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Numerical Investigation of Synthetic-Jet Flowfields

Donald P. Rizzetta,* Miguel R. Visbal," and Michael J. Stanek*
U.S. Air Force Research Laboratory, Wright-Patterson Air Force Base, Ohio 45433-7527

The flowfields surrounding a synthetic-jet actuating device are investigated numerically by direct simulation.
Solutions are obtained to the unsteady compressible Navier-Stokes equations for both the interior of the actuator
cavity and for the external jet flowfield. The interior results are generated on an overset deforming zonal mesh
system, whereas the jet flowfield is obtained by a high-order compact-difference scheme. Newton-like subiterations
are employed to achieve second-order temporal accuracy. Details of the computations are summarized, and the
quality of the results is assessed via grid resolution and time-step size studies. Several aspects of the actuator con-
figuration are investigated, including cavity geometry and Reynolds number. Differences between two-dimensional
and three-dimensional external unsteady flowfields are elucidated, and comparison is made with experimental data
in terms of the mean and fluctuating components of the jet velocity.

Nomenclature

= amplitude of cavity deformation
= jet nozzle length
= forcing frequency of cavity oscillation
= analytic jet exit velocity spatial distribution
= jet nozzle width, 0.5 mm
o = reference Mach number, 0.065
e = reference Reynolds number, poottooht/ oo
= nondimensional Cartesian velocity components in
X, y, z directions
= reference velocity, 22.0 m/s
w = fluctuating velocity component in the z direction

X,v,2 = nondimensional Cartesian coordinates in
transverse, spanwise, and streamwise directions

XL = nondimensional cavity width

VB = nondimensional jet nozzle half-span

Zp = nondimensional instantaneous cavity lower
boundary position

D = nondimensional mean cavity depth

At = time-step size

Ax, Ay, Az =mesh spacing in x, y, z directions

Q, = component of vorticity in y direction

® = nondimensional circular oscillation frequency,
2 fh/us

Subscripts

cl = evaluated at jet centerline

j = evaluated at jet nozzle exit

Superscript

- = time-averaged quantity

Introduction

ETS composed entirely of entrained ambient fluid may be syn-
thesized by the formation of a time-harmonic train of vortices,
which are created at the edges of a sharp orifice. Such jets operate
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without net mass flux across the orifice and can be produced by
sound-wave transmission through the fluid, a phenomenon referred
to as acoustic streaming, or by oscillation of the boundaries confin-
ing an otherwise quiescent medium. Synthetic jets may be generated
for practical circumstances by a dynamic fluid actuator consisting
of an enclosed cavity with a movable boundary, which is vented by a
nozzle aperture. Because such devices have minimal power require-
ments and do not rely upon a supply of injected fluid to produce
jet-like structures, they are attractive as a means of mixing enhance-
ment in both open and closed flow systems and for convecting heat
away from solid surfaces. Additional applications demonstrating ac-
tive flow control include the vectoring of adjacent coflowing jets,!
the generation of lift and drag reduction on cylinders, the man-
agement of vortices on forebodies at high angle of attack, and the
delay of stall on airfoils.>

The development of jets with zero net mass flux have resulted
from a number of investigations employing various experimental
techniques. Among these are the efforts of Mednikov and Novitskii®
who used an oscillating piston and bellows mechanism in a resonant
cavity, and those of Ingard and Labate” applying an orifice plate to
an acoustic impedance tube. Lebedeva® transmitted sound waves
through a pipe, and Sheen et al.’ created streaming by an oscillating
ultrasonic transducer in water. More recently, James et al.!% consid-
ered a round turbulent jet produced by a resonantly driven actuator
disk.

Basic features of a synthetic-jet actuator flowfield are illustrated
schematically in Fig. 1, which depicts the cross section of a three-
dimensional rectangular device. The apparatus consists of a jet ori-
fice opposed on one side by an enclosed cavity, whose lower bound-
ary is vertically deformed in a periodic manner. Ambient fluid from
above enters and exits the cavity through the jet aperture. Upward
motion of the boundary produces flow, which separates at the sharp
edges of the orifice and rolls into parallel vortices on either side as
fluid is ejected from the cavity. These vortices then begin to propa-
gate away from the orifice under their own self-induced velocity.!!
During downward motion of the boundary, the vortex pair has trav-
eled sufficiently far from the orifice so as to be unaffected by the
surrounding fluid that is then drawn into the cavity.

