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Abstract: The paper presents a joint experimental and numerical characterization of double-orifice
synthetic jet actuators for flow control. Hot-wire measurements of the flow field generated by the
device into a quiescent air environment were collected. The actuation frequency was systematically
varied to obtain the frequency response of the actuator; its coupled resonance frequencies were
detected and the velocity amplitude was measured. Direct numerical simulations (DNS) of the flow
field generated by the device were subsequently carried out at the actuation frequency maximizing
the jet output. The results of a fine-meshed parametric analysis are outlined to discuss the effect
of the distance between the orifices: time-averaged flow fields show that an intense jet interaction
occurs for small values of the orifice spacing-to-diameter ratio; phase-averaged velocity and turbulent
kinetic energy distributions allow to describe the vortex motion and merging. A novel classification
of the main regions of dual synthetic jets is proposed, based on the time- and phase-averaged flow
behaviour both in the near field, where two distinct jets converge, and in the far field, where an
unique jet is detected. The use of three-dimensional DNS also allows to investigate the vortex
merging for low values of the jet spacing. The work is intended to provide guidelines for the design
of synthetic jet arrays for separation control and impinging configurations.

Keywords: active flow control; synthetic jet actuators; turbulent jets; vortex dynamics

1. Introduction

The use of synthetic jet (SJ) actuators for flow control has become widespread during
the last years. Their application field is nowadays very wide, including flow separation
control [1], optimization of the aerodynamic forces of lifting surfaces on aircraft [2] and
wind energy systems [3], jet cooling [4] and many other activities. The rise in popularity
of synthetic jet actuators has been driven by the fact that they are able to produce global
changes to an incoming flow with low power consumption and reduced sizes [5].

Generally, synthetic jets are generated by arrays or multi-orifice devices, in order to
maximize their efficiency in impinging configurations or to cover extended regions for
separation control purposes [6,7]. The flow field generated by these devices and their heat
transfer performance are dramatically influenced by the presence of adjacent jets, which
can interact and merge, thus affecting their control authority. For this reason, research
activities on multi-orifice actuators in quiescent conditions appeared as a compulsory step
before introducing them in more complex environments.

The application of multi-orifice and multi-slot actuators in practical situations is well
established in literature, starting from the seminal work of Smith and Glezer [8] on a
double-slotted actuator. One of the key reasons which led the researchers to investigate this
configuration is its higher cooling performance with respect to a single, centered orifice.
The works by Chaudhari et al. [9] and Mangate et al. [10] first investigated this feature:
they designed an actuator with a resonant cavity connected to the external environment
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by means of a set of circular orifices, constituted by a central one, which is surrounded by
satellite holes. Their experimental measurements allowed to state that this solution is able
to achieve a higher heat dissipation if compared with a single hole device, even if a plug
central orifice is considered.

Introducing a phase difference between the jets has been found to further enhance
their thermal efficiency: Luo et al. [11] conceived an innovative synthetic jet device, where
a resonant cavity is split by a wall on which two piezo-electric elements are glued, thus
creating two jets in opposing phase. This actuator was recently used for the control of
spray cooling systems by He et al. [12]. The same goal, obviously, can be accomplished
by using jets issuing from twin, independent cavities, as in Alimohammadi et al. [13] and
Berk et al. [14]. This allowed to exploit a continuous range of phase differences between
the jets, which can be fixed between 0 and 2π to maximize a relevant performance index.

Besides, a smaller number of research activities involved multiple synthetic jets issuing
in phase into a free, quiescent environment. The first study of this kind was carried out
by Watson et al. [15], who investigated experimentally the effects of the jet exit area and
spacing using smoke and laser visualization techniques. Implications of the use of adjacent
synthetic jets to control an incoming crossflow were subsequently discussed by the same
group [16]. More recently, Riazi and Ahmed performed numerical simulations of the
external field generated by a double-orifice synthetic jet actuator [17]. Its behaviour was
first compared with an equivalent, single-orifice one, then the effects of varying the orifice
diameter and the jet spacing on the vortex coalescence were investigated. They found a
threshold value of so/d (where so is the orifice spacing and d the orifice diameter) for vortex
interaction, which depends on the dimensionless stroke length of the actuator. However,
their analysis was restricted to very low Reynolds numbers (indeed, the flow is laminar),
which rarely occurs in practical SJ applications.

Chiatto et al. [18] carried out a joint numerical, experimental and analytical lumped
element model (LEM) investigation. They have been able to describe the effect of the main
actuator characteristics (actuation frequency, cavity geometry and mechanical properties)
on the jet output. Ceglia et al. [19] performed an experimental study, using hot-wire
anemometry (HWA) and particle image velocimetry (PIV) to investigate the external
flow behavior of an array of slotted synthetic jets in quiescent condition. Their analy-
sis considered both the time-averaged flow characteristics, including jet spreading, axis
switching and streamwise velocity decay, and phase-averaged velocity data to discuss the
vortex organization and trajectory. The same device was also numerically investigated
by Palumbo et al. [20]. Kim et al. [21] analyzed the effect of dimensionless orifice spacing
and stroke length on the jet interaction in double-orifice synthetic jets, using phase-locked
PIV to obtain time- and phase-averaged flow fields. They invoked previous findings
on continuous dual-jet flows to define different flow regions, where the jet trajectories
converge and merge in single ones, and investigated their features as a function of the SJ
operation parameters.

