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Abstract A complete investigation of a double-
orifice synthetic jet actuator, focused on the device
frequency response in terms of jet velocity, has been
carried out. Numerical simulations have shown that, in
many operation conditions, the flow within the
actuator cavity can be considered as divided in two
sub-volumes, each characterized by its own flow field.
An analytical approach, based on the previous con-
sideration, has allowed to obtain simple relationships
for the three resonance frequencies and to provide
further insights on the jets formation. The model has
been validated through experimental tests carried out
on two actuators manufactured in-house, having
different geometrical and mechanical characteristics.
Comparisons with the behavior of the twin single-
orifice device have been discussed and useful consid-
erations on the prediction of the actual formation of
the synthetic jet are included .
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1 Introduction

Synthetic jet (SJ) actuators are a well-established
technology widely used in different sectors. They have
been applied in many problems, such as flow control
[1], water spray vectoring [2], mixing enhancement
[3], heat transfer [4], and many others.

A synthetic jet is an electromechanical device
composed of a small cavity, which is sealed from one
side by an elastic vibrating diaphragm, and from the
other one it communicates with the external environ-
ment through one or more orifices (Fig. 1). A wave-
form electrical signal is used to excite the diaphragm,
usually composed of a thin metallic shim combined
with a piezo-ceramic element, producing a subsequent
alternation of fluid (air) ejection and suction phases
across the orifices. This motion results in a train of
vortex rings that interact with each other and break up
due to viscous dissipation, generating in the far field a
downstream-directed turbulent jet. A major interest in
these devices is related to the production of a non-zero
average momentum rate, with a null average mass
flow rate during an operation cycle. Moreover, its
generation does not require any continuous fluid
supply, because the jet is synthesized directly from
the surrounding ambient fluid, as well established by
Smith and Glezer [5] and Cater and Soria [6], among
others.

The scientific literature quotes several works
focused on the design and the application of these
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Fig. 1 Sketch of a two-

orifice synthetic jet actuator Orifices

devices, usually restricted to a single-orifice configu-
ration, favoring systems with several single-orifice
devices over few multiple-orifice actuators. On the one
hand, this preference is related to high velocity output
requirements, while on the other hand it lies into a
difficult prediction of a multiple-orifice device behav-
ior. These devices can be very useful when many close
orifices are required in a small space, both in flow
control and heat transfer applications. It clearly
appears the need to deeply investigate the multiple-
orifice configurations to understand their fluid-dy-
namic behavior and to develop different tools for
design and manufacturing purposes.

A first study of a two-orifice actuator was con-
ducted by Watson et al. [7], who experimentally
studied the fluid-structure interaction produced by this
device, varying the spacing between the orifices. They
argued that the resulting total circulation in a two-
orifice configuration is greater than that produced by a
single-orifice device with the same exit area. From a
numerical point of view, instead, an investigation was
carried out by means of unsteady incompressible
laminar simulations by Riazi and Ahmed [8], who
suggested the existence of a minimum spacing to
avoid any vortex interaction related to the main device
quantities. Very recently Sakakibara et al. [9] carried
out an experimental characterization of a high-speed
piston-driven SJ actuator for different configurations
(single and multiple holes) and diameters, with
cylinder  pressure  measurements and flow
visualization.

However, a multiple-orifice actuator has revealed
its maximum potential in electronic component cool-
ing problems. In this context, Chaudhari at al. [10]
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first and Mangate et al. [11] later explored the thermal
performances of an impinging SJ device (with addi-
tional satellite orifices around the main one). Exper-
imental measurements revealed that a multiple-orifice
device exhibits a better heat dissipation (~ 12%) with
respect to a single centered orifice and that it can be
successfully considered a valid and cost-effective
cooling device as compared to a classical fan. Two-
orifice configurations could be favourably employed
in flow control applications when an array distribution
of orifices is requested along the spanwise direction of
flow, as an alternative of slotted configurations.
Clearly, efficiency considerations should drive the
choice among the available configurations, and a
proper efficiency modeling should be developed for
the double- or multiple-orifice configurations, follow-
ing the guidelines given in the basic paper by Girfoglio
et al. [12] referring to the standard single-orifice
device.

The frequency response of a SJ actuator can be
successfully predicted through the definition of a low-
order model, i.e. the so called lumped element model
(LEM), which represents a very practical tool to obtain
the time variation of the thermodynamic quantities
inside the cavity, as well as the jet velocity at the
orifice, as functions of the operating frequency
(Chiatto et al. [13] and references cited herein).

This work aims at presenting a complete charac-
terization of a double-orifice SJ actuator, shedding
light on its frequency response in terms of air jet
velocity. An analytical approach, based on the fluid
dynamic behavior argued by means of numerical
simulations, will allow to obtain simple relationships
for the resonance frequencies and further insights on
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its formation. The model will be validated through
systematic experimental tests carried out on two
home-made actuators, having different geometrical
and mechanical characteristics.

