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Two-Dimensional Synthetic Jet Simulation

Conrad Y. Lee¤ and David B. Goldstein†

University of Texas at Austin, Austin, Texas 78712-1085

Direct numerical simulation was used to model an array of two-dimensional synthetic slot jets pulsing into
initially quiescent � ow. Such zero-net mass-� ux jets can represent an array of microelectromechanical systems.
Fluid ejected by the pulsing jets rolls up into vortex pairs that propagate as a result of their mutually induced
velocity and the initial momentum given by the pulse. The effects of � uid and geometric parameters on the resulting
� ow� eld were studied. The results near the slots were compared with experimental data and found to be in good
agreement.

Nomenclature
A = maximum piston velocity
AR = area ratio between piston and slot, hpiston=h
Fs = body force applied at a boundary point
f = frequency of piston motion
h = slot width
hpiston = piston width
h1=2 = slot half-width
I0 = average impulse per unit width
L0 = stroke length
Re = device Reynolds number, Upeakh1=2=º
ReI0 = Reynolds number based on average impulse, I0=¹h jet

Sr = device Strouhal number, 2¼ f h1=2=Upeak

T = period of oscillation
Udesired = desired velocity of a boundary point
Upeak = maximum average jet velocity across the slot, AR £ A
Upiston = piston velocity, A sin.2¼ f /
Us = actual velocity of a boundary point
U0 = average jet velocity, L0=T
u; v = � ow velocities
u0.t/ = instantaneousmean jet velocity at the slot plane
xs = coordinates of boundary points
® = gain of force � eld
¯ = damping of force � eld
1Us = difference between local and desired velocity,

Us ¡ Udesired

º = dynamic viscosity
Ä = vorticity

I. Introduction

R ECENT advancesin micromachiningtechniqueshave allowed
the constructionand testingof low-powermicroelectronicme-

chanical systems (MEMS) devices for � ow control such as � aps,
surface heating elements, and synthetic jets. Synthetic jets are of
particular interest as sturdy active control devices of zero-net mass
� ux requiring no internal � uid supply lines. Some applications for
such devices include improvingheat transfer, jet vectoring,enhanc-
ing mixing, and controlling a turbulent boundary layer for drag
reduction. Slot jets constructed by Smith and Glezer1 consist of
a small cavity enclosed on one side by a membrane driven by a
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piezoelectric actuator and on the other side by a surface containing
a high-aspect-ratioaperture (Fig. 1). Other experimental studies of
the � ow generated by synthetic jets have been performed,2;3 but,
to date, there have been only a few detailed simulations seeking to
better understand the physics of the � ow.

Kral et al.4 solved a boundary-valueproblem for the incompress-
ible, unsteady two-dimensional Reynolds-averagedNavier–Stokes
equations with the Spalart–Allmaras turbulence model. The com-
putational domain encompassed only the region external to the jet
without the cavity or actuating membrane. The jet presence was
simulated by forcing an analytical velocity pro� le on the boundary
region corresponding to the jet ori� ce. Results appeared to agree
with the the experimental observations by Smith and Glezer1: the
near � ow� eld is dominated by the formation of counter-rotating
vortex pairs. Further away from the jet aperture, the vortex cores
become smeared by turbulent diffusion. In the experiments the vor-
tices break down into a planar turbulent jet beyond approximately
8–10 slot widths of the aperture.

Rizzetta et al.5 used direct numerical simulation (DNS) to solve
the unsteady, compressible Navier–Stokes equations. The external
region, the cavity itself, and the throat were calculated on sepa-
rate grids and linked through a chimera methodology. The mem-
brane motion was represented by varying the position of appropri-
ate boundary points. In addition to con� rming the � ndings of Kral
et al.,4 Rizzetta et al.5 showed that the internal cavity � ow becomes
periodic after several cycles. Therefore, it was consideredappropri-
ate to sample and use the periodicvelocitypro� le at the slit plane as
a boundary condition in subsequent runs involving the external do-
main only. Three-dimensionalsimulations indicate that the external
� ow breakdown into a turbulent jet observed in experiments was a
result of three-dimensional instabilities,which also explained why
no such phenomena were observed in any strictly two-dimensional
simulations.The same conclusionwas reached by Mallinson et al.6