Over each cycle of operation, the net mass flux across the orifice
is zero while the momentum of the vortices is nonzero. The resulting
train of vortex pairs created by the actuator therefore has a time-mean
streamwise velocity profile that is similar to that of a steady jet.
Experimental observation' has indicated that, whereas the parallel
vortices do not undergo pairing, they do break down and lose their
individual identities at short distances from the orifice. Analysis of
the frequency spectra of such jets suggests that this breakdown is
caused by spanwise instabilities of the vortex cores. !

In addition to its utility as a control apparatus, the synthetic jet is
also intriguing because of the intricate fluid physics that is exhib-
ited in its evolution. The purpose of the work presented here is to
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Fig. 1 Schematic diagram of synthetic-jet actuator.

investigate, by direct numerical simulation, synthetic jet flowfields
that are similar to the ones studied experimentally by Smith and
Glezer.! Those experiments considered a synthetic jet in air, which
formed normal to a flat plate having a rectangular orifice with a
width of 0.5 mm and a span of 75.0 mm. The Reynolds number
based on the orifice width and the amplitude of the nominally time-
harmonic streamwise velocity was reported to be between 500 and
1000 (Ref. 1), and the forcing frequency of the cavity is approxi-
mately 1000 Hz. Data available for comparative purposes include
time-mean and fluctuating streamwise velocity distributions.

The only previous numerical simulation of a synthetic jet is
by Kral et al.,'> who computed both laminar and turbulent two-
dimensional flowfields. An analytic velocity profile was assumed at
the orifice exit, and the flow within the cavity was not calculated. A
turbulence model was incorporated in the simulation as an artifice to
increase viscous diffusion and mimic breakup of the vortex train that
was observed experimentally, but not captured, by two-dimensional
laminar solutions. Good agreement was obtained with measured
mean velocity profiles, but no comparison with fluctuating com-
ponents was provided. Imposition of similar analytic synthetic jet
exit velocity profiles has also been used to computationally simulate
flow control for airfoil’* and rotorcraft'* applications.

The current effort numerically describes the flowfield within the
actuator cavity, as well as exterior to it, by obtaining solutions to
the unsteady compressible Navier-Stokes equations. This is accom-
plished for the interior flow by use of an overset deforming zonal
grid system. Solutions for the external jet flowfield are considered
in both two and three spatial dimensions employing a high-order
implicit compact finite-difference scheme. The computational pro-
cedure is summarized, details of the calculations are presented, and
the accuracy of the numerical results is assessed via grid resolution
and time-step size studies. Features of the resultant flowfields are
elucidated, and comparison is made with experimental data.

Governing Equations

The most general representation of the governing equations was
taken to be the unsteady three-dimensional compressible Navier-
Stokes equations, written in nondimensional variables and ex-
pressed in conservative form. A general time-dependent transfor-
mation of the independent variables to surface-fitted computational
coordinates was made. The resulting transformed equations in-
cluded a vector source term that is required to enforce a geometric
conservation law' for the deforming computational mesh that is
used to represent the moving boundary of the actuator cavity. Com-
plete details of the governing equations and associated boundary
conditions have been omitted here for brevity, but may be found
in their entirety in Ref. 16. The Sutherland law for the molecular

viscosity coefficient and the perfect gas relationship were also em-
ployed, and Stokes’ hypothesis for the bulk viscosity coefficient was
invoked.

Numerical Procedure

Time-accurate solutions to the governing equations were obtained
numerically by the implicit approximately factored finite difference
algorithm of Beam and Warming,'” which has evolved as an ef-
ficient tool for generating solutions to a wide variety of complex
fluid flow problems. Second-order accurate backward-implicit time
differencing was used to represent temporal derivatives. Numerical
fluxes considered in the explicit portion of the algorithm were eval-
uated by either second-order accurate central approximations or by
a high-order compact scheme.

The implicit segment of the algorithm incorporated second-order
accurate centered differencing for all spatial derivatives and used
nonlinear artificial dissipation '® to augment stability. Efficiency was
enhanced by solving this implicit portion of the factorized equations
in diagonalized form.'® Temporal accuracy, which was degraded
because of the use of the diagonal form, was improved by performing
Newton-like subiterations?’ within a time step. This technique has
been commonly invoked to reduce errors caused by factorization,
linearization, and explicit application of boundary conditions; it is
particularly useful for achieving temporal accuracy on overset zonal
mesh systems. The procedure also reduces any deterioration of the
solution caused by use of artificial dissipation and by lower-order
spatial resolution of implicit operators.