2 Flow dimensionless quantities

It is well known that the behavior of a synthetic jet
actuator can be described through a finite number of
dimensionless quantities, see e.g. [14, 15].

One of the main parameter characterizing the jet
strength is the so called stroke length L, which
represents the average distance covered downstream
by the fluid during the ejection phase only:

B T/2
L= /0 U(t)dt (

where T'is the actuation period and U(f) represents the
phase-averaged jet velocity at the orifice exit, and ¢ is
the time. Starting from this quantity, it is convenient to
introduce a proper reference velocity through the
relation U = L/T, commonly referred to as stroke
length velocity.

Velocity measurements are frequently acquired in
the saddle point, i.e. the stagnation point which
separates the near field region, where the flow is
directed towards the cavity during the suction phase,
from the far field, where the jet is always directed
downstream and is well established. According to
classic literature findings [5, 16], the saddle point
velocity, U,, is roughly 1.1 times the stroke length
velocity, which in turn, for sine time variation of the
exit velocity, is related to its peak value by
U= Upax/7. Thus, to compare experimental mea-
surements of the external velocity in the saddle point
to numerical computations of the velocity peak value
U,.ax at the orifice, the following relationship can be
used:

—_—
~—

Umax
U, =1.1-"% (2)
b
A significant Reynolds number, based on the diameter
of the orifice d and on the averaged jet velocity, is
given by:

Re = %l (3)

with v being the kinematic viscosity coefficient of air.
The Stokes number can be defined as:
Py 4)
v
with o being related to the actuation cyclic frequency f
by o = 2nf. As a measure of the ratio between the
unsteady and the viscous forces, a high Stokes number
results in a thinner boundary layer along the orifice
wall and therefore in a top-hat shaped inner velocity
profile; on the other hand, a low Stokes number results
in a change from a top-hat to a near-parabolic shaped
velocity profile [17].
Finally, the Strouhal number can be introduced as:

wd
-2 (5)

St

Since the Strouhal number represents the ratio of the
unsteady forces to the inertial ones, it plays a crucial
role in the jet formation process. Very often the
dimensionless stroke length, L = I:/d, is also used,
which is related to the Strouhal number by the relation
St =2n/L.

The Reynolds, Stokes and Strouhal numbers are
clearly not independent of each other, since it holds:

5 (6)

St =—

Re
Hence, only two dimensionless numbers are sufficient
to completely characterize the state of a SJ device;
they have been introduced here for their specific
influence on the jet formation and the characterization
of the operative conditions, that will be analyzed in the
subsequent sections.

3 Numerical simulations

It has to be preliminarily stressed that the numerical
simulations reported hereafter have been carried out
only for the aim of obtaining overall qualitative
insights on the development of the flow field inside the
cavity. Detailed data concerned with the external
environment as well as local behaviors of mean and
turbulent quantities are beyond the scope of the
present paper and will be subject of future work.
Unsteady incompressible simulations, performed
with OpenFOAM, have been carried out to simulate
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the flow behavior within the cavity as well as in the
external field surrounding the orifice exit. OpenFOAM
is an open-source CFD toolbox which is widely used
nowadays for a large variety of thermo-fluid-dynamics
problems. The grid developed for the computation is
fully 3D and is composed of regular hexahedral
elements, modeling the whole geometry of the
actuator.

The orifices have a diameter of d =2 mm with a
height (or length) of # = 2 mm. Two different cavity
heights (H/d = 1, 10), with the same cavity diameter
(D/d = 20), have been considered to understand how
the flow behaves within the cavity. An actuation
frequency of f = 1000 Hz, corresponding to a typical
operating value, has been set for all the simulations.

The reference system has been defined as follows:
the origin is coincident with the center of the cavity
bottom plane (i.e., the diaphragm), the X axis is
directed along the streamwise direction, the Y axis
crosses the orifices centers and is orthogonal to their
axes, while the Z axis lies in the cavity plane. A
detailed view of the mesh around an orifice, in the
cavity bottom plane (X = 0), is presented in Fig. 2;
note that the same geometry has been retained from
the cavity to the end of the computational domain. The
grid points number has been assessed at the end of a
series of preliminary numerical tests (not reported
herein) to verify the convergence of the flow field
qualitative features. Figure 3 reports a sketch of a X-Y
cross section of the computational domain. Due to the
symmetry of the flow with respect to the X axis, only
half of the device is represented. Regarding boundary
conditions, on the fixed solid walls, indicated with a
thick line, a “no-slip” condition has been employed,
while the boundaries of the surrounding environment
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Fig. 2 Mesh detail around an orifice, X=0
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Fig. 3 Computational domain with the boundary conditions

are equipped with an “inlet/outlet” condition, and a
velocity inlet condition has been imposed at the
moving diaphragm to model the effect of the oscillat-
ing diaphragm (among others, see the recent contri-
bution by Zhou et al. [17]),

u(r) = Ax,,wcos (wt) (7)

where Ax,, is the diaphragm average linear displace-
ment. For these simulations a typical displacement of
Ax,, ~ 25 um has been considered (Krishnan and
Mohseni [18]).

