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In this paper, both theoretical analysis and numerical simulations are undertaken to study the parameters that
affect the strength of vortex roll-up of synthetic jets. A dimensional analysis reveals that the dimensionless vorticity of
vortex roll-up produced by an orifice flow depends on the dimensionless stroke length, Stokes number, and the ratio
between the orifice diameter and the thickness of the Stokes layer. Based on the results from a fully developed
oscillating laminar pipe flow, the Stokes number is found to play an important role in determining the thickness of the
Stokes layer inside the orifice and hence the shape of the velocity profile. Results from the numerical simulations
confirm that the Stokes number also determines the strength of vortex roll-up of a synthetic jet issued from an orifice
of a finite depth, for the same reason. Finally, a parameter map, which marks the three different regimes of synthetic
jets (classified as no jet, jet formation without vortex roll-up, and jet formation with vortex roll-up) is produced based
on the numerical simulation results. It is shown that for the synthetic jet actuator used in the present study, a
minimum Stokes number of about 8.5 is required to ensure the occurrence of an appreciable vortex roll-up at a
dimensionless stroke length greater than 4. In addition, a very low Stokes number can also suppress the formation of
synthetic jets. This study provides a further understanding of the behavior of synthetic jets in quiescent conditions,

which will be useful for designing more effective synthetic jet actuators in which vortex roll-up is desired.

Nomenclature

= cavity diameter, m

orifice diameter, m

diaphragm oscillation frequency, Hz

cavity depth, m

orifice depth, m

dimensionless stroke length, L, /D,

stroke length, U, T, m _

Reynolds number based on the stroke length, U,L, /v

= radial coordinate measured from the center of the
diaphragm or orifice, m

= Stokes number, /27 fD?/v

period of diaphragm oscillation cycle, s

time, s

= time-averaged jet blowing velocity over the entire cycle,
m/s

= instantaneous jet exit velocity, m/s

axial coordinate measured from the orifice exit, m

peak-to-peak displacement at the center of diaphragm, m

= molecular kinematic viscosity, m?/s
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I. Introduction

VORTEX ring is usually formed by ejecting fluid impulsively

from an orifice [1]. A vortex sheet separates at the edge of the
orifice and rolls up to form a vortex ring, which moves downstream
with a self-induced translational velocity. Vortex rings produced by
means of an impulsively started piston have been well studied, with
the earliest publications dating back to the 1850s. Research has been
undertaken both numerically and experimentally to investigate how
the characteristic parameters of fully formed vortex rings, such as the
ring diameter, the circulation, and the translational velocity change
with the nozzle geometry, the piston stroke, and the velocity history
of the piston movement [2-5].
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Inrecent years, more research attention has been given to synthetic
jets due to their potential for flow separation control in aerospace
applications [6-9]. A typical synthetic jet actuator consists of a small
cavity with an oscillating diaphragm at its bottom side and an orifice
plate at the opposite side, as shown in Fig. 1. As a result of the
alternating of suction and blowing produced by the movement of the
diaphragm, a succession of vortex rings is produced and propagates
away from the orifice.

The vortex rings produced by a synthetic jet actuator differ from
those produced by a piston arrangement in that the behavior of the
former is strongly affected by the presence of a suction flow in
the neighborhood of the orifice. As a result, a synthetic jet will only
form when the vortex ring is able to overcome the suction velocity
during the ingestion stroke. Holman et al. [10] defined synthetic jet
formation as the appearance of a time-averaged outward velocity
along the jet axis that corresponds to the generation and subse-
quent convection of vortex rings. Based on their numerical and
experimental studies, a formation criterion for both two-dimensional
and axisymmetric synthetic jets was proposed. It was stated that for
the synthetic jet to form, the reciprocal of the Strouhal number
1/Sr=U,/nfD, should be greater than a threshold value K, where
the constant K depends on geometric factors such as orifice/slot
shape, radius of curvature, and aspect ratio of the slot. For
axisymmetric synthetic jets, K is found to be equal to 0.16. Taking
into account the relationship between the Strouhal number and the
dimensionless stroke length, the preceding criterion can be translated
into a dimensionless stroke length of about 0.5 for axisymmetric
synthetic jets. A different value (~0.25) was given by Milanovic and
Zaman [11]. The difference in the threshold was attributed to factors
such as the differences in the lip shape of the orifice and the
diaphragm velocity program.