Simultaneous solutions for the flowfields, interior and exterior
to the synthetic-jet actuator configuration, were obtained using the
Chimera -2 overset domain decomposition methodology. Because
the high-order compact difference scheme was not available for
use incombination with the Chimera technique, these solutions were
produced with second-order spatial accuracy. After several oscilla-
tory cycles of the cavity boundary, however, the flowfield became
essentially periodic. At this point the velocity profile across the jet
nozzle exit was recorded at each time step for one complete cycle.
The recorded profile was then specified as a boundary condition
for the exterior domain, without the necessity for concurrently per-
forming the deforming cavity computation. Thus the exterior flow
in two and three spatial dimensions could be described with a single
computational block utilizing a high-resolution spatial discretiza-
tion. Because of a more efficient use of computing resources, this
procedure enabled the construction of long-time two-dimensional
results.

The high-order compact difference scheme is based upon the
pentadiagonal system of Lele,” which has been adapted by Visbal
and Gaitonde?* as an implicit iterative time-marching technique ap-
plicable for unsteady vortical flows on curvilinear meshes. It is
used in conjunction with a nondispersive spatial filter developed
by Gaitonde et al.,”> which has been shown to be superior to the use
of artificial dissipation.

The aforementioned features of the numerical algorithm are
embodied in an existing fully vectorized time-accurate three-
dimensional computer code FDL3DI, which has proven to be reli-
able for steady and unsteady fluid flow problems, including the sim-
ulation of flows over delta wings with leading-edge vortices, %22
vortex breakdown,?’>?® and direct simulation of a transitional wall
jet.?

Computational Meshes

Figure 2 illustrates the geometry of the actuator configuration,
where a Cartesian coordinate system is oriented with its origin at
the centerline of the nozzle exit, located on the midspan plane of
symmetry. The jet nozzle width & was taken as 0.5 mm, consistent
with the experiment of Smith and Glezer,! and the nozzle length was
chosen to be equal to the width (d = ). The nondimensional width
and mean depth of the cavity are given by x, and zp, respectively,
where x; = 15.0 and two values of z, were considered: zp =10.0,
2.0. For the three-dimensional computation the nozzle half-span
length was specified as yg = 7.5. Oscillation of the cavity was forced
by varying the position of its lower boundary according to

zg = —2Zp + Asin(wt) (D
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Table1 Computational mesh parameters

Mesh designation Mesh size AXmin  AYmin ~ AZmin
Cavity 273 x 1 x 151) 0005 —— 0.005
Nozzle 97 x 1 x 117) 0.005 —— 0.005
External fine (317 x1x346) 0.005 —— 0.005
External coarse (175 x1x173) 0010 —— 0.010

External three-dimensional (88 x 138 x 173) 0.010 0.075 0.010

Fig. 2 Synthetic-jet ac-
tuator configuration.

Y
‘*-

<—XL—>

Zg=-2p+Asin(ot)

Fig. 3 Synthetic-jet computational domains.

The complete two-dimensional configuration was represented us-
ing the Chimera methodology, which allows an entire computational
flowfield to be partitioned into a number of less complex overlap-
ping or embedded regions for which grids may be more easily con-
structed. In the present application three distinct domains were de-
fined, consisting of grids for the regions above the jet orifice, within
the cavity, and through the connecting orifice nozzle. Table 1 pro-
vides the mesh sizes and spacings. Grids for all three domains appear
in Fig. 3, where a view of the cavity region displaying only every
other mesh point is seen.

Grid points in the overlapping zones were coincident in the ad-
jacent meshes so that accuracy was not compromised because of
interpolation. Transfer of information between the domains, how-
ever, was accomplished as a general feature of automated software, *°
which was used to establish donor and recipient grid points in each
region. At each time step grid points of the lower cavity mesh were
redistributed in the vertical direction using the stretching function
of Vinokur.?!

In the three-dimensional computation symmetry planes were im-
posed at the jet centerline (x =0) and at midspan (y =0), thus
limiting the computational domain to one-quarter of the complete
physical configuration. Apart from that consideration, the three-
dimensional grid system is identical to the coarse external mesh
in x —z planes, which were distributed along the spanwise (y)
direction.