The present analysis is focused on the practical realization of a double-orifice actuator
for flow control. A combined experimental and numerical investigation has been carried
out, in order to characterize the actuator performance and detect the main external flow
characteristics. A first step of the present study consisted in the actuator design and
manufacturing; hot-wire measurements of the flow immediately downstream of the orifice
exit plane were collected for different values of the actuation frequency, thus obtaining the
frequency response of the device.

Direct Numerical Simulations (DNS) of the actuator under investigation were subse-
quently performed: while the computational geometry of the cylindrical cavity perfectly
matches the experimental one, the orifices position was gradually changed to seek a config-
uration characterized by strong jet interaction. The innovative aspect of the present work is
that, to the authors’ knowledge, no fully three-dimensional representation of the turbulent
flow field generated by the synthetic jets in dual-orifice configuration has been obtained
so far. As a matter of fact, the additional flow resolution guaranteed by DNS, its intrinsic
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three-dimensionality and ability of capturing all temporal and spatial scales of the instan-
taneous, turbulent motion can provide further insights than the previous experimental
studies [21] and laminar simulations [17]. It is worth noting that the experimental and
the computational methods are basically complementary to each other: the experimental
investigation allowed to obtain an overall assessment of the actuator performance (in terms
of the relation between the jet output velocity and the actuation frequency), and to detect
its resonance frequencies. The numerical simulations have been carried out at the actuation
frequency which maximizes the jet averaged velocity, taking advantage of the previous
experimental study, and their aim is basically to investigate the dependence of the external
flow features on the jet spacing.

The paper is outlined as follows: Section 2 outlines the experimental and numerical
methods employed for the present analysis, and the set of the involved actuator parameters.
Section 3 regards the frequency response of the device, based on hot-wire experimental
measurements, whereas the effect of the orifice spacing on the external flow development
is numerically analyzed in Section 4. Conclusions are reported in Section 5, which also
includes a brief discussion of future work.

2. Experimental and Numerical Methodology

The present section is devoted to providing information about the experimental and
numerical setup employed for the present investigation. A description of the manufactured
device and the experimental mock-up is presented in Section 2.1, whereas a description of
the numerical tools in given in Section 2.2.

2.1. Experimental Setup and Synthetic Jet Actuator Description

A double-orifice synthetic jet actuator was designed to investigate the features of
multi-orifice devices. The actuator was completely assembled in house: it consists of a thin
lead zirconate titanate (LZT) piezo-element (realized by PIEZO Inc. and reported as the
element (2) in Figure 1), which is glued on the bottom surface of a brass membrane (element
(3) in Figure 1) using a two-component silver-filled epoxy resin (EPO-TEK E4110-LV); A
circular guide was used to correctly place the piezo-ceramic disk, to have its axis coincident
with the actuator one. A sketched view of the main elements of the actuator is provided in
Figure 1, which also highlights its correct assembly order and the main connecting elements;
the geometrical parameters and mechanical properties of the double-orifice actuator are
summarized in Table 1 and Figure 2: a shallow cavity of diameter dc = 42 mm and height
hc = 3 mm (element (4) in Figure 1) is connected to the external environment by two
cylindrical orifices of length h = 2 mm and diameter d = 2 mm (elements (5) in Figure 1).

1© 2© 3© 4©

5©

Figure 1. Exploded view of the double-orifice synthetic actuator, with indication of the main
connection elements: support (1), piezo-element (2), shim (3), cylindrical cavity (4), orifices (5).
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Table 1. Geometrical characteristics, mechanical properties and resonance frequencies of the double-
orifice synthetic jet actuator. The subfixes (·)s and (·)p refer to the shim and piezo-element properties.

Parameter Unit

Cavity diameter, dc 42 mm
Cavity height, hc 3 mm
Orifice diameter, d 2 mm
Orifice height, h 2 mm
Orifice distance, so 25 mm

Shim thickness, hs 0.2 mm
Shim Young Modulus, Es 9.7× 1010 Pa
Shim Poisson’s ratio, νs 0.36 –
Shim density, ρs 8490 kg/m3

Piezo diameter, dp 31.8 mm
Piezo thickness, hp 0.19 mm
Piezo Young Modulus, Ep 6.6× 1010 Pa
Piezo Poisson’s ratio, νp 0.31 –
Piezo density, ρp 7800 kg/m3

Modified Helmholtz
resonance frequency, f1

1450 Hz

Modified structural resonance
frequency, f2

1850 Hz

hp

hs

hc

h

dp
ds

so

dy

zx

Figure 2. Sketch of the double-orifice configuration under investigation, with main notation and
reference axes.

The piezo-element is deformed as the result of the application of a sinusoidal electrical
excitation, generated by a multi-function instrument (Digilent Analog Discovery 2) first,
and then amplified by a linear gain amplifier (EPA-104, Piezo Systems). Piezo-electric
electrodes are connected to the amplifier, and welded to the LZT disk in order to provide
the desired excitation. A peak-to-peak voltage equal to 60 Vpp was fixed for all the ex-
periments, whereas the actuation frequency range was preliminarily chosen according to
analytical evaluations of the decoupled structural and fluid-dynamic (Helmholtz) reso-
nance frequencies, whose expressions can be found on previous works [22,23]. Further
remarks on the selection of the actuation frequency range are given in Section 3, as regards
additional information on the physical characteristics of the piezo-ceramic disk, the reader
is referred to previous works written by the present authors [22,24], where the same type
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of piezoceramic disk has been employed and its parameters have been used to build a
lumped element model of the actuator.