when comparing experiments and simulations of round jets.
The computational studies, in tandem with experiments, provide

useful knowledge about the physics of the � ow. However, there are
still a wide range of geometric and � ow parameters left to exam-
ine. Moreover, the issue of coupling the available simulations to
the turbulent � ow to be controlled has not been fully addressed.
Thus, an alternate method, which is relatively simple to implement
and does not require excessive computer resources, is presented.
Such simulations can � nd applications in the design of synthetic
jets in general and as complement to experiments. The method we
use has already been proven by Goldstein et al.7 and Goldstein and
Tuan8 as adequatefor DNS simulationof turbulentboundary layers.
For turbulent boundary-layer control, even though boundary-layer
Reynolds numbers are large, the actuators are to be used to control
� ow structuresin the buffer layer.Hence, the MEMS are expectedto
operate at a very low local Reynolds number, Re ¼ O.10/. Experi-
mentsby Breueret al.9 showed that slot jets operatingin such a range
can cause local reductionsin shear stress,whereasnumericalwork10

hasdemonstratedthat � owgeneratedby suchlow-Reynolds-number
pulsed jets can affect coherent structures well beyond the buffer
layer. The present simulationsare carried out so that, assuming they
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Fig. 1 Schematic of synthetic jet (from Ref. 1).

can be validated, the same computational procedures will remain
valid when coupled with a DNS of a turbulent boundary layer.

The computational approach is brie� y described in Sec. II. A
studyon the correctnessof the method is described(Sec. III.A.), and
further simulations examine several � ow and geometric parameters
(Secs. III.B and III.C). Throughout this study results are compared
to earlier numerical studies and experiments.

II. Numerical Procedure
The DNS method used in this simulation is based on that devel-

oped by Kim et al.11 to examine turbulentchannel � ow. The Navier–
Stokes equations are manipulated to give a fourth-order system of
equations for the spanwise v component of velocity. The equations
are solved with a Chebyshev-tau method with grid clustering near
the edges of the domain. Time stepping is done with an Adams–

Bashforth/Crank–Nicholson scheme. Once v is known, the stream-
wise u is obtained from the continuityequationin spectralspace and
projected back onto physical space. Spectral representationsmake
this method attractive because of the low computationalcost of fast
transform methods and for the accuracy of results.

Modi� cations made to the code allow the use of virtual surfaces
to de� ne both the solid and moving walls. This method, related
to that of Peskin12 and developed by Goldstein et al.,7;13 imposes a
localizedbody force alongdesiredpoints in the computationalmesh
to bring the � uid there to a speci� ed velocity so that the forcehas the
same effect as a solidboundary.The desiredvelocityis incorporated
in a iterative feedback loop to determine the appropriate force. For
example, given a moving boundary with velocity Udesired.xs; t/, an
expression for the body force Fs is

Fs.xs; t/ D ®

Z t

0

.1Us/ dt 0 C ¯.1Us / (1)

The constants ® and ¯ are negative and de� ned as the gain
and damping of the force � eld with dimensions of M=(L3T 2) and
M=(L3T ), respectively.This approachallows for fairly complex ge-
ometries and/or moving boundaries to be incorporated in a regular
domainwithout the usualcomplexitiesof mapping.Previousstudies
by Goldsteinet al.7 con� rmed the successof this techniquefor mod-
eling a riblet surface below a turbulent boundary layer with only a
5% increase in computational time when compared to conventional
boundary de� nitions of a solid � at surface.