Table 2 Configurations

Designation Re Zp

Case 1 750 10.0
Case 2 750 2.0
Case 3 1500 10.0

Details of the Computations

Standard atmospheric conditions were assumed for thermody-
namic variables, and the baseline Reynolds number was chosen to
be 750, which is in the range of experimental measurements. This
resulted in the reference values of M., =0.065 and u., =22.0 m/s,
and the frequency was set to 1000 Hz. Several different configu-
rations were investigated, which corresponded to variations in the
mean cavity depth and to the nominal Reynolds number. These cases
are listed in Table 2.

As noted before, the lower boundary of the cavity domain oscil-
lated in the vertical direction as given by Eq. (1). The magnitude
of the velocity at the jet exit was controlled by varying the ampli-
tude of the forcing function A. Having fixed a reference condition,
the moving boundary amplitude was adjusted until the peak-to-peak
magnitude of the orifice velocity coincided with u.,. An estimated
value of A could be obtained by considering the velocity of the
moving boundary and the contraction ratio of the cavity. For case 1
A =0.41. This value was not changed in other situations, so that
only one parameter was varied from case to case.

Flowfields for all three zones of each case were allowed to evolve
for seven cycles of oscillation. Three subiterations were performed
within each time step, and At was chosen such that each period was
comprised of 4000 steps. During the eighth oscillation cycle, the jet
exit velocity profile was recorded for subsequent processing.

Two-dimensional solutions were evolved for long periods of time
and found to exhibit no assymetry about the jet centerline (x =0).
To conserve computational resources, all of the results presented
here were therefore generated by employing a symmetry condition
at x =0, thereby reducing the number of grid points by half. The
two-dimensional flowfields obtained by specifying jet exit velocity
profiles were allowed to evolve for 10 cycles of oscillation to elim-
inate initial transients. Another 10 cycles were calculated and used
to compare the respective solutions. For the three-dimensional com-
putation a time step corresponding to 8000 steps per cycle was em-
ployed in order to resolve the small-scale structures that appeared;
however, only two subiterations were used within each time step.
The compact-difference scheme was applied with fourth-order ac-
curate spatial resolution, used in combination with an eighth-order
filter for two-dimensional solutions, whereas the three-dimensional
result had sixth-order accuracy with an eighth-order filter.

Quality of the Solutions

Prior to describing features of the actuator flowfields, the quality
of numerical solutions is addressed via grid resolution and time-
step size studies. For this purpose the computed jet orifice velocity
from case 1 was imposed as a boundary condition, and only the
external domain was calculated. Shown in Fig. 4 are time histo-
ries of the jet centerline velocity at two vertical locations as com-
puted on the fine and coarse computational meshes. Only the last
three oscillation cycles appear in the figure, where little variation
between the histories on respective grids is observed. Because of
stretching of the vertical mesh distribution, which is necessary at
the upper boundary to preclude numerical anomalies, it is only pos-
sible to accurately resolve convection of the vortices for a limited
distance. On the coarse mesh for at least z < 20.0, the resolution is
adequate.

Presented in Fig. 5 are instantaneous contours of the y component
of vorticity for case 1 at the end of the tenth oscillation cycle as
computed on both grids. The size and shape of the vortices on each
mesh are approximately the same. As a point of reference, the top of
Fig. 5 is located at z = 20. Because the induced convective velocity
of the vortices is a function of the solution, it is significant that over
the same time period vortices have propagated a similar distance on
each grid system.
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Fig. 4 Time history of centerline velocity at z=5.0 and 15.0 for case 1
on the fine and coarse grids.

Fig. 5 Instantaneous (), contours of the external flowfield on the fine
and coarse grids for case 1.

case 1, 15
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Fig. 6 Time history of the centerline velocity at z=5.0 and 15.0 on the
coarse grid for case 1 with A¢=0.00275, 0.00551, and 0.01101.