Vortex rings are known for their ability to entrain ambient fluid
into their cores, which enhances mixing. When a synthetic jet is
issued into a boundary layer, the injection of coherent vortices via the
initial vortex roll-up results in formation of a hierarchy of vortical
structures that are capable of delaying flow separation [12,13]. It is
understandable that the strength of vortex rings in terms of the level
of circulation will determine the impact of synthetic jets on the
external flow. A question remains, however, if a synthetic jet that
satisfies the aforementioned formation criterion will definitely have a
vortex roll-up. Guo and Zhong [14] studied the behavior of synthetic
jets issued from an orifice of 5 x 10™* m diameter and observed no
vortex roll-up at a dimensionless stroke length of 4 and a Stokes
number of 7. This prompted them to investigate the conditions for
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s Diaphragm

Fig. 1 Schematic of the synthetic jet actuator.

vortex roll-up by conducting particle image velocimetry (PIV)
measurements on a synthetic jet issued from an orifice of 5 x 1073 m
diameter. They found that the Stokes number is an important
parameter that determines the strength of roll-up, because it affects
the shape of the velocity profile at the orifice exit. Based on a
qualitative observation of their experimental results, it appears that a
minimum Stokes number of about 10 is required for an appreciable
roll-up to occur at a dimensionless stroke length of around 4.
Nevertheless, a more in-depth examination of this criterion is still
needed to provide a theoretical backup and evidence of validation.

To ensure the flow control effectiveness of synthetic jets in
practical settings, a better knowledge of the parameters that affect the
formation of these vortex rings is required. To the best knowledge of
the authors of this paper, however, although there has been a volume
of research work on the roll-up process of vortex rings produced by a
single pulsation of a piston [1-4], the conditions for roll-up of vortex
rings produced by synthetic jets have not been reported in the
literature. In this paper, both dimensional analysis and numerical
simulations are therefore undertaken to investigate the vortex roll-up
criterion for synthetic jets issued into quiescent air. The dimensional
analysis identifies the parameters that determine the extent of vortex
roll-up. Numerical simulations were then undertaken to illustrate
how these parameters affect the formation and strength of vortex roll-
up for a 5-mm-diam synthetic jet. Finally, a parameter map, which
marks the three different regimes of synthetic jets classified as no jet,
jet without roll-up, and jet with vortex roll-up, is produced based on
the numerical simulation results. The finding from this study is
expected to be useful to the design of synthetic jet actuators for which
formation of vortex rings is desired.

II. Computational Methods

In this study, a synthetic jet actuator identical to that used by Guo
and Zhong [14] in their experiment is chosen as the model for the
simulations (see Fig. 1). The actuator has a cylindrical cavity with a
diameter D, = 4.5 x 1072 m and height H = 1 x 1072 m. Its orifice
has a diameter D, = 5 x 10~ mand depth 2z = 5 x 10~3 m, giving
an orifice depth-to-diameter ratio 2/D,, of 1. This particular orifice
depth-to-diameter ratio is chosen because it is near the optimal value
that was found to produce the maximum vortex circulation for an
actuator of a similar design [8]. In the experiment, the thin rubber
diaphragm, which is sandwiched between two metal disks, is
clamped circumferentially to the end of the cylindrical cavity, and the
center of the diaphragm is attached to a permanent magnetic shaker
via a steel rod. The diaphragm is made to oscillate in a sinusoidal
manner at predetermined diaphragm oscillation displacements and
frequencies. At small displacements, this diaphragm mimics the
motion of an oscillatory piston.

Unsteady incompressible laminar flow simulations are per-
formed using a commercial solver, FLUENT 6.2. To simplify the
computation, the flow is treated as axisymmetric. The flow in both
the orifice and actuator cavity are included in the simulation to ensure
the accuracy of the results. The computational geometry and the
boundary conditions used in the simulation are shown in Fig. 2. To

ensure adequate spatial resolution of the flow structures, the grids are
densified in the actuator orifice, the region around the jet central
plane, and near the walls. The entire computational domain contains
23,660 mesh cells. The time step used in the simulations is 7/80. A
sensitivity study undertaken previously showed that the choices of
mesh size and time step used in the present study are adequate [15].