To ensure an adequate spatial resolution of the flow
structures, the grid has been refined in the actuator
orifices, in the region around the jet exit and within the
cavity. The cavity cell size has been preserved for the
different simulations, meaning that the cells number
within the cavity for the case H/d = 10is 10 times the
one for H/d = 1; the computational domain of the
external environment extends by 25d in both the
radial and streamwise directions. The pimpleFoam
solver was employed, with a pressure accuracy of
10~7. Time integration is carried out by means of a
second-order accurate backward scheme. The time-
step size was set to keep at least 10 time intervals for
each cycle and to guarantee a Courant number lower
than 0.5. The spatial discretization is based on
centered second-order schemes. All the geometric
and numerical quantities are summarized in Table 1.

Overall, these simulations aim at studying the basic
behavior of the flow within the cavity so as to extract
useful information to be transferred to a low-order
model. In the post-processing phase, the application of
the Q-criterion [19] to the phase-averaged velocity
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Table 1 Numerical parameters of the CFD simulations

Cavity diameter, D/d 20
Cavity height, H/d 1, 10
Orifices height, h/d 1
Orifices distance, e/d 10

Cells number 1095500, 3561500
~25x%x 103, ~10°
Stokes number 40

0.64, 1.54

Reynolds number

Strouhal number

fields has allowed the identification of the vortical
structures and their evolution in the whole domain.

With reference to the H/d =1 case, the phase
averaged iso-surfaces of Q, with the Q values being
normalized with respect to the maximum value,
coloured by the streamwise velocity component, are
reported in Fig. 4. Four phases, corresponding to
t/T = 0.1, 0.3, 0.6 and 0.9, have been considered; the
continuous straight lines of each individual picture
define the cavity cross section made by the X—Y plane
passing through the orifice axes, with the orifice edges
being hidden by the colored vortical structures. Note
that the suction phase starts at mid-cycle, namely
t/T = 0.5. These pictures clearly show the formation
and the evolution of the vortex rings during the whole
cycle. At /T = 0.1 the ejection phase has already
started, a couple of vortex rings are forming near the
exit sections of the two orifices, while coherent
structures related to the previous cycle can be still
observed within the cavity. The vortices move down-
stream in the X direction as the cycle progresses, and a
secondary instability occurs along their azimuthal
direction leading to the break-up of the structures.
Similarly, during the suction phase (t/ 7=0.6),
another couple of vortices appear on the upper side
of the cavity moving towards the diaphragm, whereas
the external vortices completely lose their coherent
shape.

Riazi and Ahmed [8] found that for an orifice
centers distance, e, approximately greater than 1.5 L,
the vortex rings do not interact with each other. In the
present case it is e ~ L, thus one could expect an
interaction between the vortices a few diameters away
from the exit plane, but, due to the very small cavity
height, the vortices collide with the diaphragm and
their natural development is not allowed.

(a) t/T=0.1

30 (b) t/T=0.3

(d) t/T=0.9

Fig. 4 Iso-surfaces of phase-averaged Q-criterion with the
streamwise velocity for H/d =1 case. Iso-surface plotted at
Q0=25x10"3

A similar evolution has been found also for the
H/d = 10 case, as shown in Fig. 5. This geometric
configuration allows to follow not only the evolution
of the forming vortices, but also the subsequent
interaction with the previous ones. Indeed, the couple
of vortices, developed during the suction phase of the
previous cycle, move towards the diaphragm, losing
their coherent structure. Note that applying the same
boundary condition of Eq. (7), for a higher cavity
height, results in a lower stroke length velocity. This
case satisfies the Riazi and Ahmed condition, being
e > 2 L, meaning that the vortex rings move both in
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(d) t/T=0.9

«Fig. 5 Iso-surfaces of phase-averaged Q-criterion coloured by
the streamwise velocity for H/d = 10 case. Iso-surface plotted
atQ=25x1073

the stream directions without interacting with each
other. Figure 6 reports the phase-averaged streamlines
in the XY plane superimposed on the vorticity field at
t/T = 0.5, i.e. at the beginning of the suction phase;
the division between the two sub-volumes determined
by the central streamline directed upwards is clearly
visible and further corroborates the previous analysis.
The two green vortex structures present nearly in the
middle of the two sub-cavities represent the couple of
vortices, developed during the suction phase of the
previous cycle, moving towards the diaphragm.