Time-step size variations were performed on the coarse-grid ex-
ternal flowfield of case 1. Solutions were calculated using 4000,
8000, and 16000 steps per cycle by the method already described.
Histories of the jet centerline velocity from these computations are
found in Fig. 6 for the last three cycles. These histories were also
time averaged over the ten recorded oscillation cycles and displayed
as a function of time-step size in Fig. 7. This result verifies the
second-order temporal accuracy of the solution by demonstrating
a quadratic dependence with a vanishing slope as At — 0. Instan-
taneous y-vorticity contours for the largest and smallest time steps

0.35
e——-a— 5
B
L I
—O—z=5.0
—-z=100 case 1.
— & ,=209 Coarse grid
0.25 T T 1
0.000 0.005 0.010 0.015

At

Fig. 7 Time-mean centerline velocity as a function of time step on the
coarse grid for case 1.

Fig.8 Instantaneous(), contours of the external flowfield on the coarse
grid for case 1 with A¢=0.01101 and 0.00275.

WIi=3n/2

Fig. 9 Instantaneous (2, contours of the cavity flowfield for case 1.

are provided in Fig. 8, where the size, shape, and position of the two
results are quite similar.

Two-Dimensional Results

Instantaneous vorticity contours for the cavity flowfield are de-
picted in Figs. 9 and 10. For these representations the phase is ref-
erenced to the start of a cavity oscillation cycle as given by Eq. (1).
Four scenes during one cycle for case 1 are indicated in Fig. 9. At
any instant in time, the cavity always contains two large regions of
counter-rotating fluid. When ot =0, the jet vortices have formed at
the nozzle exit. The lower boundary is now at its time-mean position
and moving upward with its maximum velocity, but decelerating.
The vortices have convected outside of the scene at wr = 1/2, leav-
ing behind a trailing shear layer. Downward motion of the boundary
commences at this point, drawing fluid into the cavity. A vortex
pair formed internal to the cavity during this stage with vorticities
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case 1

case 2

Fig. 10 Instantaneous (), contours of the cavity flowfield at wt=0.0
for cases 1, 2, and 3.
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Fig. 11 Time-mean jet exit velocity profiles for cases 1,2, and 3.

of opposite sign, respectively, to the external pair for wt = 0. They
propagate into the interior as is evident when wt = . The lower
boundary is again at its neutral position, moving downward. The
vortex pair continues its penetration into the cavity at wr =3m/2
and serves to reinforce the large counter-rotating internal structures
as the boundary reaches its minimum location. When the vortices
collide with the lower surface, fluid next to the boundary is ejected
and forms secondary separation bubbles that recirculate in directions
opposite to those of the corresponding impinging vortices (wt = 0).

The view for case 1 at wt =0 is reproduced in Fig. 10, along
with similar scenes for cases 2 and 3. Because case 2 represents a
much shorter cavity, but has the same forcing amplitude as case 1,
a stronger vortex is generated. Also, the ingested vortex pair is
compelled to remain in proximity to the cavity centerline, being
constrained by the lower boundary. The higher Reynolds number
of case 3 produces vortices that are less diffuse and formed by a
more distinct roll up of the nozzle shear layers than was found for
case 1. Lying above and outboard of the vortex pair are small re-
gions of fluid having vorticity that is opposite in sign to that of the
jet vortices. These regions are composed of the remnants of fluid
that originally were ingested into the nozzle as the cavity volume in-
creased, but subsequently were expelled. Similar regions for case 2
are also visible, where they are located somewhat below the jet
vortices.

Jet exit velocity profiles are considered in Figs. 11 and 12. In
addition to cases 1, 2, and 3, external flowfields were also generated
by prescribing analytic descriptions for the jet exit velocity distri-
butions. Such descriptions have been employed previously for the
computation of synthetic jet flows'2”'* and can be expressed as

w; = g(x)sin(wt) 2)

-0.54

-10*

-15 . . ; .
-050  -0.25 0.00 0.25 0,50
X

Fig. 12 Instantaneous jet exit velocity profiles for cases 1,2 and 3 and
analytic descriptions.

Two commonly used forms for g(x) were specified in the present
investigation: a sine profile defined by

gx) = sin[n(x + %)] 3)
and a flat-top profile for which
gx) =1 (C))

The flat-top profile was implemented numerically by linearly vary-
ing the uniform distribution at the edges of the jet to satisfy the
no-slip condition. All of the remaining results pertain only to the
external flowfields, where jet velocity profiles have been specified.
For these situations the recorded jet exit velocity distributions in
each case were phase translated so that r =0 corresponded to a zero
mass-flux condition at the nozzle exit. In this way a consistent com-
parison could be made between the respective cases, including the
analytic descriptions of Egs. (2-4).