The frequency response of the actuator and the distribution of its main non-dimensional
parameters (described in the following) were obtained by means of experimental mea-
surements of the streamwise velocity component at a location close to the orifice exit
(x/d = 0.1). A constant temperature hot-wire anemometer (Dantec Dynamics MiniCTA),
equipped with a 5 µm wire probe, was used at this purpose. The measurement device has
been preliminary calibrated, as outlined in Appendix B, to obtain a relationship between the
output voltage Ehw and the measured velocity. The velocity signal was sampled at a 10 kHz
rate for over 1000 cycles; an estimation of the experimental uncertainty of the hot-wire
data has been made with standard procedures [25]; the uncertainty in the phase-averaged
streamwise velocity is found to be less then 3%.

The experimental mock-up used throughout the present work is shown in Figure 3;
all tests have been carried out at atmospheric pressure and a constant temperature of 21 ◦C
within a unique time window, which made possible to neglect the effect of temperature
variations on the hot-wire anemometry calibration curve. The effect of the misalignment
between the air flow generated by the actuator and the hot-wire anemometer is not con-
sidered as well, as the hot-wire measurements are collected in the near-field region of the
jet, within its potential core, where the velocity is orthogonal to the orifice exit plane. This
assumption is further corroborated by the numerical simulation in Section 4.1, which also
shows that the jets evolve independently for the chosen value of so for the experimental
actuator (meaning that no jet convergence is detected in this case).

Figure 3. View of the experimental setup for the hot-wire anemometry measurements.

The primary objective of the experimental campaign was the evaluation of the phase-
averaged velocity at the orifice exit 〈ue〉, which can be used to obtain an experimental-based
definition of the stroke length:

Lj =
∫ T/2

0
〈ue〉dt (1)

where T is the actuation period. The non-dimensional stroke length Lj/d is a crucial
parameter in determining the synthetic jet performance as it is related by many authors
to the jet formation (see [23] for an extensive discussion on this topic). Besides, other
important non-dimensional quantities are the jet Reynolds, Stokes and Strouhal numbers,
defined in the following Equation (2)

Rej =
ρaUjd

µa
, Stj =

2π f d
Uj

, S =

√
2πρa f d2

µa
(2)

where Uj = Lj/T is the averaged jet blowing velocity. Such parameters exhaustively
define the external flow features of a single-cavity, single-orifice actuator; however, in
the context of multi-orifice actuators the jet spacing-to-diameter ratio so/d is definitely
an additional parameter to be taken into consideration. It is worthwhile noting that the
quantities described above are intrinsically area-averaged due to the finite dimension of the
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hot-wire probe: on the other hand, numerical simulations allow to define another reference
velocity U0

U0 =
1
T

∫ T/2

0

∫
A
〈u〉(x = 0, y, z, t)dAdt (3)

with Reynolds and Strouhal numbers modified accordingly.

2.2. Numerical Model

The numerical investigation relies on fully three-dimensional direct numerical simula-
tions of the flow field generated by the double-orifice actuator in a quiescent environment.
A representation of the z-normal symmetry plane of the three-dimensional domain used
for the present work is depicted in Figure 4, highlighting the boundary conditions enforced
on the external boundaries.

x

y

oscillating
inlet

walls

outlet

Figure 4. Numerical setup: slice view of the z = 0 symmetry plane and summary of the bound-
ary conditions.

The numerical domain includes the actuator cavity, the orifices and an external en-
vironment of cylindrical shape; the external domain was designed, after preliminary
computations, to be large enough to prevent any dependence of the numerical results on
its dimensions. The cavity geometrical parameters (height and diameter) were fixed for all
simulations as well as the orifice shape, whereas the orifice distance so is systematically
varied to investigate its effect on the jet development. The parameter so ranges between
5 mm (which, as highlighted in Section 4, satisfies the criterion for vortex interaction by Ri-
azi and Ahmed [17]) and 25 mm, which is the orifice spacing of the manufactured actuator.
The latter case constitutes a validation of the numerical setup.

The numerical simulations were carried out using the popular open-source suite
OpenFOAM. This code has been widely used in a large variety of fluid-dynamic problems,
both in industrial and research activities. The native solver pimpleFoam, based on a finite-
volume discretization of the unsteady incompressible Navier-Stokes equations, was chosen.
All simulations were carried out in parallel on the CINECA high-performance clusters
Marconi and Galileo, using up to 256 processors.

The multi-block, structured numerical meshes used in the present work were built
using the native meshing tool blockMesh; the domain decomposition required for the
parallel computation was obtained using the parallelization option scotch provided by the
OpenFOAM utility decomposePar. Figure 5 represents two zoomed views of the grid in the
x-y and y-z planes, next to the orifice exit, for the so/d = 5 case: the mesh was clustered in
the near field to correctly discretize the actuator geometry and provide good resolution of
the high velocity gradients. The total number of cells of the numerical mesh reaches about
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4 millions for the finest grid used within the present work; two coarser grids, of about 1
and 2 million grid cells, were also tested.

0 1 2 3 4 5
−2

−1

0

1

2

3

y/d

x
/
d

−4 −3 −2 −1 0
−2

−1

0

1

2

y/d

z
/
d

Figure 5. Zoomed view of the computational mesh in the x-y plane (left) and y-z plane (right). Case
so/d = 5. Only half of the cells are shown for the x-y view.