The design of a new actuator focuses on maximiz-
ing the device velocity response at a certain (reso-
nance) frequency, with the possibility of reducing it by
simply changing the power supply voltage. From a
practical point of view, this results in a wide cavity
with a tiny height, where the orifices are located in the
opposite side of the diaphragm. This leads in practice
to geometrical configurations with H/d = 1; thus, if
one excludes the case with e ~~ d, very often the vortex
rings do not have the possibility to interact with each
other and the flow within the cavity can be considered
as divided in two sub-cavities. For a very large cavity
height the Riazi and Ahmed condition is often
satisfied, leading to the same conclusion. Therefore,

Fig. 6 Iso-surfaces of phase-averaged Q-criterion coloured by
the streamwise velocity and streamlines for H/d = 10 and
t/T = 0.5 case. Iso-surface plotted at Q = 2.5 x 1073
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as a first finding of this analysis, an effective lumped
model of the double-orifice configuration should
consider the device cavity as divided in two sub-
volumes, with each of them being characterized by its
own velocity and pressure.

4 LEM/analytical approach

In this section, a lumped model aimed to simulate the
behavior of a double-orifice synthetic jet actuator will
be developed, by taking advantage of the conclusions
of the previous section. Following the basic approach
of Chiatto et al. [13], the major elements of the
actuator are: the oscillating diaphragm, the two
(separated) cavities, and the two orifices. Note
explicitly that two control volumes, with their own
internal pressures, have to be considered.

Introducing two differential internal pressures, p;
and p;,, one for each half-cavity, the diaphragm
dynamics equation can be written as:

Xy + 28, 00X, + coﬁ,xw = wfVAxw sin wt
B (pis + Pi2)Aw/2 (8)
My
where x,,(¢) is the diaphragm (average) displacement
at a generic time instant ¢, {, is the actual damping
ratio of the diaphragm, w,, its natural frequency, Ax,,
is the average linear diaphragm displacement due to
the application of a certain voltage to the piezo-
element, o is the operating frequency, and the dot
superscript stands for time derivative. Moreover, A,, is
the diaphragm surface area and m,,, is the diaphragm
total mass, including shim, piezo-element and air
added mass.
The structural frequency of the composite dia-
phragm is defined as:

ky

Myt

©)

Wy =

representing the uncoupled (first mode) natural fre-
quency of the structural oscillator, where k,, is the
diaphragm equivalent spring stiffness. Further details
can be found in [13]. Note that a symmetric config-
uration leads to the same values for the differential
internal pressures, with the possibility to simplify the
entire system; here, for a matter of generality, they
have been retained as two distinct quantities.

As mentioned before, two separate continuity
equations must be written for each half-cavity:

V./2)dp; .
: VP/ ! thl - (AW/Z)XW = —A,1U; (10)
V./2)dp; .
%% — (Ay/2)ky = —Ag2Us (11)

where V. = A, H is the cavity volume, A, and A,
are the orifices areas, 7 is the specific heat ratio of air,
Pa 1s the external ambient pressure and U; and U, are
the instantaneous flow velocities through the orifices.
Finally, the model is completed by the unsteady
Bernoulli’s equations, written for both the orifices:

. K . 2 Aw 2 .

Uy +—|Ui|Uy + w1 Ur = —— oy 1% (12)
le,l ) Ao,l

. K . A .

U2+Z—|U2\U2+w§,_2U2 :A_Wwi,_zxw (13)
e2 0,2 '

being K the head loss coefficient, including the
inviscid contribution (equal to unity) due to the kinetic
energy recovery at ambient pressure, and minor
(entrance/exit) losses. The distances between the two
application points of the Bernoulli’s equations are
referred to as the modified (effective) lengths of the
orifices, (l,,; and [, ;). More details and typical values
for K can be found in [20, 21]. The Helmholtz
frequencies are defined as:

A2 pa/(Ve/2
oy = 7 U,lp /( / ) ka,l (14)
, pule,le,l mg 1
A% p./(V./2
O = 7 0,2p /( / ): ka,2 (15)
1 pale,2A0,2 mg

with kg1, k.2 and m,; and m,, being the equivalent
stiffness of the air inside the cavities and the effective
masses of the air at the orifices.

The actuator behavior can be modeled by resorting
to the dynamics of a system of coupled oscillators. The
first one, which describes the diaphragm motion, is
characterized by the uncoupled natural frequency w,,;
while the other two, the acoustic oscillators, that
model the dynamics of the masses of air at the orifices
(mg,1 and m, »), through their velocities U; and U,, are
characterized by their natural frequencies wy; and
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g 2. An external forcing due to the supply power also
acts on the diaphragm dynamics.