Time-mean jet exit velocity distributions for cases 1, 2, and 3
are presented in Fig. 11. Although the mean net mass flux across
the nozzle exit is zero, there exist regions of inflow at the edges of
the orifice balanced by outflow in the center portion. This is quite
different from the analytic descriptions for which w; =0. cases 1
and 3 are quite similar, but case 2 produces larger mean inflow and
outflow. Seen in Fig. 12 are instantaneous profiles of the jet velocity.
Once again, cases 1 and 3 are similar. Case 2 produces a very high
outflow velocity at wr = /2, but an inflow velocity at wr =3m/2
that is comparable to cases 1 and 3. The sine profile is observed to be
unlike the computed cases whereas the flat-top profile is similar to
cases 1, 2, and 3 at wr =37 /2. The numerically generated distribu-
tions are not antisymmetric in time about wt = 7 because of viscous
effects. A portion of the outflowing fluid is formed by the boundary
layers along the walls of the nozzle, which are absent during inflow.
This effect can be expected to be more pronounced for nozzles of
greater length. For case 1, however, the average peak-to-peak value
of the jet amplitude is approximately 1.0, which is the condition that
was enforced by adjusting A.

Figure 13 displays instantaneous vorticity contours of the case 1
exterior jet flow field for one period of the oscillation cycle. Recall
that at ot =0 the jet nozzle exit mass flux is zero, but a previously
formed vortex pair is evident. New vortices are being spawned at
ot = /2 and have shed entirely by wr = 7. As they move upward,
a trailing viscous region can be observed, which is dissipating at
wt =3 /2. Displayed in Fig. 14 at wr =0 are the flowfields for
cases 1, 2, and 3, as well as that for the sine profile. Figure 14
indicates that the stronger vortices produced by the short cavity
of case 2 have propagated a greater distance over the same length
of time as those of case 1. In addition, the trailing shear layers
generated by the convecting vortex pair contained instabilities that
caused them to roll up and form a set of secondary vortices. These
secondary vortices, visible in Fig. 14, are smaller and much weaker
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Fig. 13 Instantaneous (), contours of the external flowfield for case 1.
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Fig. 14 Instantaneous ), contours of the external flowfield at wt=0.0
for cases 1, 2, and 3 and the sine profile.

than the primary pair, and therefore convect at a much slower rate.
Eventually they are overtaken by the subsequent vortices shed at the
nozzle exit and are merged into the primary set.

The corresponding case 3 flowfield shows that the vortices con-
vect with a velocity comparable to that of case 1. Similar to case 2,
a small pair of secondary vortices produced by roll up of the trailing
shear layers also forms. In this situation, however, the induced ve-
locity of the secondary vortices is so small that they remain virtually
stationary at a fixed spatial location. Their convective speed is offset
by that of the incoming fluid near the jet exit, and eventually they
merge with a newly formed primary vortex pair. Below the small
vortex pair is the remaining portion of the dissipating shear layer.

The sine profile flowfield appearing in Fig. 14 demonstrates vor-
tices that are weaker and convecting more slowly than those of
case 1. Vortices from the flat-top profile (not shown) were also found
to be somewhat weaker than those of case 1.

Presented in Fig. 15 is an expanded view of the flowfield from
case 1, showing the vortex train emanating from the jet exit. In this
instance the top of the figure is located at z =45.0. The expanded
view illustrates that the high-order difference scheme is capable
of resolving a series of vortices with reasonable accuracy on the
stretched mesh system.

A final comparison between the flowfields resulting from the var-
ious jet exit velocity profiles is presented in Fig. 16, where the
last three cycles of the centerline velocity time history is seen at
two vertical locations. As noted earlier, case 2 produces the largest
peak velocity magnitude. At z=5.0 the case 2 history exhibits a
secondary peak caused by formation of the secondary vortices. Al-
though much smaller, a secondary peak is also evident in the case 3
history. Secondary peaks do not occur for z = 15.0 because at this

Fig. 15 Instantaneous (), contours of the external flowfield at wt = 7r/2
for case 1.