In the present study, the instantaneous displacement relative to its
neutral position of the oscillating diaphragm is given by

3(1) :%sin(ant) (1)
where § is the deformation of the diaphragm relative to its neutral
position, and A is the peak-to-peak displacement of the diaphragm.
To simplify the computation, a velocity boundary condition is
applied at the neutral position of the diaphragm. The moving velocity
of the diaphragm can be obtained by differentiating Eq. (1) with
respect to time:

v(t) = wAf cos(2nft) ?2)

The velocity boundary condition is specified using user-defined
functions supported by FLUENT.

The numerical method has been validated using data measured
with PIV and a hot wire by Tang and Zhong [15]. Two figures
extracted from their paper illustrating the good agreement between
the predicted and measured instantaneous jet centerline velocity and
jet exit velocity profile are shown in Fig. 3. It is evident that the
computational software with the setting used in this study is capable
of reproducing the key characteristics of synthetic jets observed in
the experiments.

III. Dimensionless Parameters of Synthetic Jets

The behavior of synthetic jets issued into a quiescent flow is
usually characterized by three nondimensional parameters: the
dimensionless stroke length L, the Reynolds number Re; based on
stroke length, and the Stokes number S [8]. The stroke length of a
synthetic jet represents the length of a fluid column that is pushed out
during an actuation cycle: that is [4],

L,=U,T 3)

where U, is the time-averaged blowing jet velocity over an entire
cycle and T is the oscillating period. It defines an important
dimensionless parameter for synthetic jets called the dimensionless
stroke length:

L, =

L=""=— 4
D, Sr @

The Reynolds number defined based on the time-averaged jet
velocity U, and the stroke length L, is given by

U,L
ReL — o o (5)
where v is the kinematic viscosity coefficient. Re; is often regarded
as important because it is proportional to the total circulation ejected
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Fig. 2 Computational geometry and boundary conditions.
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Fig. 3 Comparisons of streamwise velocity a) along the jet centerline at#/7T = 9/16 and b) in the spanwise direction atx/D, = 1 and ¢/T = 14/16 with

PIV data [15].

through the orifice during the blowing cycle [16]. The Stokes number

is commonly defined as
2nfD?

It is found to determine the pressure losses due to friction as well as
the entrance and exit flow in the orifice [17]. Because the Stokes
number is related to L and Re; via Re; = L>S?/2m, only two of the
preceding three dimensionless parameters are independent.

Along another line of thought, the importance of these three
parameters can also be appreciated. The flow inside the actuator is
dictated by the counteraction of three forces: inertia force, viscous
force, and unsteady force. Here, the unsteady force is referred to as
the force arising from the oscillating pressure field imposed by
the oscillating diaphragm. If D,, U,, and T are chosen as the
characteristic length, velocity, and time scale, the representative
inertia force, viscous force, and unsteady force in this case can
be expressed as U2/D,, vU,/D2, and U, /T, respectively. The ratio
of the inertia force and the unsteady force yields the dimensionless
stroke length, justifying its appearance in the jet formation criterion
as to if the inertia force overcomes the suction effect imposed by the
unsteady force. Similarly, the ratio of the inertia force and viscous
force gives the Reynolds number, justifying the use of the Reynolds
number as an important parameter that determines the state of the jet
as it comes out of the orifice [4]. Finally, the ratio of the unsteady
force and viscous force gives the Stokes number. In the rest of this
paper, it will be shown that the Stokes number is also an important
parameter that affects the behavior of synthetic jets through the
strength of vortex roll-up.

IV. Dimensionless Parameters Determining
the Strength of Vortex Roll-Up

The formation of vortex rings is believed to be directly related to
the evolution of the vortex sheet produced in the orifice [1]. When
fluid is ejected from an orifice, a vortex sheet is formed that then
proceeds to roll up into a vortex ring. The velocity across an ideal-
ized vortex sheet is discontinuous and consists of a continuous
distribution of vortex lines. Crook [18] described the roll-up process
as follows (see Fig. 4):

1) The vortex sheet induces a velocity on itself perpendicular to the
plane of the sheet and this induced velocity is maximum at the
leading edge of the sheet.