III. Results
A. Flow Parameters

A schematic of an array of actuators and the computational do-
main is shown in Fig. 2. The moving piston and the solid wall sepa-
rating the internal from the external� ow are de� ned with the virtual
surface method. The left and right domain boundaries are periodic,
and the top and bottom walls are de� ned as shear-free boundaries.
As highlighted in Fig. 2, the computational domain corresponds to
half of the actual physical domain. In this study the � ow parame-
ters of importanceare the device Reynolds number Re and Strouhal
number Sr de� ned according to Upeak and h1=2. The piston motion
is emulated by imposing a sinusoidal velocity Upiston within a few

Fig. 2 Schematic of periodic array of pulsing jets and computational
domain.

Fig. 3 Contours of normalized vorticity difference between grid sizes
(top = 512 £ £ 256 and 512 £ £ 512, bottom = 512 £ £ 512 and 512 £ £ 1024)
at Re = 416.6.

columns of boundary cells de� ning the piston. For an incompress-
ible � uid the mean jet velocity at the ori� ce at any instant u0.t/
and the maximum average jet velocityUpeak can then be determined
simply from the area ratio between the piston and jet aperture. Also
of interest are the stroke length L0 and the average impulse per unit
width I0 given as

L0 D
Z T=2

0

u0.t/ dt I0 D ½h

Z T

0

u2
0.t/ dt (2)

From the de� nitions of u0.t/ and Upeak, it can be shown that for this
study Sr is exactly h=L0 . The preceding also allows us to de� ne an
average jet velocity U0 and the Reynolds number based on average
impulse ReI0 .

B. Quality of the Solutions
We � rst describe a single simulation at Re D 416:6 and Sr D

0:0628 used for checking grid convergence.As already mentioned,
the computational domain is half the actual domain, and the base-
line grid contains 512 cells in the streamwise x direction and 128
in the spanwise y direction. The forced wall separating internal
and external � ow was de� ned as a single column of forced grid
points, whereas the piston surface was de� ned over three columns
of grid points, which yields effective thicknesses of 0:2 and 0:6h,
respectively.Throughout this paper the force-� eld parameters were
® D ¡500,000 and ¯ D ¡300. Grid independence is veri� ed by us-
ing the difference between time-averaged vorticity � elds for in-
creasing grid sizes as an indication of the convergenceof the solu-
tion. For all grid sizes data were taken over the last � ve cycles of a
20-cyclerun.Becausethedomain is shownwith itsmirror image, the
baselinegrid in the � gure has in reality 512 £ 256 cells,whereas the
� ner grids have 512 £ 512 and 512 £ 1024 cells. For the Reynolds
number of 416:6, Fig. 3 shows considerablenoise in the cavity and
the right-hand side of the domain. As explained later, the � ows at
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Fig. 4 Contours of normalized vorticity difference between grid sizes
(top = 512 £ £ 256 and 512 £ £ 512, bottom = 512 £ £ 512 and 512 £ £ 1024)
at Re = 104.2.

these locations and at this high Reynolds number are fairly chaotic,
which causes the discrepancy. However, between the two chaotic
regions, there is a broadband from x=h D 0 to x=h ¼ 60, where the
� ow is nearly periodic in time and the vorticity difference between
grids is minimal to nonexistent.Because data used to compare the
simulation to the experiments were taken from 0 · x=h · 40, it is
reasonable to assume the solution is grid independent in this region
of interest.An identicalstudywas performedfor the lower Reynolds
number of 104.2, at which the geometric parameters’ study was
performed.Results are shown in Fig. 4, and because stable periodic
cells formed at both ends of the domain, the differences between
grids are minimal throughout the entire domain. Therefore, at the
lower Reynolds number it is safe to assume that the baseline grid
(512 £ 128) is converged over the entire domain. Throughout the
study time accuracy was maintained by adjusting the time step so
that each period of actuation corresponded to at least 3000 time
steps and by monitoring the Courant–Friedrichs–Lewy number.

As noted in the precedingsection,thecurrent simulationis limited
to two-dimensional. Experimental results indicate that the vortices
formed become unstable and breakdown into a turbulent jet within
x=h D 10 of the slot. However, comparison to experiments covered
in Sec. III.F indicate that there is a fair agreement between the
data presented here and experiments for a region x=h · 8. Conse-
quently, the current results are still valuable in giving insight to the
near-� eld jet behavior and its susceptibility to � ow and geometric
effects.

