 2. Its
coordinate origin is set at the center of the four orifices outlet.

Large eddy simulation (LES) is performed with OpenFOAM. The numerical method is the same as
in our previous study of a PSJA with a single orifice [29], where the LES results are compared with
experiments. LES is used for accurate simulations of the unsteady formation of the synthetic jets. The
blockMesh utility of OpenFOAM is used for meshing. The smallest mesh size at the domain center is
0.5 mm, and the cell-to-cell ratio is 1.05. Figure 2b shows a slice through the center of two orifices,
and a part of the region of interest is shown in Figure 2c.

The governing equations are compressible Navier—Stokes equations. The LES solves the low-
pass-filtered conservation equations of mass, momentum, and energy, which are expressed as
follows [32]:
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With the equation of state for the ideal gas p = pRT. Here, ¥ and ¥ are filtered and density-
weighted filtered variables, respectively. p and p are the filtered density and pressure, respectively,
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U (j =1, 2, 3) is the filtered velocity vector, T;j is the filtered viscous stress tensor. E is the filtered

total energy, T is the filtered temperature. A is the molecular thermal diffusivity. H59S is the sub-grid
enthalpy flux and ¢59° is the sub-grid viscous work.
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Fig. 2. a) The computational domain; b) the grid distribution on the center plane xy through two
orifices; c) the grid distribution of the orifice area

Table 1
The domain sizes and the numbers of cells for the two-orifice model
Domain Size (mm) Number of cells
(Lx, Ly, Lz) (Nx, Ny, N2)
Piston/Cylinder (21.7, 24, 24) (24, 38, 34)
Orifice (13, 2,2) x2 (26, 4, 4) x2
Outflow domain (360, 486, 482) (74, 144, 136)
Table 2
The domain sizes and the numbers of cells for the four-orifice model
Domain Size (mm) Number of cells
(Lx, Ly, Lz) (Nx, Ny, Nz)
Piston/Cylinder (21.7, 24, 24) (24, 38, 38)
Orifice (13,2,2) x4 (26, 4, 4) x4
Outflow domain (360, 486, 486) (74, 144, 144)

The bottom wall of the computational domain in the cylinder part is set as the top surface of the
piston. The piston movement is modeled by the movement of the computational boundary at the
bottom. By this setting, the cell size of the cylinder part is varied by time t. The piston periodically
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moves between the BDC and TDC in Figure 3a with the velocity U, shown in Figure 3b. For a sinusoidal
time history of the piston velocity, the piston position xp is given by a cosine function as

X, =X, + %Lcos(ant + wy), (4)

where the center location of the piston movement is x, = —24.4 mm and w, = 7 is the initial
phase. Time t is normalized by a period of one cycle T = 1/f, where the frequency f is given as a
computational parameter.
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Fig. 3. a) The grid distribution for the piston located at the TDC or BDC b) Piston velocity

The numerical method, boundary conditions, and initial conditions are the same as the simulation
of one orifice model [29]. An ideal gas (air) is the working fluid. LES with the Smagorinsky model using
rhoPimpleFoam is applied. The waveTransmissive boundary condition, which is a non-reflecting
boundary condition, is applied for the outflow domain. Due to the movement of the piston, its
boundary condition is applied by movingWallVelocity at the bottom of the computational domain,
which corresponds to the top surface of the piston. For both models, simulations are conducted for
f=50, 75, 100, 125, and 150 Hz. Flow statistics are evaluated with phase averages, which are taken
with time series data over 20T. The initial pressure and temperature Tp are the atmospheric pressure
Patm = 101,325 Pa and 300 K, respectively.