The temporal discretization used for all computations is based on a 2nd order, multi-
step backward scheme, whereas the spatial discretization relies on full 2nd order centred
schemes. The arising pressure linear system is solved using a generalized geometric-
algebraic multi-grid (GAMG), with a target tolerance of 10−7; a Gauss-Seidel iterative
method with the same tolerance is used for the momentum equation. A constant Courant
number C = 0.5 is used for all simulations; the flow was initially at rest, then 10 operating
cycles were simulated to reach a statistically stationary flow. The averaging process was
carried out within the following 40 cycles.

The metal shim is driven at its structural frequency, which is shown to be 1850 Hz in
Section 3, for all simulations. The effect of the oscillating motion on the flow within the
cavity is modeled using a time-varying Dirichlet condition, enforced at the undisturbed
position of the diaphragm. More details on the time and space distributions of the inlet
condition are provided in Appendix A; in this context, it is worthwhile remarking that the
goals of the analytical approach carried out for the evaluation of the inlet condition were
to define a spatial shape close to the actual diaphragm motion and to obtain the correct
value of the volumetric flow rate to match the experimental measurements at the jet exit.
Moreover, as the oscillating inlet condition mimics the actual wall deformation, no turbulent
fluctuations have been introduced on this boundary; the turbulent nature of the flow is the
result of the transitional phenomena inside the pipe and in the external environment.

As regards the other velocity boundary conditions, no-slip conditions are enforced on
all of the fixed cavity walls, whereas homogeneous Neumann conditions are applied on
the side environmental boundaries. The mixed condition inletOutlet is used on top of
the external domain, which automatically prevents the possibility of backflow when the
instantaneous turbulent flow structures impact against the domain streamwise end. The
(differential) pressure is set to zero on the same boundary and the environment sidewalls,
as opposed to all the other domain faces where a null normal derivative is imposed.

3. Experimental Evaluation of the Actuator Frequency Response

The frequency response of the device, in the S− Stj plane, is reported in Figure 6;
it was obtained varying the actuation frequency from 0 to 2500 Hz, which corresponds
to a Stokes number ranging from 0 to 65. The frequency range is chosen to include
both the incompressible actuator behavior (which is obtained for small values of the
actuation frequency) [22] and the resonance frequencies. As regards the latter quantities,
the structural and Helmholtz uncoupled frequencies have been computed and used to
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define the experimental operation range: their values are given by Equations (A6) and (4),
respectively:

fH =

√
γAo pa

ρa(Vc/2)he
(4)

where ρa is the ambient air density, γ = 1.4 is the heat coefficient ratio and Ao = πd2/4 the
orifice area. It must be noted that, according to [18], the modified length of the orifice he
is used for the evaluation of the Helmholtz frequency, and only half of the cavity volume
Vc = πd2

c hc/4 is considered. The values of the uncoupled resonance frequencies are
fH = 1080 Hz and fw = 3020 Hz; as little jet velocity is detected for f ≥ 2500 Hz, the
experimental campaign was stopped at this frequency value.

0 10 20 30 40 50 60 70
0

0.1

0.2

0.3

0.4

0.5

Helmholtz resonance

Structural resonance

S

1

Stj

Figure 6. Frequency response of the manufactured double-orifice actuator: experimental Strouhal
number Stj as a function of the Stokes number S. The resonance peaks (modified structural and
Helmholtz frequencies) are highlighted.

Note that at low frequencies all the data points tend towards a constant value repre-
sented by the incompressible solution, which is the static solution of the equivalent forced
damped spring-mass system [23]. Increasing the Stokes number (thus the actuation fre-
quency), higher velocities are retrieved close to the modified Helmholtz ( f1) and structural
( f2) resonance frequencies, and then the response decreases to zero. For this specific case,
the Helmholtz resonance frequency is equal to f1 = 1050 Hz (S = 41.7), while the structural
one is f2 = 1850 Hz (S = 55.4); this latter has been chosen as the reference case for the
numerical simulations reported below.

4. Effect of Orifice Spacing via Direct Numerical Simulation

The direct numerical simulations of the flow generated by the device for different
values of the orifice spacing ratio s0/d are discussed in the present section. Four spacing
values have been considered for the numerical campaign only, namely so/d = 2.5, 3, 3.75, 5,
with the additional validation case of so/d = 12.5, identical to the manufactured device.
The validation study is discussed in Section 4.1: the list of the computational cases involved
in the present investigation is given in Table 2.

All the computational results are shown in terms of time-averaged and phase-averaged
velocity fields, defined as in Equation (5):

u(x, t) = 〈u(x, t)〉+ u′(x, t) = ū(x) + ũ(x, t) + u′(x, t) (5)

where ū is the time-averaged velocity vector field and 〈u〉 is the phase-averaged one. The
remaining terms on the right-hand side of Equation (5) are the phase-correlated velocity
contribution ũ (due to the periodic inlet generated by the actuator) and the actual turbulent
fluctuation u′. As usually done for synthetic jets, it is interesting to investigate the phase-
averaged Reynolds stress tensor 〈u′u′〉, which well describes the turbulent behavior of the
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flow during the actuation cycle. The turbulent kinetic energy associated to this Reynolds
stress definition is 〈K〉 = (〈u′u′〉 + 〈v′v′〉 + 〈w′w′〉)/2. Finally, the phase-averaged Q-
criterion [26] is used to investigate the development of the vortical structures generated
during the ejection phase at the actuator exit.