2) The self-induced velocity causes the leading edge of the sheet to
curl.

3) The curled vortex sheet continues to induce a velocity com-
ponent on the leading edge that, together with the normal component

of the velocity induced by the uncurled sheet, is responsible for the
roll-up observed in Fig. 4d.

Note that, in reality, the velocity jump across the vortex sheet is not
discontinuous, due to the action of viscosity.

The strength of a vortex sheet can be measured by the level of
vorticity 2. Based on the definition of vorticity, if dv/dx is ignored,
the vorticity on a cylindrical vortex sheet can be expressed as

Q_av BMN_BM

= N —— 7

dx Or ar @
The order of magnitude of vorticity on the vortex sheet can be
estimated as

U, LfD, D,
B0 _ 1P ®)
& & &

where ¢ is the thickness of the Stokes layer in the orifice, which is
defined as the radial distance between the position of the velocity
peak and the wall at the orifice exit.

Taking into account the scale effect, one can get the dimensionless
form of the vorticity:

2 D
QD0~L-S2-7” )

Vv

Equation (9) reveals that the dimensionless vorticity is
approximately proportional to the dimensionless stroke length L,
Stokes number S, and ratio D, /e. It also indicates that to obtain a
similar roll-up, vorticity 2 should be much higher for a synthetic jet
issued from a smaller orifice. This is true because the vortex ring of
small scale has a higher curvature, which demands a higher level of
vorticity on the vortex sheet.

?nu.r..n -T :.:..n-,.EAG_g_g_g_gﬁ @
AN L ) Li\lL NI LI l\lﬁ T U U8 U UF \EE @

\

a) b) ) d)

Fig. 4 Idealized vortex ring formation: a) creation of vortex sheet
through an orifice, b—c) curling up of the vortex sheet, and d) roll-up.
Straight arrows represent induced velocity and small curved arrows
represent vorticity [18].
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Fig. 5 Variation of the thickness of the Stokes layer in an oscillating pipe flow: a) /D, vs S and b) D, /& vs S.

The integrated strength of the finite vortex sheet (i.e., the circu-
lation of the vortex ring) can be estimated as

F~Q-e-L,~U,L,=(LfD,)-(LD,) =L*fD;  (10)

Its nondimensional form becomes

L25?
2

L 20D _

— ~

v 1%

an

~ Re;

Equation (11) indicates that the dimensionless vortex circulation can
be characterized by the Reynolds number Re;, which is consistent
with the previous finding by Glezer [4].

The normalized thickness of the Stokes layer ¢/D,, is expected to
depend on both L and S. Assuming a fully developed oscillating
laminar pipe flow (i.e., the flow velocity does not change with the
streamwise distance), £/D, is found to be a function of the Stokes
number only. Figures 5a and 5b show the variation of /D, and its
inverse against the Stokes number S, respectively. Figure S5a
indicates that the Stokes layer extends to the center of the orifice exit
when S < 10, whereas it retreats rapidly toward the orifice wall as S
increases above 10. As a measure of the ratio between the unsteady
force and the viscous force, a higher Stokes number is expected to
result in a thinner boundary layer along the orifice wall. Figure 5b
shows that D, /e increases exponentially as S increases above 10.
Hence, according to Eq. (9), the vorticity strength will subsequently
experience a tremendous increase.

06566668665()
af %
ﬁ% IVNININNNNNNNYIN A%ﬁ-

N

B3
v&é VNI %@v

[mVA

\4
Pw\v
B
\%

A\
X
\

1]
o

™~

%

peak

a)

peak

b)

The thickness of the Stokes layer directly affects the location of the
peak velocity in the velocity distribution and hence the exit velocity
profile. This will affect the concentration of vorticity in the vortex
sheet and hence its capability to form a vortex ring. At S < 10,
the maximum velocity occurs at the center of the orifice exit and
hence a thick cylindrical vortex sheet dominates the entire orifice.
Consequently, the leading edge of the vortex sheet will be unable to
curl, due to the axisymmetry and continuum of the flow. When S is
greater than 10, however, a potential core appears at the center of the
orifice, allowing the vortex sheet to curl and a vortex ring to form.