C. Baseline Case
Smith and Glezer1 performed experiments at Reynolds and a

Strouhal numbers of 416:6 and 0:0628, respectively, but our simu-
lations at those parameters produce a rather complex � ow� eld. To
better isolate the effect of a single geometric or � ow parameter, a
baseline case was selected by running the code on the baseline grid
at a lower Re D 104:2 with a simpler � ow � eld. The Re D 416:6
case will be examined in Secs. III.D. and III.F.

As already mentioned,Kral et al.4 made use of analyticalexpres-
sions for the streamwise u velocity while the spanwise v velocity
was taken as zero at the slit plane. Figure 5 containsplots of instan-
taneous streamwise u velocity, spanwise v velocity, and vorticityÄ
in the slit plane at the moment of peak blowing. Also plotted for the
case of the u velocity are the analytical expressions used by Kral
et al.4 As seen in the � gure, u is “horned” at the edges with peaks
around y D §0:3h and does not resemble a parabola or the other
pro� les shown. This deformationconforms to the pro� le distortions
common to oscillatory � ows as the low-momentum boundary layer
accelerates more quickly than the bulk � ow. Moreover, the span-
wise v is clearly nonzero and has variations as high as §0:24Upeak,
whereas the vorticity peaks at y D §0:41h. The simulation results
re� ect the use of a single column of grid cells to de� ne the solid

Fig. 5 Flow velocities and vorticity for baseline case (Re = 104.2, Sr =
0.0628) and comparison to analytical expressions at peak blowing.

Fig.6 Vorticity contours for different Reynoldsnumbers (top:baseline
case of Re = 104.2, Sr = 0.0628; bottom: Re = 416.6, Sr = 0.0628).

walls and jet ori� ce. Such a near in� nitely thin wall promotes � ow
separation and does not allow a signi� cant boundary layer to de-
velop within the throat. Consequently the u velocity pro� le is far
from parabolic, and there is a substantialvelocity component in the
spanwise y direction.

A vorticity contour plot of the baseline case after 10:5 cycles is
shown at the top of Fig. 6. The external � ow to the right of the slit
plane presents a phenomena not noted in previous numerical sim-
ulations: continuous vortex pairing of the leading vortices. Vortex
pairing was not observed either in the experiments by Smith and
Glezer1 perhaps because the vortices break down into turbulence
within several h of the jet aperture.Pairing in the present simulation
is believed to be a consequence of the closed periodic domain of
the simulation: leadingvortices face a counter� ow caused by the far
wall and consequently slow down, allowing subsequent vortices to
catch up to their position.The � ow eventuallyreachesa steady-state
condition in which vortices formed by ejected � uid diffuse and be-
come too smeared for any pairing event to be observed.The internal
cavity or plenum � ow is also seen. As found by Rizzetta et al.,5 a
single main circulation cell develops after only a few cycles. The
circulation cell grows and seems to reach a quasi-steady state after
about 25 cycles.

D. Reynolds and Strouhal Numbers Study
The effects of the � ow parameters Re and Sr were exam-

ined by independently varying them about the baseline case.
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Reynolds-number dependence was examined by maintaining Sr D
0:0628 while increasing or decreasing the Reynolds number by
factors of 4–26:38 and 416:6 through variations of the kinematic
viscosity. At very low Re D 26:38 the vortices formed by ejected
� uid dissipate within 20h of the aperture without pairing.However,
increasing to Re D 416:6 allows the ejected vortices to remain co-
herent long enough to impact against the far right wall (Fig. 6) and
� ow back toward the slit. The back� owing vortices remain coherent
enoughto affect the translationalspeed (celerity) of centerlinepairs.
Pairingeventswere also observedbetween individualcenterlinevor-
tices, but no discernible pairing pattern was observed as a result of
the complex � ow associatedwith all of the vortical structures in the
domain.