Table 2. Summary of the numerical cases: V is the validation case, S1–S4 refer to the parametric
analysis in terms of the orifice spacing.

Case Reynolds
Number Re0

Stokes Number
S

Orifice Spacing
so/d

Stroke Length
L0/d

V 800 55.4 12.5 1.7
S1 800 55.4 2.5 1.7
S2 800 55.4 3 1.7
S3 800 55.4 3.75 1.7
S4 800 55.4 5 1.7

4.1. Validation of the CFD Setup

A preliminary step of the numerical investigation consisted in validating the CFD
setup. For this reason, a preliminary computation was performed for the very same
geometry involved in the experimental analysis (with so/d = 12.5) . The reference quantity
used for validation was the phase-averaged streamwise velocity component at the jet
exit, where hot-wire measurements are available (x/d = 0.1, y/d = so/2). A comparison
between the CFD results and the experimental data is provided in Figure 7, where three
different grids are investigated: it is shown that a good agreement is obtained for the finest
grid case, which is also characterized by a quasi-sinusoidal trend.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

−4

−2

0

2

4

t/T

〈u〉
U0

Figure 7. Comparison between experimental streamwise phase-averaged velocity measurements
at the orifice exit plane (circles) and numerical results for different grid sizes: coarse (dotted line),
medium (dashed), fine (solid). Validation case, so/d = 12.5.

Interestingly, one can erroneously state that a phase lag between the actuator forcing
and the jet output exists at the beginning of the actuator cycle; in fact, such a behavior can
be attributed to the effect of the very high Stokes number of the simulations, which leads to
an irregular velocity profile at the jet exit. A closer look to the phase-averaged volumetric
flow rate, depicted in Figure 8, reveals that there is no actual phase difference between the
diaphragm velocity and the exit flow rate, given that a sinusoidal trend is retrieved for this
quantity. Such a behaviour must be expected for the chosen computational setup.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

−4

−2

0

2

4

t/T

〈Q〉
A0U0

Figure 8. Phase-averaged distribution of the volumetric flow rate 〈Q〉 issuing from one orifice.
Validation case, so/d = 12.5, fine grid.

The possible existence of twin jet interaction can be investigated by looking at the
time-averaged velocity profiles in Figure 9. It is clear that the jets behave as isolated ones,
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due to the very high spacing between the orifices. Indeed, the crosswise location of the
velocity peaks is basically constant with x, suggesting that the jet trajectories are orthogonal
to the exit plane, and a large region of null streamwise velocity is obtained between the jets.

0

1

2

0

1

2

0

1

2

u

U0

0

1

2

−10 −5 0 5 10

0

1

2

y/d

(i)

(ii)

(iii)

(iv)

(v)

Figure 9. Crosswise profiles of time-averaged streamwise velocity at streamwise stations (i) x/d = 1,
(ii) 2, (iii) 4, (iv) 6, (v) 8.

As a result of the validation study, it can be stated that the numerical setup is capable
of reproducing the experimental data, but no jet interaction can be seen for the baseline
case so = 25 mm. Given that the next sections are devoted to investigating possible jet
convergence and vortex merging phenomena, this case will not be investigated any further.

4.2. Phase-Averaged Results

A three-dimensional view of the different flow topologies generated for two so values
is given by Figure 10, which depicts the vortex distribution for so/d = 2.5 and so/d = 5
during the ejection phase (t/T = 0.375). Vortex interaction is clearly visible in the former
case, as the vortices move toward the symmetry plane y = 0 during their motion; the inner
parts of the vortex rings basically meet themselves after about 2 cycles. The ring shapes are
also affected by the small orifice distance, as the vortices generated in the previous cycle
are clearly distorted for the lowest so/d value. In fact, it can be seen that the inner sides of
the vortex rings are basically parallel to the actuator exit plane, whereas their outer edges
are strongly inclined. The above features cannot be observed for the vortex rings in the
s0/d = 5 case, whose trajectories are roughly parallel to the x axis and their annular shape
is preserved during their motion.

Further insights on synthetic jet merging during the actuation cycle can be observed
using phase-averaged velocity fields. Figures 11 and 12 depict several contour plots of
streamwise velocity and turbulent kinetic energy in the x-y plane at different actuation
phases. For simplicity only one orifice is shown, thus exploiting the fact that phase-
averaged streamwise fields are symmetric with respect to the x axis. In the so/d = 2.5 case
the flow is clearly asymmetric with respect to the orifice axis (y = so/2), as the jet trajectory
is strongly inclined toward the y = 0 plane. The negative streamwise velocity observed
in the inner region is stronger than the external one, as the result of the composition of
the velocities induced by the vortex pair. This effect can be easily deduced by the kinetic
energy contour plots, which are characterized by a strong asymmetry with respect to the
orifice axis as well. In particular, in the near field a strong region of turbulent intensity can
be encountered in the external part of the vortex ring; this intense turbulent region rapidly
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dissipates as the vortices move downstream, whereas the turbulent intensity in the region
between the orifices simultaneously increases. For x > 5d the kinetic energy distribution
appears to have only the external peak, meaning that its distribution is matching the one of
a single turbulent jet.