The preceding discussion is based on the assumption that the
oscillating flow in the orifice is fully developed. For actuators in
which the orifice depth-to-diameter ratio /D, is too small to allow
the flow in the orifice to become fully developed, the requirement on
the Stokes number loosens, because a potential core tends to exist due
to the entrance effect.

V. Effects of the Dimensionless Parameters
on Vortex Roll-Up of Synthetic Jets

Based on Eq. (9), both § and L will affect the strength of vortex
roll-up. The aforementioned analysis reveals that for a fully
developed oscillating orifice flow, the Stokes number plays an
important role in determining the exit velocity profile and hence the
tendency and strength of vortex roll-up. In this section, numerical
simulations are used to illustrate the effect of changing S and L on the
exit velocity profile and the strength of vortex roll-up of synthetic jets
issued from an orifice with a finite length (h/D, = 1) attached to a
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Fig. 6 Comparisons of exit velocity profiles of a synthetic jet at the phase of maximum expulsion at different a) Stokes numbers and b) dimensionless

stroke lengths.
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cavity. The simulations were undertaken on the actuator described in
Sec. II for two groups of selected test cases in which either L or S was
made the same by using different combinations of diaphragm
displacements and frequencies. The exit velocity profiles normalized
by the mean velocity U, at the instant of maximum expulsion are
then compared and the extent of vortex roll-up is examined.

As shown in Fig. 6a, at the same dimensionless stroke length
(L = 3), the exit velocity profile changes gradually from a near-
parabolic shape to a top-hat shape as S increases from 2.32 to 14.7. A
similar trend was also observed in the experiment by Guo and Zhong
[14]. The observed variation in the exit velocity profile is consistent
with the finding from the fully developed oscillating flow discussed
in the previous section; that is, an increasing Stokes number results in
a decrease in the thickness of the Stokes layer. In Fig. 6b, the
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Fig. 7 A time sequence of velocity vector field at S = 14.7 and L = 3.

normalized velocity profiles at the same Stokes number (S = 14.7)
but different L are compared. It is shown that the dimensionless
stroke length also affects the shape of the exit velocity profiles
considerably, especially the central part of the profile, although to a
lesser extent. A lower L due to the use of a smaller diaphragm
displacement results in a dip in the central region, which is
commonly observed in an oscillating pipe flow. This phenomenon
tends to enhance the effect of the Stokes number at low L, because the
Stokes layer becomes thinner as a result of the velocity peak being
closer to the wall (see Fig. 6b). As the dimensionless stroke length
increases, the dip stretches itself out as a result of an increase in the jet
momentum.

To illustrate how the extent of vortex roll-up is affected by the
magnitude of the Stokes number, the flow fields at the corresponding

x/D, )

x/D,

x/D, \

d) Maximum cavity volume: #/T' =1

Fig. 8 A sequence of patterns of timelines at S = 14.7 and L = 3.
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test conditions in Fig. 6a are examined in detail. The velocity vector
fields at four different phases during the diaphragm oscillation cycle
at S = 14.7 are shown in Fig. 7. The velocity vectors are shaded with
the local velocity magnitude. To make weak vortices more visible,
velocity vectors of the same length are used, despite the differences in
their velocity magnitudes. It can be seen at the maximum blowing
phase (corresponding to the diaphragm at the neutral position in the
blowing cycle) that a vortex pair associated with a strong rotational
motion is formed at the orifice exit (see Fig. 7a). This vortex pair
propagates downstream progressively, along with the central region
of high velocity during the entire cycle.