It is worth noting that, in these conditions, the
Helm-holtz oscillators are decoupled in terms of exit
velocities, but they are forced by the same diaphragm
average displacement. This statement can be clarified
by looking at the schematic representation of the
damped forced spring-mass oscillators system,

reported in Fig. 7, where k:v = V‘I/)a Afv, kwr1 =
kHw,l = %AU,]AW and ka,Z = kHW,2 = %AU:ZAW'

The damped spring-mass oscillator related to the
diaphragm motion is practically the same as the one-
orifice model [13], whatever the number of orifices is;
for the acoustic oscillators, the damped spring-mass
system within the cavity remains unchanged, but the
stiffness of the air acting on the air mass within each
orifice is halved.

By making the assumption of absence of damping
effects, considering a symmetric configuration and
imposing the temporal behavior of the free oscillations
~ /! to obtain the periodic stationary motion

!
k| Kk,
Cyt
_ m,, Fycoswt
xW
ka,] ka,2
Cal Cqg2
uryi Mg 2
U U,
ka,] ka,Z

Fig. 7 Forced damped spring-mass schematic of a double-
orifice SJ

@ Springer

solution, a closed-form analytical evaluation of the
three natural coupled (or modified) frequencies, w,,
can be obtained:

—4(0? — a2, )0y (16)

2

W = = (17)

being Q = 0?2 + w2, + w?. The frequency w,, rep-
resents the natural frequency of the coupling spring
made of the air enclosed within the cavity volume, V.,
acting on the oscillating diaphragm of mass m,,:

A2 a VL' AW a
e = | PAsPalVe _ [1AP (18)
My my, H

For a double-orifice actuator, the first two eigen-
values are almost the same as the single-orifice
configuration; the only difference lies in the presence
of the 4wfvca)i, term, which represents the coupling
between the oscillators. This term is always positive,
meaning that the addition of an orifice increases the
distance between the first two resonance frequencies.
Moreover, a third eigenvalue equal to the Helmholtz
natural frequency appears. Note that in the present
case the Helmhotz’s frequency has to be computed by
referring to the half cavity; the ratio of this frequency

to the one relative to the whole cavity is equal to V2,
according to an historical result of Ingard [22].

As a summary, in the double-orifice configuration
the actuator can exhibit at most three coupled
resonance frequencies, that may not be straightfor-
wardly observed during its working regime. This
aspect will be further clarified in Sect. 5.

5 Experimental measurements

To experimentally validate the previous numerical and
analytical results, two actuators (with different shim
materials) have been manufactured and tested in order
to study how the actuator response can be influenced
by the oscillators coupling effects. The results have
been compared also to those obtained by testing the
corresponding one-orifice devices. The measurements
have been carried out basically to characterize the
frequency response of the devices in terms of air jet
velocity.
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The experimental rig is reported in Fig. 8. The
actuators have been electrically excited with a sine
signal generated through a USB Instruments DS1M12
or “Stingray” (which can work simultaneously as both
signal generator and data-acquisition system) and then
transmitted to a linear gain amplifier (EPA-104, Piezo
Systems). Exit jet velocities were measured with two
home-made Pitot tubes, with a 0.6 mm external
diameter and a 0.4 mm internal diameter, connected
with different pressure transducers (All Sensors and
Honeywell pressure transducers with a range respec-
tively of £0.25 and £2 in H,0O and an accuracy of
0.05 and 0.25 %) to ensure very low uncertainty values
globally. The transducer pressure signals have been
acquired with the same data-acquisition system
(DS1M12). The probes were placed 1 diameter
downstream of the nozzle exit section, conventionally
representing the saddle point for different actuation
frequencies; therefore, the velocity experimental
measurements U, and LEM predictions of peak jet
velocity Uy, are correlated to each other by means of
Eq. (2). The experimental measurement uncertainty,
estimated with standard procedures (see [23]), is lower
than 6%.

Fig. 8 Experimental rig

The basic characteristics of such actuators, one
having the diaphragm in brass and the other one in
aluminum, are reported in Table 2, while the geomet-
rical and mechanical properties of the shim and of the
piezo-electric element are reported in Table 3. All the
devices have been entirely realized in house, using a
two-component silver-filled epoxy resin (EPO-TEK
E4110-LV resin) to bond the piezo-electric element
(manufactured by PIEZO Inc.) to the metallic shims.

To gain more insight into the peculiarities of the
double-orifice configuration, brass and aluminum twin
devices have been manufactured, having the very
same electro-mechanical properties, but equipped
with a single orifice only. The relevant comparisons
between the behavior of the two configurations will be
discussed later on.