3. Results
3.1 Pressure Histories inside the Cylinder

The pressure inside the cylinder is a characteristic parameter related to the jet velocity [28]. The
pressure taken at point P inside the cylinder (Figure 1) is compared with the measurement results of
experiments. The verification with the single orifice for different frequencies shows a good
agreement between the simulation and experimental result [29]. For the two-orifice case at 100 Hz,
we compare these pressure histories in Figure 4, which presents the absolute pressure P normalized
by Patm, Pr= P/Patm. Here, t/T = 0 and 1 indicate that the piston is at the BDC while tpeak is the time at
which the maximum pressure is achieved. The simulation (Sim.) and experiment by Sakakibara et al.,
[28] agree well in terms of both peak and temporal variation. When comparing with experiments by
Eri et al., [33], with the same frequency of 100 Hz, the difference is observed for the maximum
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pressure because of the differences in the volume displacement and the areas of the orifice exit.
However, the overall shape of the pressure history is similar. Both numerical and experimental results
exhibit a highly non-symmetric pressure variation, which is a signature of a high-speed synthetic jet.
This comparison further validates the present numerical model of the PSJA.

4
Eri et al.
3 I Sakakiba et al.
Sim.
at2 |
1 -
D_\III|II\I|I\\I\\IIIIII|IIII|\\I\
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

(t’tpeak)/r

Fig. 4. Comparison of normalized pressure between the
simulation (Sim.) and experiments with the two-orifice case
at 100 Hz

Figures 5 and 6 show time histories of P over two cycles for f = 50, 75, 100, and 150 Hz for the
two- and four-orifice models. There is only a minimal difference in the pressure variations for the two
different cycles, indicating that similar synthetic jets form in each cycle. In addition, the pressure
variations are highly asymmetric despite the piston movement described by the cosine function. As
the frequency increases, the maximum pressure becomes larger, and the minimum pressure
becomes smaller. This is consistent with the experimental results from Sakakibara et al., [28] for both
two- and four-orifice cases.

LES for different frequencies indicates that a peak pressure can be attained later in terms of time
(tpeak/T) for a higher frequency. For the two-orifice model, the values of tyeq/T are 0.365, 0.399, 0.420,
and 0.439 for f= 50, 75, 100, and 150 Hz, respectively. For the four-orifice model, the values of tpear/T
are 0.275, 0.305, 0.360, and 0.394 for f = 50, 75, 100, and 150 Hz, respectively. As f increases, they
shift to the middle of the cycle. The trend is the same in the case of a single orifice [29]. In addition,
by comparing the maximum pressure at a given frequency in Figures 5 and 6, the maximum pressure
in one cycle is more considerable when the total orifice area is smaller [28].
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for the four-orifice model: a) f= 50 Hz; b) f = 75 Hz; c) f = 100 Hz; d) f= 150 Hz
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3.2 Jet Mach Number History

The jet Mach number M = |u|/a is evaluated with a fluid velocity u and the speed of sound a at
the exit of one of the orifices. Figures 7 and 8 show the time history of M for two- and four-orifice
models. Here, the results for two cycles are shown for comparison. The variation of the Mach number
hardly depends on the cycles, and the jet Mach number depends solely on the phases for each case.
In the blowing phase, the Mach number increases with time and reaches the largest value. Then, it
decreases with time until the end of the blowing phase. Finally, M slightly increases in the suction
phase. The plots of M show that the middle of the cycle at t/T = 0.5 is the transition time between
the blowing and suction phases. There are small effects of velocities in y-and z-directions so M is not
exactly zero at t/T= 0.5 at higher frequencies. The maximum Mach number is achieved at t/T =0.375,
0.406, 0.430, and 0.455, respectively, for f =50, 75, 100, and 150 Hz for the two-orifice model. These
times are respectively t/T = 0.305, 0.323, 0.360, and 0.410 for the four-orifice case. They are close to
the times at which the pressure reaches the maximum.
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Fig. 7. Mach number histories at the orifice exit for the two-orifice model: a) f= 50 Hz;
b) f=75Hz; c) f=100 Hz; d) f= 150 Hz
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Fig. 8. Mach number histories at the orifice exit for different frequencies for the four-
orifice model: a) f=50 Hz; b) f=75 Hz; c) f=100 Hz; d) f= 150 Hz

For a single-orifice case, the following relation has been confirmed for the maximum Mach
number Mmax and the maximum pressure Prmax [34]

2 r-1 1/2
)

with the specific heat ratio y being 1.4 [7, 26]. Figure 9 compares the present LES results of Mpmex and
Prmax With Eq. (5). Case A represents the two-orifice model, and case B represents the four-orifice
model. Eq. (5) well describes the relation between Mmax and Prmax for multiple-orifice cases and is
useful for estimating the jet Mach number with the pressure measurement.
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3.3 Phase-averaged Flow-field

In this section, we will discuss the mean velocity and root-mean-square (rms) velocity fluctuations
defined with phase averages. The averages are evaluated as functions of time in the phase from t =
0 to T. The phase-averaged velocity in the x direction is denoted by U, while the rms value of velocity
fluctuations, urms, are evaluated as the root-mean-square of velocity fluctuations from U.