Flow within the cavity at the low Re D 26:38 does not form a cir-
culationcell as vorticityquicklydissipates.However, at Re D 416:6
complex activity can be seen within the cavity, which does not
reach stable periodicity even after the longest run of 37 cycles. Ed-
dies impacting against the piston in the plenum produce vorticity,
which is scooped from the solid walls. Those secondaryvorticesdo
not dissipate quickly and thus continuouslyadd to the complicated
picture.

The effect of Reynolds-number variation on the jet properties
across the slit are shown on the left of Fig. 7. The u pro� le at a low
Reynolds number looses the edge horns, and the pro� le looks like a
� attened parabola,whereas for a higher Reynolds number the horns
are more pronounced. This effect can be traced to the behavior of
oscillatory boundary layers that form in the throat region. As noted
in Schlichting,14 an oscillatoryboundary layer grows proportionaly
to .º=!/1=2 so that the horns at higher Reynolds numbers are the
result of thinner boundary layers in the throat. Although not shown,
the vertical velocity pro� le has a slight decrease in magnitude, and
the location of peak v moves towards the centerline as the Reynolds
number decrease.A similar but less pronouncedtrend was observed
in the peak vorticity across the slit.

Strouhal-number dependency was examined by holding the
Reynolds number � xed at 104:2 while varying Sr by factors of
4–0:0157 and 0:2512 through changes in frequency. Because of
the equivalent relation between Sr and h=L0, there is an inversely
proportional change in the normalized stroke length as well. Com-
parisonsof the u velocity at the jet plane for differentSr on the right
of Fig. 7 show that theoverall shapeof theu pro� le at the slit remains
unchanged. There is only a slight tendency to increase the magni-
tude of u as Sr decreases. Similar small variations are observed in
the v velocity while the vorticity remains mostly unchanged.

Effects on vorticity are shown in the contour plots of Fig. 8 and
re� ect the changes to L0. As seen in the top � gure, for a high-
Strouhal-numbercase a much smaller amount of � uid is ejected by
the reduced L0 per half-pulse. Consequently, the ejected vortices
continually merge within O.1h/ of the jet aperture into a pair of

Fig. 7 Comparison of peak streamwise velocity for baseline case and
different � ow parameters at peak blowing.

Fig. 8 Vorticity contours for different Strouhalnumbers (top: baseline
case of Re = 104.2, Sr = 0.2512; bottom: Re = 104.2, Sr = 0.0016).

vortexsheets.The vortexsheetsdissipatequicklybut still maintaina
faint jet head even out to x ¼ 40h after 40 cycles.The low-Strouhal-
number case on the bottom � gure presents the opposite physical
effect: the long stroke causes large amounts of � uid to be ejected.
As a result, the vortex pairs are spaced far apart so that there is no
pairing.

Internal to the plenum chamber, the high Strouhal number pro-
duces a faint circulation cell (Fig. 8, top). The low-Strouhal-
number case establishes a circulation cell that, unlike the base-
line case, moves in a rough circular orbit and distorts according
to the piston motion (Fig. 8, bottom). As the circulation cell moves
about the plenum, extra vorticity is shed by boundaries forming
weak secondary circulation cells near the top and bottom of the
cavity.

E. Geometric Parameters Study
Although the � ow parametersof interest are mainly the Reynolds

and Strouhal numbers, there are many geometric parameters that
can be varied in such a device. In this section the effects of the
lip thickness and shape and the domain length (both external and
internal) on the � ow are examined.All studies are performed on the
baseline grid of 512 £ 128 at Re D 104:2 and Sr D 0:0628.

Lip Thickness
For the baseline case the wall separatingthe internal and external

domains was de� ned by a single column of gridpoints. Although
there was no leakage observed across the wall, the corresponding
physical condition would be of a sharp plate of near-zero thickness.
Consequently, a parametric study on the effects of lip thickness
was performed by progressively adding layers to the plate until
the dividing wall and the lip were 2:5h thick. Figure 9 shows the
effect of thickening the wall on the u velocity at the outer slit plane.
Compared to the baseline case, the horns of the pro� le disappear
for a 1h-thick wall, and the pro� le is insensitive to walls thicker
than 2h. Thicker walls allow a boundary layer to developwithin the
slit but not to the extent that it becomes fully developed as in pipe
� ow. Rather the effect is similar to an entry region of a pipe, and the
overall effect of the boundary layers is to reduce the actual throat
height at the exit plane.This increasesthe peak streamwise velocity,
but, because the � ow still separates at the sharp corner edge of the
lip, there is little change in the v velocity or vorticity.