−1 0 1 2 3

〈u〉/U0

Figure 10. Isosurfaces of phase-averaged Q-criterion, colored with the streamwise phase-averaged
velocity component 〈u〉/U0: 〈Q〉 = 0.05, t/T = 0.375, so/d = 2.5 (left), so/d = 5 (right).
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Figure 11. Contour plots of the phase-averaged turbulent kinetic energy 〈K〉 (left half of each plot)
and phase-averaged streamwise velocity component 〈u〉 (right half of each plot): z = 0, so/d = 2.5,
(a) t/T =0.25, (b) 0.5, (c) 0.75, (d) 1.
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Figure 12. Contour plots of the phase-averaged turbulent kinetic energy 〈K〉 (left half of each plot)
and phase-averaged streamwise velocity component 〈u〉 (right half of each plot): z = 0, so/d = 2.5,
(a) t/T = 0.25, (b) 0.5, (c) 0.75, (d) 1.

On the other hand, all the features just described are barely visible for the so/d = 5 case,
suggesting that the vortices dissipate themselves before reaching the y = 0 plane. However,
for x > 2d the jet is clearly spreading in the y direction, meaning that a possible jet merging
can be seen in the far field region due to this effect, rather than due to vortex interac-
tion. However, such a jet coalescence would happen in a region where the jet strength is
almost dissipated.

Finally, it is interesting to investigate the phase-averaged streamwise velocity distri-
bution along the x axis, shown in Figure 13. As a matter of fact, the pair of vortex rings
generated by the double-orifice device induces a reverse flow region between them, which
is clearly visible for the lowest spacing case. This negative streamwise velocity area can
be observed during the entire cycle, not only during the suction phase, meaning that an
extended, strong time-averaged recirculation region should be expected.

Likewise, the highest spacing case is also characterized by the presence of a reverse
flow phase-averaged streamwise velocity, whose intensity is smaller than in the above case;
the reverse flow is stronger during the suction phase, as for the lower so actuator.

In conclusion, the phase-averaged flow field is characterized by the presence of two
reverse flow region, one occurring only during the suction phase around the orifice exit
and another one lying on the symmetry plane due to the vortex-induced velocity. The
latter region reaches a longer streamwise distance from the exit plane than the former
(for so/d = 2.5, ≈2.5d for the reverse flow on the symmetry plane, ≈0.5d for the extremal
position of the saddle point), meaning that double-orifice actuators are characterized by
the possibility of negative streamwise velocity way beyond the saddle point. This feature
must be taken into account for both control and cooling applications.
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Figure 13. Distribution along the x axis of the streamwise component of the phase-averaged flow
field 〈u〉, for different phases: t/T = 0.25, 0.5, 0.75, 1. (a) so/d = 2.5, (b) so/d = 5.

4.3. Time-Averaged Results

The theory of continuous twin jets has defined two main characteristic points, namely
the merging point and the converging point, which can be used to split the time-averaged
velocity field into three main regions: a converging region, where a low-speed motion
can be observed within the jets, a merging region, where the jets coalesce and the velocity
peaks converge toward the spanwise symmetry plane, and the combined region, where the
flow behaves as a single jet [27,28]. Operative definitions of the time-averaged streamwise
locations xmp and xcp of merging and combined points are the following: xmp is obtained
as the streamwise location where the streamwise velocity on the actuator axis is null,
whereas xcp is evaluated as the location where the velocity peak is close enough to the
centerline one.

It is worth noting that the converging region of continuous slotted jets is characterized
by the presence of a time-averaged bubble region, as opposed to continuous twin jets
where no reverse flow has been detected so far, as documented by the literature review
in the research paper by Laban et al. [29]. Conversely, recent experimental works have
demonstrated that double-orifice synthetic jets present a recirculation region between its
orifices [21]; the present study, along with the findings of the cited one, can shed light on
the occurrence of this inner reverse flow region for synthetic jets, also by relating phase-
and time-averaged results.

Two contour plots of the streamwise time-averaged velocity ū in the x-y plane, for
two different values of the orifice spacing so/d = 2.5 and 5, are shown in Figure 14. The
isocontour lines ū = 0 is represented as a thick blue line to represent the extent of the
recirculation regions. The basic structure introduced above is observed also in the present
case, and the reverse flow region is larger for the highest so case, in agreement with the
aforementioned study. The combined region is visible for the lower so case: for x/d > 5
the jets collapse into an unique structure, and their behavior appears similar to a single jet.

The distribution of the characteristic points as a function of the orifice spacing is shown
in Figure 15, along with streamwise profiles of the streamwise velocity component along
the x axis for different so values. A linear trend for both xmp and xcp is obtained by the
numerical simulations, in agreement with the previous studies of continuous and synthetic
dual jets. It is worth noting, therefore, that although the simulations with so/d > 2.5 are
beyond the threshold proposed by Riazi and Ahmed [17], jet interaction still exists and it is
possible to also obtain a single jet behavior for so = 5d.



Actuators 2021, 10, 326 14 of 20

12.5 10 7.5 5 2.5 0 2.5 5 7.5 10 12.5
−2.5

0

2.5

5

7.5

10

y/d

x
/
d

0

0.5

1

1.5

2
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Figure 14. Contour plot of the time-averaged streamwise velocity field ū, z = 0. so/d = 5 (left),
so/d = 2.5 (right). A blue contour line ū = 0 is depicted to highlight the recirculation zones.
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Figure 15. (a) Streamwise distribution of the time-averaged streamwise velocity ū along the x axis;
(b) Streamwise location of merging (◦) and combined (•) points as a function of the orifice spacing,
with linear fits (dashed lines).