3.3.1 Two-orifice case

Figure 10 presents the phase-averaged velocity in the x direction on the plane that crosses the
center of the orifices for f = 100 Hz. To evaluate the interaction between these two parallel jets, the
phase-averaged velocity at the center line between these two jets is also shown in Figure 11. Here, y
= 0 is the midpoint between the two orifices. The blowing and suction phases correspond to t/T =
0.1—0.5 and 0.5—1, respectively. In Figure 10, we can observe the growth of the jets in the blowing
phase. The two jets tend to interact to form a converging region, then create a merging region where
they meet each other, and become a single jet in a combined region. A similar transition was also
found for two continuous parallel jets [9]. The converging region is observed near the orifice when
the velocity of the jets is high, e.g., x/d < 5 at t/T = 0.4, where the mean velocity increases with x
along the centerline in Figure 11d. The flow induced by a PSJA with two round orifices was visualized
with a shadowgraph technique [28]. They also observed that the converging region forms for x/d <
5 for the case of two-orifice jets at 100 Hz. For the present LES, the merging region is approximately
in the range of 5 < x/d < 35. At an early time in the cycle, when the jets are being formed in Figures
10b-c, the two jets align with the x direction and spread in the vertical direction resulting in the
interaction of the jets. At a later time, the jets are inclined to the other jet in Figure 10e, resulting in
the formation of the merging and combined regions. Because the inclination of the jets occurs at a
late time of the blowing phase, the merging and combined regions move with time. In Figure 9e, the
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jets merge at about x/d = 25. The inclination of the jets causes the converging and merging regions
to be closer to the orifices. In Figure 10e, the converging region already appears at about x/d = 2.
Figure 11 indicates that the mean velocity along the centerline between the orifices reaches 250 m/s
at the maximum. The formation of the merging and combining regions is also confirmed by the
increase of the mean velocity with x in Figures 11b-e. In Figure 11a, a negative mean velocity is
observed near the wall, which is related to the flows into the orifices from outside. Thus, the induced
flow in the suction phase still affects the flow at the moment when the piston is going upward. In the
suction phase after t/T=0.5, the flow toward the top wall of the PSJA is observed as a negative mean
velocity. However, this velocity is not as large as the mean velocity in the blowing phase.

Figure 12 plots urms on the same centerline as in Figure 11. In Figures 11b-e, the merging and
combined regions have a large mean velocity during the blowing phase. The regions with large trms
in Figures 12b-e approximately agree with those with a large mean velocity of the merging and
combined regions, and the interaction between the two synthetic jets causes large velocity
fluctuations. The maximum value of the rms velocity fluctuations reaches 80 m/s, which is expected
to be large enough for fluid compression and expansion due to turbulent motions affecting the flow.
As also found for the mean velocity, urms in the suction phase is very small.
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Fig. 12. Distributions of rms fluctuations of velocity in the x direction, urms, along the centreline of
the A-A plane in Figure 1b of the two-orifice model with f=100 Hz: a) t/T=0.1, b) 0.2, ¢) 0.3, d)
0.4, €e)0.5,f) 0.6, g) 0.7, h) 0.8,i) 0.9, and j) 1.0

3.3.2 Four-orifice case

For the case of four orifices, the mean velocity and rms velocity fluctuations are presented at the
center of four orifices, i.e., the C-C plane in Figure 1b. The results for the four-orifice model are also
presented for f = 100 Hz. For this case, the maximum Mach number is about 1, which is smaller than
that for the two orifices with the same frequency because of the difference in the total orifice area.