20- z=15.0

1.5

Weio [

300.0 350.0 400.0 450.0

Fig. 16 Time history of the centerline velocity at z=5.0 and 15.0 for
cases 1, 2, and 3 and analytic descriptions.

location merging of the primary and secondary vortices has already
taken place. The sine profile displays the smallest velocity magni-
tude. Atz = 5.0 the case 1 maximum centerline velocity (wq =~ 1.5)
is approximately 50% higher than the jet exit velocity (w; ~1.0)
because of the combined translational velocity of the vortices plus
the rotation of their cores.

Three-Dimensional Results

We have already noted that only one-quarter of the full
three-dimensional synthetic-jet flowfield was simulated numerically
by enforcing planes of symmetry at the jet centerline (x =0) and at
the midspan location (y =0). Although this representation necessar-
ily precludes asymmetric interaction between vortices on opposite
sides of the centerline, no such interaction was evident in the exper-
iment of Smith and Glezer.! Because of limitations of computing
resources, it still was not possible to resolve the entire spanwise
extent of the experimental arrangement. For this reason the jet noz-
zle half-span length y; was taken to be 7.5, which is only 10% of
the Smith and Glezer value. Thus, although the exact experimental
configuration is not reproduced numerically, this computation serves
to elucidate the evolution of three-dimensional fluid structures that
do not appear in two-dimensional simulations.

Of the 138 y grid points employed in the three-dimensional com-
putational mesh, 101 of them were uniformly distributed along the
jet exit boundary. At the spanwise end of the jet exit (y =yg), the
instantaneous specified profile was forced to satisfy the no-slip con-
dition. This was done by applying a hyperbolic tangent function
as a factor to the profile such that at y =6.5 it attained 99% of
its two-dimensional value. Only one three-dimensional calculation
was carried out, corresponding to the case 1 jet exit velocity profile.
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Fig. 17 Instantaneous (2, contours of the three-dimensional flowfield
for y =0.0.

Fig. 18 Instantaneous (), contours of the three-dimensional flowfield.

The computational domain was initialized with the two-dimensional
solution and run for one cycle (8000 time steps) to expunge tran-
sients. Five more cycles were then computed and used to construct
temporal averages.

Instantaneous contours of the y component of vorticity at the
midspan location (y =0) for one cycle of the three-dimensional
computation are provided in Fig. 17. Once again, ¢ = 0 corresponds
to the zero mass-flux condition at the jet exit, so that these contours
may be compared directly with the two-dimensional result in Fig. 13.
At wt =0 very little structure of the primary vortex pair is apparent.
When wt = /2, a new pair of vortices can be seen emerging at the
nozzle exit. By wt = 7 the vortices already appear more diffuse than
their two-dimensional counterparts, with the core being encircled
by aring of higher vorticity fluid. Most of the coherent structure has
vanished at ot =3m/2.

In Fig. 17 only one coherent vortex pair is evident during the os-
cillation cycle, which is unlike the two-dimensional situation where
a continuous train of vortices was observed. Experimentally, Smith
and Glezer! also report only a single coherent vortex pair.

A three-dimensional representation of the flowfield is illustrated
in Fig. 18 by instantaneous contours of the y component of vor-
ticity at several constant spanwise locations for one cycle of the
oscillation. Contours are also displayed along the lower boundary
(z =0), which is coincident with the plane of the nozzle exit. The
one-quarter computational domain has been reflected across sym-
metry boundaries to create a three-dimensional depiction. Few well-
defined structures are evident at wt = 0, but at wt = 77 /2 new vortices
have emerged at the nozzle exit. These rapidly begin to deteriorate
because of spanwise instabilities, which have the most pronounced
effect at the spanwise extent of the jet exit (y = yp), as is observed

Fig.19 Instantaneous contours of the vorticity magnitude and a vortex
line for the three-dimensional flowfield at wt = 7r/2.

Of=T

0Ii=3n/2

Fig. 20 Instantaneous (2, contours of the three-dimensional flowfield
forx=—0.5.

when wt =m. Here the vortex cores begin to lose strength, with
their centers dissipating most rapidly. The breakup evolves toward
the spanwise symmetry plane and results in the small-scale struc-
tures for wt =37 /2.