In the external � ow the thicker lip causes an increase in the celer-
ity of the ejected vortices caused by the development of thicker
boundary layers. This increased celerity is seen in the contour plot
of Fig. 9. In the � gure baseline case vorticity contours are shown in
gray scale while the 2h-thick lip case is drawn in lines after four cy-
cles. The internal cavity � ow was similarly affected as the increase
in celerity causes the vortices of the thicker lip to impact earlier
in the cycle against the piston face. As a result, the circulation cell
created is slightlyout of phase compared to the baselinecase. There
is no change, however, in the period or size of the circulation cell
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Fig. 9 Schematic of types of lips used and effect of thickening lips on streamwise velocity at peak blowing and vorticity contours.

Fig. 10 Comparison effects of round and � at lips on � ow properties at peak blowing.

because those parameters are set by the period of oscillation of the
piston and cavity depth.

Lip Geometry
To examine the effect of the lip geometry on the � ow, two other

types of lips are used: a sharp, cusp-shaped lip and a smoothed,
rounded lip as shown schematicallyon the top of Fig. 9. Flow prop-
erties at the center of the slit cross plane are shown in Fig. 10 for
the rounded lip and � at lips. When compared to the � at lip, the
rounded lip u pro� le shows approximately a 20% peak reduction.
The round-lipv pro� le is increasedby a factorof four, and peak vor-
ticity Ä is increased by 40%. This result is not entirely surprising:
the smooth shape of the lip inhibits entrance separation and forms
a vena contracta through the slot. Close-up examinationof the � ow
around the throat shows that the rounded lip allows more � uid to be
entrainedfrom the sides during a suctionphase, causingthe increase

in the spanwise velocity. For the cusped lip a similar increase in the
u velocity is observed, but there is little variation in the v velocity
and vorticity. Despite the variations in the u velocity, neither case
substantiallyaffected the celerity of the ejectedvorticesso that there
were no substantial changes in the external or internal � ows.

Size of Domain
Sensitivity of the � ow to the size of the internal cavity is studied

by halving the size of the internal cavity to 1
2

and then to 1
4

of
the original baseline case. As the cavity becomes shallower, there
is an increase in the celerity of the ejected vortices. Compared to
the baseline case, the internal � ow of the half-cavity case shows a
smaller circulationcell, and as the simulation progressespart of the
cell is pushedtoward the slot in each blowinghalf-cycle.In contrast,
the quarter-cavitycase does not even forma circulationcell. Instead,
all of the vorticity ingested in one half-cycle is fed back out through
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Fig. 11 Close-up of vorticity contours, vectors, and mesh aroundsharp
lip ori� ce (top = baseline case, bottom= quarter-cavity case).

Fig. 12 Mean u velocity vs spanwise direction at different x/h stream-
wise distances from ori� ce for 2.5h-thick � at lips (Re = 416.6, Sr =
0.0628).

the slit during the following half-cycle. Figure 11 shows a close
up of the � ow around the lip for both the baseline and the quarter-
cavity cases. In the quarter-cavity case positive vorticity is pushed
closer to the dividing wall and the vorticity layer that forms the
external jet. Because the positive cavity vorticity (clockwise in the
� gure) has opposite sign to the negative vorticity layer, it induces
an increase in the vertical downward speed of the � ow along the
dividing wall as seen by the size and orientation of the vectors just
inside the cavity. The overall effect of this added momentum is a
slight effective narrowing of the slot width and an increase in the
celerity of the ejected vortices.