Considering first the brass diaphragm, the device
frequency response, in terms of saddle point jet
velocity for different cavity heights, is reported in
Fig. 9. The findings are quite similar to a single-orifice
configuration [13], but it is interesting to observe that,
contrary to the prediction of the analytical model, the
actuator exhibits only two resonance peaks, corre-
sponding to the Helmholtz natural frequency,
Eq. (17), where, as already observed, the volume of
the half cavity has to be considered and therefore the
actual frequency is scaled by a factor v/2 with respect
to the nominal value, and to the modified structural
frequency given by the higher value solution arising
from Eq. (16).

Furthermore, a peculiar behavior can be observed at
low operating frequencies. As the actuation frequency
decreases, all the curves should tend towards the so-
called incompressible solution, which is the static
solution (i.e., for zero frequency) of the equivalent
forced damped spring-mass system, see [13]. This
particular solution, reported in Eq. (19),

Uinc - (AW/AO)CUA-XW (19)

Table 2 Geometrical characteristics of the tested actuators

Cavity diameter, D/d 21

Cavity height, H/d 0.75, 1.50, 2.25, 3.00, 3.75
Orifices height, h/d 1

Orifices distance, e/d 12.5
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Table 3 Geometrical and mechanical properties of the shim
and of the piezo-electric elements

Brass Aluminum
Shim
Diameter, D; (mm) 42 42
Thickness, th, (mm) 0.4 0.25
Young’s module (Pa) 9.7 x 1010 7.31 x 10'°
Poisson’s module 0.36 0.31
Density (kg/m?) 8490 2780
Piezo-electric

Diameter, D, (mm) 31.8 31.8
Thickness, th, (mm) 0.191 0.191
Young’s module (Pa) 6.6 x 1010 6.6 x 100
Poisson’s module 0.31 0.31
Density (kg/m>) 7800 7800

30

25¢ ¥ *\
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0 500 1000 1500 2000 2500
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Fig. 9 Frequency response of the brass SJ double-orifice
actuator. The “plus” marker represents the H/d = 0.75 case,
“asterisk” stands for H/d = 1.50, “circle” for H/d =2.25,
“diamond” for H/d = 3.00 and “square” for H/d = 3.75. The
black line represents the incompressible solution, Eq. (19)

physically expresses the fact that the volume rate of air
expelled trough the orifice is equal to the volume rate
entering the cavity as consequence of the membrane
displacement. The incompressible solution is depicted
in Fig. 9 by a black continuous straight line. This
behavior can be clearly observed in Fig. 9, where all
curves, for low frequencies, lie on the incompressible
one. It is also interesting to study how the device
response leaves the incompressible solution at differ-
ent cavity heights. Indeed, because the Helmholtz
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resonance frequency is inversely proportional to the
cavity volume, its amplifications occur first (lower
frequencies) for greater cavity heights, resulting in an
early deviation.

A very similar behavior can be observed for the
aluminum diaphragm, as reported in Fig. 10. Remem-
bering that the Helmholtz natural frequency scales as
~H~'/2, one observes that it decreases as the cavity
height increases. The structural frequency, instead, for
uncoupled oscillators is independent of the cavity
height; in the cases here analyzed, due to limited
coupling effects, a slight tendency towards higher
values can be observed for both diaphragm configu-
rations. Note that the frequency resolution of the
present measurement has been limited by the acqui-
sition system.

In order to examine in more detail the experimental
findings, for the case of the aluminum device, the
resonance frequencies, extracted from the experimen-
tal data, have been reported in Table 4 (second line),
together with the corresponding ones of the single-
orifice configuration (first line). In this case, fu.
represents the experimental Helmholtz resonance
frequency and f,, . the structural one; for clarity, also
the Helmholtz natural frequency (fy) has been
reported.

It is worth comparing the resonance frequencies for
the two configurations (single- and double-orifice).
Bearing in mind Table 4, the prediction that an
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Fig. 10 Frequency response of the aluminum SJ double-orifice
actuator. The “plus” marker represents the H/d = 0.75 case,
“asterisk” stands for H/d = 1.50, “circle” for H/d = 2.25,
“diamond” for H/d = 3.00 and “square” for H/d = 3.75. The
black line represents the incompressible solution, Eq. (19)
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Table 4 Aluminum actuator experimental resonance fre-
quencies, f (Hz)

Case SHe Sve i
H/d =0.75 976 1953 1007
1420 2083 1424
H/d = 1.50 744 1953 736
1078 1953 1041
H/d =2.25 679 1838 623
946 1838 881
H/d = 3.00 558 1838 561
822 1838 822
H/d =3.75 504 1838 523
744 1838 744

The Ist line refers to the single-orifice device, the 2nd to the
double-orifice configuration

additional orifice should increase the Helmholtz
frequency by a factor of ~ /2 is actually verified.
The structural frequency remains almost unchanged
for the different configurations; the only mismatch lies
inthe H / d = 0.75 case. Actually, looking at Fig. 10,
it is clear that the structural resonance peak should be
located between 1953 and 2083 Hz, which is however
compatible with the expected result.