To enable a confirmation of the presence of vortex roll-up, which
is accompanied by entrainment of ambient fluid into the vortex core,
the patterns of particle tracers at the corresponding phases are shown
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Fig. 9 A time sequence of velocity vector field at S = 8.03 and L = 3.
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in Fig. 8. The particle tracers are released into the flow at short
intervals of time from both the orifice exit and parallel lines in space,
which are 0.02D,, apart outside the orifice. To allow the particles that
originate from inside the orifice to be distinguished from those that
originate from outside, the particles released from the orifice exit are
shown in gray, and those from the outside are shown in black. At the
phase of maximum blowing (Fig. 8a), the timelines on the wings of
the structure, which is produced by the ejected fluid, curl upstream
due to an intense local rotational motion. As the blowing cycle
proceeds, the black tracers are seen to be drawn into the wings of this
structure and swirl around it, indicating that the ambient flow near the
orifice exit is being entrained into this structure. The location of the
center of the vortex pair revealed by the velocity vectors appears to
coincide with the region of the structure in which the ambient fluid is

x/D,
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¢) Maximum suction: ¢/T = 3/4
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x/D,

d) Maximum cavity volume: #/T =1

-

Fig. 10 A sequence of patterns of timelines at S = 8.03 and L = 3.
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entrained into, indicating that this vortex pair is responsible for the
entrainment activity revealed by the timelines. This vortex pair is
believed to be a part of a vortex ring caused by vortex roll-up of the
ejected fluid from the orifice. This case is considered to be a typical
case in which a strong vortex roll-up is present.

As the Stokes number is reduced to 8.03, a vortex pair similar to
that observed at S = 14.7 also appears, although its strength is
relatively weaker, as indicated by a smaller velocity magnitude
(Fig. 9). The pattern of particle tracers (Fig. 10), however, indicates
that the amount of entrainment brought about by this vortex pair is
only marginal. Hence, this case is considered to be a transitional case
for vortex roll-up.

At S = 5.68, a vortex pair also appears at the orifice exit at the
phase of maximum blowing (Fig. 11a). It is weaker than those
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Fig. 11 A time sequence of velocity vector field at S = 5.68 and L = 3.

observed at S =8.03 and 14.7, because it is associated with a
lower velocity magnitude. The vortex pair disappears shortly
downstream at the phase of maximum suction (corresponding to
the diaphragm at the neutral position in the suction cycle) (see
Fig. 1lc). Although the timelines on the wings of the structure
produced by the ejected fluid still curl toward the stem of the jet, a
rotational motion is barely visible. In addition, almost no
entrainment of ambient fluid is revealed by the particle tracers
(Fig. 12). In fact, the vortex pair that is revealed by the velocity
vectors appears to be located outside the region that is occupied by
the fluid ejected from the orifice. Hence, it is not a part of a vortex
ring. As the jet does appear to advance downstream during the
cycle as shown by the timelines, this case is considered to be one
that has jet formation but no vortex roll-up.

x/D,

x/D,

d) Maximum cavity volume: #/T =1

Fig. 12 A sequence of patterns of timelines at S = 5.68 and L = 3.
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It can be seen that a much weaker vortex pair of a similar nature to
that observed at S = 5.68 also occurs at the smallest Stokes number,
S = 2.32 (see Fig. 13a). The external timelines are deformed into an
2 shape in the blowing stroke, due to the fluid expulsed from the
orifice exit (Figs. 14a and 14b). Again, no entrainment of ambient
fluid into the flow structure produced by the jet is seen. During the
suction cycle, a substantial amount of ejected fluid is ingested into the
cavity such that the most downstream part of the timelines shows no
forward movement during the entire cycle, indicating that the jet does
not propagate away from the orifice (Figs. 14c and 14d). Hence, a
synthetic jet is not formed.