Figure 13 shows the phase-averaged velocity from t/T = 0.1 to 1.0 for the four-orifice model.
Because the C-C plane does not pass through any orifice, the velocity also asymptotes to O toward x
= 0, which is the top surface of the PSJA. The interaction of the four jets induces the mean velocity
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on this plane in the blowing phase (Figures 13b-e). At the end of the blowing phase in Figure 13e, the
four jets are fully combined forming a single jet with a large mean velocity along the centerline. The
jets have not fully merged yet at an early time in Figures 13b-d, where the large mean velocity in each
jet can be identified. This time-dependent behavior of the jet interaction is generally in good
agreement with the two orifices model.
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Fig. 13. Phase-averaged velocity in the x direction for f= 100 Hz at a) t/T = 0.1, b) 0.2, ¢) 0.3, d)
0.4,e)0.5,f) 0.6,g) 0.7, h) 0.8,i) 0.9, and j) 1.0, at C-C plane in Figure 1b for the four-orifice
model

Figure 14 shows the rms velocity fluctuations along the centerline of the four orifices. At t/T =
0.2, the mean velocity decreases at about x/d = 14 in Figure 13b. The rms fluctuations also become
small beyond this location. Therefore, the velocity fluctuations are large at the streamwise end of the
jets. For t/T = 0.3-0.5, the rms fluctuations tend to increase with x. This will be explained in the next
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section with the instantaneous velocity profile. In the suction phase, as x/d increases, rms
fluctuations also tend to grow, as expected from the remnant of the jets generated in the blowing
phase.
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Fig. 14. Distributions of rms fluctuations of velocity in the x direction, urms, along the centreline (y =
0) of the C-C plane in Figure 1b of the four-orifice model with f=100 Hz: a) t/T = 0.1, b) 0.2, ¢) 0.3,
d) 0.4,e)0.5,f)0.6,g) 0.7, h) 0.8,i) 0.9, and j) 1.0

Figure 15 shows the time-averaged streamwise velocity along the centerline of the two-orifice
case (f = 100 Hz). The mean velocity along the centerline is negative near the orifice (about x/d < 1),
rapidly increases with x up to about x/d = 5, and varies slowly with x for the further downstream
region. One of the important parameters for the synthetic jet interaction is the ratio R between the
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orifice spacing and side length of the orifice, which is 2 for the present two-orifice model. The
interaction of two low-speed synthetic jets was investigated by Kim et al., [35], where one of the
experiments also considered R = 2. The present result is similar to their experimental results. They
also observed a negative mean streamwise velocity along the centerline near the orifice (about x/d
< 1.4) and a rapid increase with x up to about x/d = 6. The distribution of the mean velocity strongly
depends on turbulence, as the Reynolds stresses due to velocity fluctuations significantly contribute
to the momentum flux, which is dominated by large-scale velocity fluctuations. The agreement with
the experiments [35] suggests that the large-scale turbulent motions are accurately simulated in the
present LES and that the jet interaction is similar for both high-speed and low-speed synthetic jets.
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Fig. 15. Time-averaged streamwise velocity along the centerline for the two-
orifice model

3.4 Instantaneous Velocity Magnitude

Figure 16 shows the instantaneous profiles of velocity magnitude at the A-A plane of the two-
orifice model in Figure 1la at t/T = 0.4 and 0.5, for which the mean velocity and rms velocity
fluctuations are shown in Figures 11d, 11e, 12d, and 12e, respectively. The phase-averaged velocity
reaches its maximum value at around x/d = 15. However, in Figure 12d, rms fluctuations attain their
maximum value at about x/d = 26. In Figure 16a, x/d = 26 roughly corresponds to the position of the
end of the merging region, where the value of rms fluctuations significantly increases due to the jet
interaction. This is also shown similarly when we compare Figures 12e and 16b: the maximum value
of rms fluctuations is observed at about x/d = 32, which corresponds to the end of the merging region
in the instantaneous velocity profile. We have also observed a similar tendency for the jet merging
point and the rms velocity fluctuations for the four-orifice model.