Again, as the actuation frequency decreases, all the
curves tend towards the incompressible solution, as
already discussed before. Note that, in the very low
frequency regime the velocity magnitude is compara-
ble to the transducer uncertainty, making the exper-
imental measurements meaningless.

6 Further insights on the formation process

It is generally more convenient to face the jet
formation problem with the aid of the Stokes—Strouhal
numbers plane. Using the definition of Eq. (5), the
Holman criterion [24] can be written as St—! > C,
where C is a certain constant which depends on the
geometrical characteristic of the orifice. For round
axisymmetric orifices it is C ~ 0.08. It gives the
minimum air ejection velocity issuing from the orifice
for the formation of the jet at a given operation
frequency, and therefore in dimensionless terms
(Stokes—Strouhal numbers plane) the formation
boundary is represented by a straight line parallel to

the abscissas axis. All the conditions above this line
satisfy the formation criterion. Figures 11 and 12 can
be used to compare the frequency response for the
single and the double-orifices for the selected cases of
H/d = 0.75 and 2.25. For the sake of completeness,
the corresponding incompressible solutions have also
been reported. It should be outlined that, bearing in
mind Eq. (19), also such solutions can be easily
represented as constant Strouhal number values, and
that, since the cavity volume of the double-orifice
configuration is the half of the single-orifice case,
namely the surface area A,, is the half, the Strouhal
number of the incompressible solution for the double-
orifice configuration is the half of the single-orifice
case.

For both configurations, the formation limit (con-
tinuous line St~! = 0.08) is well below the incom-
pressible solutions (red dashed line), allowing the
synthetic jet formation. For frequencies in between the
resonance ones and for the high cavity height, the
amplifications with respect to the incompressible
solutions are poor due to high nonlinear fluidic
damping effects, the formation criterion is not satis-
fied, and the device response is null. This phenomenon
has been already observed in literature for a single-
orifice device, e.g., by Gallas et al. [25] (who
attributed to it the absence of the first resonance peak
for one of their devices) [13, 26, 27]. These remarks
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Fig. 11 Frequency response of the aluminum SJ actuator for the
single-orifice configuration. Red “circle” markers represent the
H/d = 0.75 case, “asterisk” stand for H/d = 2.25. The dashed
line and the continuous line represent the incompressible
solution and the formation criterion limit, respectively. (Color
figure online)
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1.2

Fig.12 Frequency response of the aluminum SJ actuator for the
double-orifice configuration. The “circle” markers represent the
H/d = 0.75 case, “asterisk” stand for H/d = 2.25. The dashed
line and the continuous line represent the incompressible
solution and the formation criterion limit, respectively

can be easily extended to the brass diaphragm case: at
low frequencies, the jet tends towards the incompress-
ible solution whatever the cavity height is, while, for
frequencies between the resonance peaks, the Holman
criterion is satisfied for H/d <2.25. In general, the
brass device satisfies the formation criterion for more
conditions with respect to the aluminum one. Note that
in the Stokes—Strouhal plane there are some data
points slightly below the Holman criterion line,
corresponding to a well established jet. These situa-
tions occur because the constant C of the Holman
relation depends on geometrical factors and on the
operation frequency, and thus it could be less than
0.08.

7 Resonance frequencies prediction

Equations (16) and (17) can be used to predict the
device resonance frequencies, once the device char-
acteristics are known. A comparison between the
analytical values and the experimental ones for the
three frequencies is shown in Tables 5 and 6, for the
brass and the aluminum actuators respectively, vary-
ing the dimensionless cavity height. The effective
orifice lengths needed to calculate the Helmholtz
frequencies, Eqs. (14) and (15), have been evaluated
by using the relationship:

@ Springer

Table 5 Comparison between the analytical and experimental
frequency values for the brass device and various cavity
heights, f (Hz). The 1st line refers to the analytical data, the 2nd
to the experimental ones

Case Brass
h P fi 12 12|
H/d = 0.75 1339 1898 1433 1.55e6
- 1953 1420 1.80e6
H/d = 1.50 1036 1815 1048 2.20e6
- 1838 1078 2.22e6
H/d = 2.25 883 1806 887 2.47e6
- 1838 946 2.48e6
H/d = 3.00 796 1804 798 2.62e6
- 1736 822 2.34e6
H/d = 3.75 744 1803 745 2.70e6
- 1736 744 2.46e6