Finally, it is interesting to compare the streamwise position of the time-averaged
merging point with the maximum extension of the phase-averaged reverse flow region
xrev,max, which occurs during the suction phase (as highlighted by Figure 13). As discussed
in the previous section, for the so/d = 2.5 case the latter is ≈2.5d, whereas xmp = 1.8d;
similarly, for so/d = 5, xrev,max ≈ 5d and xmp = 4.4d. This fact clearly highlights that,
mainly due to the phase-correlated velocity contribution, negative values of the streamwise
velocity may occur also downstream of the time-averaged merging point. Again, this
aspect should be carefully taken into consideration to correctly design the actuator.

5. Conclusions

A combined numerical and experimental study of the performances of a piezo-driven
synthetic jet in double-orifice configuration has been presented. The investigation follows
the preliminary tasks of a possible design procedure of a SJ actuator in crossflow conditions.
First of all, the device has been designed according to the main guidelines provided by
the lumped element model technique. It is worth noting that obtaining a desired value
of the jet velocity for the design frequency of the control strategy (which, in this case, is
the structural one) is a crucial step for a correct assessment of the device. Indeed, several
works have demonstrated that the control of shear flows is strongly dependent both on
the jet-to-crossflow momentum ratio and the ratio between the actuation frequency and
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a characteristic flow pulsation. Such a finding is well recognized in literature for both
attached [30] and separated [31] turbulent flows.

Once the baseline configuration was defined and the frequency response was obtained,
numerical simulations were performed to properly investigate the main external flow
topology, in terms of vortex trajectory and jet interaction as a function of the orifice spacing.
Time-averaged flow fields allow to observe that, contrarily to continuous twin round
jets, a strong recirculation region is formed between the orifices for relatively low orifice
spacings. A close inspection of the centerline phase-averaged velocity plots reveals also
that a reverse flow region is visible not only during the suction phase but also during the
rest of the cycle, as it is formed by the induced velocity generated by the twin vortex rings
generated by the device. This means that the time-averaged negative streamwise velocity
is not only a result of the averaging process, but it actually exists for the most part of the
actuation cycle, and a non-negligible probability of reverse flow can be found also beyond
the time-averaged merging point. All these aspects can be crucial either in a separated
flow control framework (to define an optimal orifice spacing for the crossflow under
investigation) or in an impinging one; as a matter of fact, the heat transfer performances
of impinging jets have found, for single-orifice actuators, to be strongly dependent on the
vortex celerity and trajectory and on the existence of intense shear layers phenomena at the
jet periphery [32,33].

As a conclusion, the present investigation constitutes an important step in the defini-
tion of optimized arrays of synthetic jets for separation control on aerodynamic surfaces or
for heat transfer purposes. Adjacent jets can be encountered in a huge number of appli-
cations, as outlined in Section 1, and they can be generated both by multi-orifice devices
and/or independent actuators. The present work confirms the existence of backflow also
for higher orifice spacings (so/d = 5) than the ones previously investigated and values
of the stroke length close to the jet diameter (L0/d ≈ 1), which have never been treated
before in this context. Moreover, the presented three-dimensional view of the interaction
between vortical structures arising for low values of so/d can be conveniently used to
deduce the vortex motion in the aforementioned cases, where a crossflow or a bounding
surface is concerned.

Future work in this topic should be devoted to driving quantitative comparison with
dual continuous jets and single-orifice actuators. A better view of the vortex converging
and merging phenomena can be obtained using modal analysis techniques, as Proper Or-
thogonal Decomposition and Dynamic Mode Decomposition. Experiments and numerical
simulations of dual impinging synthetic jets would be also of paramount importance to
provide information on the efficiency of such devices for cooling applications.
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Abbreviations
The following abbreviations are used in this manuscript:

CFD Computational fluid dynamics
CTA Constant temperature anemometry
LZT Lead zirconate titanate
DNS Direct numerical simulation
HWA Hot-wire anemometry
PIV Particle Image Velocimetry
SJ Synthetic jet
Nomenclature
A Area (m2)
a Sound speed (m/s)
C Courant number
D Shim flexural rigidity (N m)
d Diameter (m)
E Young Modulus (Pa)
Ehw Hot-wire output voltage (V)
f Frequency (Hz)
h Height (m)
K Turbulent kinetic energy (m2/s2)
L Stroke length (m)
p Pressure (Pa)
Q Volumetric flow rate (m3/s)
Re Reynolds number
so Jet spacing (m)
S Stokes number
St Strouhal number
t Time (s)
T Actuation period (s)
u, U Velocity (m/s)
V Volume (m3)
γ Heat coefficient ratio
µ Dynamic viscosity (Pa s)
ν Poisson’s ratio
ρ Density (kg/m3)
Subscripts
c Cavity
cp Converging point
H Helmholtz
mp Merging point
o Orifice
p Piezo-element
s Shim
t Total
w Wall
0 Orifice area-averaged

Appendix A. Inlet Boundary Condition

As explained in Section 2.2, the effect of the diaphragm motion is modeled by using a
time-varying inlet condition for the wall-normal velocity at the lower end of the cavity. This
approach has been successfully applied in several CFD works on synthetic jets as a simple
way to represent the oscillating mass flow rate generated by the device [34,35] as opposed
to the more computationally expensive solution of using coupled fluid-structure solvers
and moving meshes. A general form of the inlet condition is given by Equation (A1)