Figure 15 shows the instantaneous centerline streamwise velocity
for the corresponding cases in Figs. 7-14 at four phases. At S = 2.32,
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the magnitude of the streamwise velocity at the centerline decreases
sharply at all phases and drops to almost zero within a distance of
approximately 2D,, from the orifice (see Fig. 15a), confirming thatno
jet is formed in this case. At § = 5.68, the magnitude of velocity
fluctuations is a lot higher (Fig. 15b). Although its value indicates the
presence of only one distinct structure and a subsequent rapid decay
within 4D, from the orifice, a nonzero streamwise velocity is
observed at a distance of 12D, downstream from the orifice exit.
Hence, a synthetic jet should have been formed despite its weak
strength. As S increases further, the magnitude of velocity not only
increases, but multiple velocity peaks are also observed, indicating
the propagation of a train of structures downstream (see Figs. 7b and
7¢). This is what would be expected when vortex rings are formed.
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Fig. 14 A sequence of patterns of timelines at § = 2.32 and L = 3.
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From the preceding discussion of the four cases, it can been seen
that when the dimensionless stroke length is kept constant, as the
Stokes number increases, the synthetic jets go through three different
regimes from no jet formation, to jet formation without vortex roll-
up, to jet formation with vortex roll-up. The near-parabolic exit
velocity profile at S =2.32 and 5.68 is believed to be the reason
that no vortex roll-up is observed in these cases, because a thick
Stokes layer inhibits the curling up of vortex sheets required for
the formation of a vortex ring. Based on the preceding visual
impressions, it is confirmed that a minimum Stokes number is
required for an appreciable roll-up to occur within the range of
dimensionless stroke length examined here. Furthermore, note that
although the dimensionless stroke length L is 3, which is well above
the jet formation criterion of L = 0.5 proposed by Holman et al. [10],
ajet formation fails to occurat S = 2.32 (see Figs. 13 and 14). Hence,
it appears that the Stokes number also has to be large enough to
ensure jet formation even at a large stroke length.

As shown in Eq. (11), the Reynolds number Re; characterizes the
level of vortex circulation of a synthetic jet. The current study
suggests, however, that there is an exception when the Stokes
number is below a threshold value. Figure 16 shows the vorticity
contour superimposed on the velocity vector field for two test cases,
which have the same Reynolds number (Re; = 137) but different S
and hence two distinctly different exit velocity profiles. At S = 14.7,
the exit velocity profile has a top-hat shape, and the core of the roll-up
vortex is found to almost coincide with the location of peak vorticity.
Because the potential core is irrotational, all circulation produced by
the blowing part of the cycle is likely to be contained in the vortex
ring. At § = 7.35, however, the exit velocity profile has a near-
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parabolic shape. At this Stokes number, an offset exists between the
center of the vortex roll-up and the location of peak vorticity in the
shear layer. It appears that only a small portion of the total circulation
produced by the blowing part of the cycle is accumulated in the
vortex and the rest is deposited in the shear layer that extends to the jet
centerline. This suggests that although Re; determines the total
circulation ejected through the orifice, the Stokes number mod-
erates the proportion that will be collected in the initial roll-up.
Nevertheless, when the Stokes number is sufficiently high such thata
predominant potential core is present in the jet flow, it may become
more adequate to state that the Reynolds number determines the roll-
up strength, because a majority of the total circulation is pumped into
the vortex ring.

VI. Parameter Map for Jet Formation
and Vortex Roll-Up

From the preceding discussion, it has become clear that the Stokes
number plays an important role in determining the strength of vortex
roll-up of a synthetic jet, because it significantly affects the shape of
the exit velocity profile. It appears that the Stokes number also has to
be large enough to ensure jet formation even at a large dimensionless
stroke length. To appreciate the effect of both Stokes number and
dimensionless stroke length on the state of a synthetic jet, it is useful
to establish a parameter space in which the different regimes of
synthetic jets classified as no jet formation, jet formation without roll-
up, and jet formation with vortex roll-up are identified for the present
actuator.
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Fig. 15 Instantaneous streamwise velocities at the jet centerline for the cases at L =3:a) S =2.32,b) § =5.68,¢) S =8.03,and d) S = 14.7.
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In this study, numerical simulations of 70 cases have been
undertaken using different combinations of diaphragm displace-
ments and frequencies that cover the range of 0.5 < L < 10 and
2 < § < 26. The timeline method described in the previous section is
used to display the results and to determine the state of the synthetic
jets in a semi-qualitative manner. A parameter map containing all the
test cases is shown in Fig. 17. The parameter map can be divided into
three regimes, corresponding to no jet formation, jet formation
without vortex roll-up, and jet formation with vortex roll-up.
Transitional boundaries between different regimes are obtained by
best fitting the data shown in Fig. 17.

From this graph it is seen that the synthetic jet cannot be formed
when the Stokes number is low, even at very high stroke lengths, and
the threshold value of Stokes number for jet formation increases as
the dimensionless stroke length decreases. A best fit of the boundary
between no jet and jet formation without roll-up shows that on the
boundary, S oc L72, It is believed that the reason that the jet does
not form at very low Stokes numbers is the viscous effect being too
high to allow the periodic formation of the jet. In the jet formation
criterion proposed by Holman et al. [10], only the counteraction of
the inertia force and the unsteady force is considered, resulting in the
dimensionless stroke length being the only parameter that affects jet
formation.