Table 6 Comparison between the analytical and experimental
frequency values for the aluminum device and various cavity
heights, f (Hz). The 1st line refers to the analytical data, the 2nd
to the experimental ones

Case Aluminum
i f2 S |77 — 12
H/d =0.75 1190 2139 1424 2.55e¢6
- 2083 1420 2.32e6
H/d = 1.50 999 1864 1041 2.39¢6
- 1953 1078 2.65e6
H/d =2.25 866 1819 881 2.53e6
- 1838 946 2.48e6
H/d = 3.00 786 1805 793 2.63e¢6
- 1838 822 2.70e6
H/d = 3.75 736 1799 740 2.69e¢6
- 1838 744 2.82e6
l./Jd=h/d+ Al (20)
where [, =[,; = l.», and Al, has been set equal to

0.62 for the highest H / d, and, assuming a linear
variation, equal to 1.2 for the lowest H / d.

Overall, the comparison between measured and
analytically predicted resonance frequencies is quite
satisfactory, especially at the highest values of H / d.
More importantly, note that the first frequency f; is
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strictly close to the Helmholtz frequency, namely
/3 = fu, except in the case of aluminum device at the
shortest cavity height. The distance between these two
frequencies decreases with increasing H / d because it
depends on the coupling degree between the acoustic
and the structural oscillators, and of course such a
coupling diminishes with increasing H/d. As a
significant consequence, the experimental data of
frequency response exhibit two resonance peaks only
(in fact, the column of f; is void in Tables 5 and 6, one
at the Helmholtz frequency (scaled as usual by the
factor v/2), and the other at the modified (coupled)
structural frequency.

Looking at Eq. 16, it is interesting to study the
evolution of the eigenvalues distance as a function of
the cavity height, as done by de Luca et al. [21] and
Crowther and Gomes [28]. In particular, the distance
between the first two eigenvalues |w? — w3|, for the
o,, < wy case, depends on the cavity height H / d
and scales as ~ 1/(H/d); on the contrary, when
,, > oy, the eigenvalues distance can be considered
constant for high H / d ratios. The studied configura-
tions fall within this last case, but it must be
remembered that Tables 5 and 6 report the experi-
mental frequencies corresponding to the eigenvalues
w> and w3 = wy and not to the first two. For this
reason, although the eigenvalues distance tends
towards constant values with increasing H, the evo-
lution is slightly different from that of a single-orifice
device. The last column of Tables 5 and 6 contains the
distance between the eigenvalues corresponding to the
detected resonance frequencies; it is possible to
observe how this distance tends to a constant value,
for both configurations, as the cavity height increases,
mainly related to a reduction of the coupling effects.

Note finally that, due to the relatively high values of
Stokes numbers attained in the present tests, the
viscosity does not impose any limitation to the jet
formation, contrary to the finding of Zhou et al. [17],
who identified a formation boundary for Stokes
number below 4. However, Zhou et al. [17] consid-
ered the presence of distributed head losses in
relatively long exit pipes, whereas in the present
application head losses are of minor type being limited
to exit/entrance effects.

8 Conclusions

A theoretical and experimental characterization of the
frequency response of a double-orifice SJ actuator has
been presented. Numerical simulations, conducted
with OpenFOAM, carried out only for the aim of
obtaining overall qualitative insights on the develop-
ment of the flow field, have allowed the study of the
device behavior for short and high cavity heights. It is
found that, for standard operation conditions and with
a symmetric configuration, the device cavity can be
considered as divided in two sub-volumes, each of
them operating with its own pressure and orifice
velocity. Nevertheless, the two cavities are coupled
because the oscillating diaphragm shares the stiff-
nesses of air in the cavities.

Based on these considerations, an analytical
approach has allowed to obtain simple expressions
for three resonance frequencies and to provide further
insights on the jets formation. The model has been
validated through experimental tests carried out on
two actuators, having different geometrical and
mechanical characteristics. The experimental mea-
surements have been limited by the experimental
equipment.

The double-orifice actuators experimentally exhib-
ited two resonance peaks, corresponding to the
Helmholtz natural frequency (which is equal to the

nominal value multiplied by a factor /2 due to the
halved volume) and to the modified structural fre-
quency. The third resonance frequency, predicted by
the analytical model, was never observed, because it
practically coincides in all the tested cases with the
uncoupled Helmbholtz frequency. In certain frequency
ranges, the device response is practically null, due to
high fluidic damping effects (for fy <f <f). As an
important consequence, the jet formation criterion is
not satisfied in those ranges, as clearly shown in the
Stokes—Strouhal plane.

The jet formation is not limited by viscosity effects
because only exit/entrance concentrated minor head
losses have been considered.
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