U(x = xc, y, z, t) = Uw(y, z) sin(2π f t) (A1)
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which is enforced at the undeformed position of the wall xc = −(h + hc). In this respect,
several choices for the velocity spatial distribution Uw(y, z) can be made, ranging from
a simple plug approximation (Uw = const), used in the aforementioned works, to more
complicated functions. In the present case, the orifices are placed far away from the actuator
axis, which implies that the effect of the diaphragm deformation shape should not be ne-
glected. For this reason, it has been preferred to use a velocity amplitude distribution close
to the time derivative of the actual diaphragm vibration shape. The governing equation
describing the vibration xw(y, z) of a thin plate of thickness hs is given by Equation (A2)

Ds∇4xw + ρshs
∂2xw

∂t2 − I2
∂2

∂t2 (∇
2xw) = q(y, z) (A2)

where q is the external forcing, Ds = Esh3
s /
[
12(1− ν2

s )
]

is the shim flexural rigidity (with
Es and νs being the Young modulus and the Poisson’s ratio coefficient, respectively), ρs
its density and I2 = ρsh3

s /12 its rotatory inertia. In general, the external forcing is the
superposition of two different loads: the force generated by the interaction of the shim with
the deformated piezo disk and the pressure force, caused by the difference between the
cavity pressure and the external one, which makes difficult to find an analytical solution
to the problem. However, given that the actuation frequency for the simulated cases is
equal to the structural frequency of the diaphragm, it can be reasonably assumed that the
actual deformation shape is equal to the leading free, axisymmetric vibrational mode of a
clamped plate. Its analytical expression is given by the solution of the eigenvalue problem
arising from the introduction of the modal ansatz xw = Xw(r)cos(2π f t) into Equation (A2)
(with the additional approximation of neglecting the I2∂2(∇2xw)/∂t2 term) [36]

(∇4 − β4)Xw = 0 (A3)

Xw(r = rc) = 0 (A4)
dXw

dr
(r = rc) = 0 (A5)

with β4 = ρshs(2π f )2/Ds. The leading eigenvalue is given by the solution of the non-
linear equation

I1(λ)J0(λ)− J1(λ)I0(λ) = 0

with λ = rcβ, and In and Jn are, respectively, the n-th order Bessel function and the Bessel
modified one. The numerical solution of the non-linear eigenvalue relation is λ2 ≈ 10.2,
thus obtaining

f = 10.2/(2πr2
c )
√

Ds/(ρshs) (A6)

The corresponding eigenmode is

xw,1(y, z, t) = A[J0(βr) + cI0(βr)] cos(2π f t) (A7)

and therefore

ẋw,1 = 2π f A[J0(βr) + cI0(βr)] sin(2π f t) = Uw(y, z) sin(2π f t) (A8)

where r = y2 + z2, and c = −I0(βrc)/J0(βrc) ≈ 0.056. Laser-Doppler vibrometer measure-
ments (not shown herein), carried out at the structural resonance frequency of the actuator,
corroborated the present ansatz. Finally, the amplitude of the diaphragm motion is ob-
tained by enforcing the global cycle-averaged mass conservation between the diaphragm
and the orifices. The mass conservation equation reads

Uw =
no Ao

Aw
Umax
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where Umax is the peak velocity at the orifices exit of the SJ actuator, no is the orifices
number and Uw is the mean inlet velocity amplitude, given by

Uw =
1

Aw

∫
Aw

UwdA

The inlet condition was implemented in OpenFOAM using the codeStream utility,
and the Bessel functions are evaluated using their truncated Taylor series expansions [37]:

J0(z) ≈
K

∑
k=0

(
−z2/4

)k

(k!)2 , I0(z) ≈
K

∑
k=0

(
z2/4

)k

(k!)2

with the first K = 5 terms adequately approximating the Bessel distributions.

Appendix B. Calibration of the Hot-Wire Anemometer

The calibration has been carried out in order to define a transfer function between
the hot-wire output voltage and the flow velocity. Such relation has been obtained using
the procedure outlined in [38]: the hot-wire probe is exposed to different (known) velocity
values, thus obtaining several points in the E−Uhw plane. A best-fit curve, defined by
Equation (A9), is then reconstructed from the HW data and used as transfer function.

Uhw = p1E4 + p2E3 + p3E2 + p4E + p5 (A9)

In the present calibration, the hot-wire has been located at the exit of a converging
nozzle of circular cross-section; the evaluation of the jet velocity generated outside of
the nozzle is obtained by comparing the hot-wire data with concurrent measurements
of the pressure difference along the contoured nozzle, which is related to it using the
Bernoulli equation

Uhw = at

{
2

γ− 1

[
1−

(
P
Pt

) γ−1
γ
]}1/2

(A10)

where at is the speed of sound, defined with reference to the total temperature Tt. A
radiator was used to prevent temperature increases in the external air flow due to the
compressibility effects generated by the nozzle. Several jet velocities were obtained by
changing the ∆P = Pt − P between the total pressure Pt (in a reservoir upstream of
the nozzle) and the static external one P. This pressure difference was detected by two
differential pressure transmitters (All Sensors and Honeywell pressure transducers, with a
range respectively of ±0.25 and ±2 in H2O and accuracy of 0.05 and 0.25%), whose output
voltage is acquired by the USB Instruments DS1M12, which is also used for the applied
voltage E acquisition and post-processing. The results of the calibration procedure are
shown in Figure A1; the chosen velocity range reaches Uhw = 30 m/s, which safely exceeds
the maximum SJ velocity, to avoid extrapolation in the subsequent experimental phases.
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Figure A1. Calibration curve: relation between the applied voltage Ehw and the velocity U.
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