For the present actuator, jet formation is observed at the
dimensionless stroke length of L =1 when S >7.5. Here, a
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Fig. 17 Parametric map showing different regimes of synthetic jet
formation.

boundary between no jet formation and jet formation without vortex
roll-up is drawn at L = 0.5 on the graph based on the formation
criterion given by Holman et al. [10].

There is a reasonably well-defined transitional boundary sepa-
rating the jets with and without vortex roll-up. For L <4, the
threshold of S for vortex roll-up increases as the dimensionless stroke
length decreases. The transitional boundary has an expression of
S o L7%7, For L > 4, the transitional boundary is asymptotic to a
horizontal line at about S = 8.5, suggesting that the threshold of §
for vortex roll-up remains constant at large L. Hence, at large
dimensionless stroke lengths, the Stokes number is the only pa-
rameter that determines if a vortex roll-up will occur. The need to
have a sufficiently high Stokes number for vortex roll-up to occurin a
synthetic jet is consistent with the finding from the theoretical
analysis of a fully developed oscillating pipe flow discussed in
Sec. IV. The slightly lower threshold value than the theoretical
predicted value of 10 is believed to be caused by the relatively short
length of the orifice, which encourages the exit velocity profile to
acquire a top-hat shape. Note that the threshold value of S = 8.5 for
vortex roll-up is obtained specifically for the synthetic jet actuator
studied in this paper. Hence, a deviation from this value is expected
for actuators that have a different orifice lip shape, orifice depth-to-
diameter ratio, and velocity program.

According to its definition, the Stokes number decreases linearly
with the orifice diameter and increases linearly with the square root of
the actuation frequency. Because the orifice diameter is expected to
be in the range of a few tenths or hundredths of a millimeter for flow
control purposes in aerospace applications, the Stokes number may
become undesirably low with the use of a very small orifice, resulting
in no vortex roll-up or even no jet formation. Based on the finding
from this study, to ensure the flow control effectiveness of synthetic
jets in practical settings, as the scale of the actuator reduces, the
actuator operating frequency has to increase substantially to satisty
the condition for vortex roll-up. On the other hand, because the
displacement of an actuator driven by a piezoelectric diaphragm
decreases significantly at high frequencies, achieving a sufficient
dimensionless stroke length to ensure jet formation can also become
more challenging. Therefore, both the jet formation criterion and the
vortex roll-up criterion should be considered in conjunction with
each other when one is designing the synthetic jet actuators for
aerospace applications.

VIL

In this paper, both theoretical analysis and numerical simulations
are undertaken to study the parameters that affect the strength of

Conclusions
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vortex roll-up of synthetic jets. First, a dimensional analysis reveals
that the dimensionless vorticity of vortex roll-up produced by an
orifice flow depends on the dimensionless stroke length, Stokes
number, and the ratio between the orifice diameter and the thickness
of the Stokes layer. Based on the results from a fully developed
oscillating laminar pipe flow, the Stokes number is found to play an
important role in determining the thickness of the Stokes layer inside
the orifice and hence the shape of the velocity profile. Results from
the numerical simulations confirm that the Stokes number also
determines the strength of vortex roll-up of a synthetic jetissued from
an orifice of a finite depth, for the same reason. Finally, a parameter
map, which marks the three different regimes of synthetic jets
classified as no jet, jet formation without vortex roll-up, and jet
formation with vortex roll-up, is produced based on the numerical
simulation results. It is shown that for the synthetic jet actuator used
in the present study, a minimum Stokes number of about 8.5 is
required to ensure the occurrence of an appreciable vortex roll-up at a
dimensionless stroke length greater than 4. In addition, a very low
Stokes number can also suppress the formation of synthetic jets. This
study provides a more in-depth understanding of the behavior of
synthetic jets in quiescent conditions, which will be useful for
designing more effective synthetic jet actuators in which vortex roll-
up is desired.
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