F. Comparison to Experiments
The preceding� ow and geometric parameter studies can be com-

pared to experimentaldata of Smith and Glezer.1 Those experiments
were performed on a continuously running jet with 2:5h-thick � at
lips at a Reynolds number of 416:6 and Strouhal number of 0:0628.
Simulation data, in contrast,were accumulatedover the last � ve cy-
cles of a 35-cycle run. Figure 12 shows a plot of mean streamwise
velocity Nu with respect to spanwise distance y from the center-
line at several locations downstream of the jet slit. Also included

are experimental data points at approximately the same locations.
Normalization factors are the centerline velocity Ucl and the jet
half-maximum width b. As seen in Fig. 12 and previous numerical
studies, all data collapse well on a single curve showing that the
similarity parameters for conventional jets also apply to oscillat-
ing jets. However, our mean u velocity becomes negative beyond a
y=b ¼ §2. An explanation can be deduced from the time-averaged
streamline plot of Fig. 13. Although the experiments were on a
nearly isolated jet, the present study simulates the effect of an ar-
ray of jets spaced 17h apart. The narrow, two-dimensional domain
causes � uid feeding the centerline jet to be substantially drawn in
from above and below so that a mean back� ow is created outsideof

Fig. 13 Mean vorticity contours and streamlines after 35 cycles (Re =
416.6, Sr = 0.0628).

Fig. 14 Mean v velocity vs spanwise direction at different x/h stream-
wise distances from ori� ce for 2.5h-thick � at lips (Re = 416.6, Sr =
0.0628).

Fig. 15 Streamwise stress values vs spanwise direction at different x/h
streamwise distances from ori� ce for 2.5h-thick � at lips (Re = 416.6,
Sr = 0.0628).
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the jet. Figure 14 shows the normalized mean spanwise velocity Nv
plotted as in Fig. 12. Unlike Nu, Nv does not match the experimentdata
in trend nor magnitude. Although the experiments indicate a Nv=Ucl

variation of as much as 8%, the simulation data are contained in a
narrowband of §2:5%. This can be explained again by Fig. 13: the
periodic nature of the simulation con� nes the jet to a narrow central
band and limits the Nv variation. Figure 15 shows a plot of the auto-
correlation of the u0 velocity � uctuation. Data from the simulation
show � uctuations O(10) times larger than the experimental values.
This numerical result agrees with Rizzetta et al.5 and is a conse-
quence of the two-dimensionalnature of the simulation,which does
not model a breakdown into a three-dimensional turbulent jet.

Figure 16 shows the trajectory of a vortex blob starting at cycle
26 for both the thin sharp lip and the 2:5h-thick � at lip cases com-
pared to experimentalvalues.The x position is normalizedby h and
the time by period T . The computational and experimental vortex

Fig.16 Vortex trajectories from experiments compared to simulations.
(Note greater celerity of 2.5h-thick � at lips.)

Fig. 17 Centerline velocity vs streamwise distance for experiments and
simulation.

trajectories diverge far from the jet ori� ce but agree for a region
x=h < 8, before the experimental breakdown into a turbulent jet.
Figure 17 shows the centerline velocity normalized by U0 against
the position x=h. Again, there is fair agreement between the simu-
lation and the experimental data for a region x=h < 8. This further
con� rms that although limited to such a small region the results
from this simulation are comparable to experiments.

IV. Conclusions
An alternate direct numerical simulation method for simulating

two-dimensional synthetic jets was presented. This method made
use of the � exibility of virtual surfaces to examine in detail the
physics of the resulting � ow and its sensitivity to a host of � ow
and geometric parameters. Jet formation was observed to be highly
sensitive to the � ow Reynolds number, whereas jet evolution was
affected by Strouhal number. In addition, the shape of the lip and
depth of the cavity were also found to be important parameters in
the resulting � ow. Results were compared to experimental data and
found to be in good agreement near the jet ori� ce. The results indi-
cated the possibility of further applying this simulation method to
study turbulent boundary-layer control because the local Reynolds
number and geometric requirements would be much lower than the
simulations presented here.
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