166



CFD Letters
Volume 186, Issue 1 (2024) 150-170

U(m/s)
0 50 100 150 200 250 300 350 400 450 540.

ey

a) 5.0
2.5 -

0o
X 0.0-
—2.5 -

-5.0

0 5 10 15 20 25 30 35 40

b) 5.0
2.55

0.0

y/d

=254

-5.0

0 5 10 15 20 25 30 35 40
x/d

Fig. 16. Instantaneous distribution of the velocity magnitude on the A-A plane of the
two-orifice model ata) t/T=0.4 and b) t/T=0.5

3.5 PDF of Velocity Fluctuations

The probability density function (PDF) of velocity fluctuations u’ from the phase-averaged
velocity is evaluated on the centerline of the flow at x/d = 5, 10, and 15. Hereafter, the PDF is
normalized by the rms velocity fluctuations. Figure 17 plots the PDF for the two-orifice model at t/T
= 0.4 and 0.8, which are in the blowing and suction phases, respectively. For comparison, a Gaussian
distribution for PDF is shown with a broken red line in each figure. Although scatters are not negligible
because of the limited number of samples, the distribution is still useful to discuss a general trend of
the deviation from the Gaussian function. In the blowing phase of t/T = 0.4, a peak of the PDF appears
foru’ > 0, and the distribution deviates from the Gaussian function. Here, the PDF is negatively
skewed, and a very large reversal velocity is observed at a low probability. A similar deviation of a
PDF of velocity fluctuations was also reported for the interaction of continuous jets, even though a
fully developed single jet has a Gaussian PDF along the jet centerline [12]. The PDF in the suction
phase of t/T = 0.8 is closer to the Gaussian function than that in the blowing phase. Therefore, the
suction due to the PSJA does not induce extremely large velocity fluctuations. Figure 18 shows the
PDF for the four-orifice model along the centerline. Unlike the two-orifice model, the PDF is not
negatively skewed for the four-orifice model, and the flow caused by the interaction of four synthetic
jets does not accompany by very large negative velocity fluctuations.
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Fig. 18. Same as Figure 17 but for the four-orifice model
4. Conclusions

The flow properties of the piston synthetic jet actuator (PSJA) with two and four orifices are
investigated with LES, which is carried out with OpenFOAM by modeling the piston movement with
moving mesh. The flow generated by the PSJA with multiple orifices is examined for a wide range of
actuation frequencies. Regardless of the number of orifices and the frequency, temporal variations
of the pressure inside the actuator and the Mach number at the orifice exit are almost identical for
different cycles, confirming that the jets are repeatedly generated under the same conditions. The
maximum jet Mach number observed in the blowing phase is related to the maximum pressure inside
the actuator, and their relationship for both two- and four-orifice models is well described by the
theory for a flow inside a nozzle.

The interaction of synthetic jets generated by the two- and four-orifice models is investigated
with the statistics conditioned on the phase. Slightly before the end of the blowing phase, the typical
three regimes of the interaction reported for continuous jets [9] are observed for the synthetic jets:
the converging region, where the jets are inclined toward the other jets; the merging region, where
the synthetic jets interact; a combined region with a single jet formed from the multiple synthetic
jets. Due to the time-dependent feature of the synthetic jets, the locations of these regions vary with
time. Specifically, the jets tend to be parallel to each other at the beginning of the blowing phase, for
which the converging region is not clearly observed. Therefore, the jets are not combined until a later
stage of the blowing phase. These features are observed for both two- and four-orifice models. At
the beginning of the blowing phase, the rms velocity fluctuations are large near the furthest locations
where the jets reach. However, once the interaction of the synthetic jets occurs, large rms velocity
fluctuations are observed at the downstream end of the merging region. As the merging region is
shifted toward the downstream region with time in the blowing phase, the location where the rms
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velocity fluctuations attain the maximum also varies with time. We have also examined the PDF of
velocity fluctuations. For a fixed frequency, the flow generated by the two-orifice model has stronger
intermittency in the blowing phase than that for the four-orifice model. This intermittent behavior
results in a skewed distribution of the PDF. However, the deviation of the PDF from a Gaussian
function is not significant for the suction phase. The present results for the interaction of the
synthetic jets generated by the PSJAs will be useful for future applications in developing devices for
flow control and the facilities to generate compressible turbulence.
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