An alternate portrayal of the flowfield at wr =/2 is shown in
Fig. 19, where instantaneous contours of the vorticity magnitude
are displayed together with a vortex line that passes through the
center of the vortex cores. Besides the constant spanwise planes and
the lower boundary plane that were exhibited in Fig. 18, the plane
of the jet centerline at x =0 is also presented in Fig. 19. Because
the y component of vorticity vanishes at x = 0, vorticity magnitude
was employed as an alternative for illustrating vortical features. It
is evident from the figure that as it emerges from the nozzle exit
the structure should more properly be referred to as a vortex ring
with a large aspect ratio or a vortex loop. The loop is seen to be
quite uniform near the spanwise symmetry plane, but deforms in
the far-span region. At the spanwise extent of the jet, the vortex
propagates more rapidly upward than it does at the spanwise plane
of symmetry.

Instantaneous vorticity contours for one oscillation cycle appear
in Fig. 20 on the plane x = —0.5, which is located at the edge of
the jet nozzle. This view again demonstrates breakup of the vortical
structure because of spanwise instabilities. At wr =1 /2 the vortex
loop has emerged from the nozzle and is bent upward at the ends as
was described in Fig. 19. For wt = 7 it is apparent that the breakup
moves from the ends toward the spanwise plane of symmetry. This
process continues at wt = 37 /2, and when wt = 0 much of the orig-
inal vortical form has disintegrated into finer scale structures. A
spanwise bending of vortex loops is often observed experimentally.

Comparison with Experiment

Despite the fact that the present synthetic-jet computations were
able to simulate the entire actuator flowfield, including the inter-
nal cavity, the configuration that was proposed does not correspond
identically to the arrangement of Smith and Glezer. Details of their
experimental internal mechanism are not reported in the open liter-
ature for proprietary reasons but are believed to be different than the
simple enclosure assumed here. Results of two-dimensional compu-
tations indicated that exact geometric elements of the actuator cavity
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Fig. 21 Time-mean velocity profiles at z =9.8,13.8,19.7.
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Fig. 22 Fluctuating velocity profiles at z=9.8,13.8,19.7.

were of vital importance in determining the nozzle exit profile and
subsequent synthetic-jet formation. Furthermore, the numerical jet
exit aspect ratio was only one-tenth that of the experiment. Finally,
although two-dimensional solutions were quite periodic in time so
that meaningful temporal statistics could be obtained in several cy-
cles of oscillation, this was not true for the three-dimensional cal-
culation for which the frequency content was considerably higher.

Comparison of numerical results with the experimental data of
Smith and Glezer! is provided by Fig. 21 in terms of the time-mean
vertical velocity component at three streamwise locations. The com-
parison is formulated by use of similarity variables, which is consis-
tent with the experimental description. Here x; is the cross-stream
jet half-width based on w. All two-dimensional solutions are found
in the figure, which agree well with the experiment, except at the jet
lateral edges, for each streamwise position. This result agrees with
the findings Kral et al.'? Figure 21 shows that the three-dimensional
result agrees only qualitatively with the data.

The root mean fluctuating component of vertical velocity at the
three streamwise locations is provided in Fig. 22. All of the two-
dimensional solutions produce fluctuations that are clearly larger
than experimental values and are of the same magnitude as the
mean component. The three-dimensional result, however, has a
much smaller fluctuation owing to the spanwise instability that cre-
ated a breakup of the coherent vortical structure into smaller scales;
therefore, it compares more favorably with the measured data.

Conclusions
Solutions to the compressible Navier-Stokes equations were ob-
tained for the flowfields surrounding a synthetic-jet actuating device.
The interior flow was generated on an overset deforming zonal grid

system while the jet flow was simulated using a high-order compact
difference scheme. Both spatial and temporal quality of the results
were established via mesh-size and time-step studies.

Several two-dimensional cases were investigated, corresponding
to variations in the depth of the cavity and the Reynolds number,
which were found to be important parameters. Resultant jet exit
velocity profiles, as well as the exterior flowfields, differed from
commonly employed analytic models. Jet profiles that account for
the internal actuator geometry may be used as more realistic bound-
ary conditions for practical applications.

A three-dimensional computation captured spanwise instabili-
ties that led to a breakup of the coherent vortex structure. This
phenomenon, which was postulated experimentally, cannot be re-
produced in two spatial dimensions. Although it was not possible
to duplicate the exact experimental configuration, the comparison
with measured data was encouraging. We believe that, with suffi-
cient computational resources and complete knowledge of physical
details of the actuating device, complex synthetic-jet flowfields may
be accurately simulated.
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