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These numbers are within a factor of two of those observed here.
Given the experimental uncertainties of the parameters used in the
calculations, and the simplicity of the model used (a single pair
of parallel, Gaussian vortices), this approximate agreement is en-
couraging. Higher resolution PIV data could directly con� rm or
deny the presence of the elliptic mode in these vortices, by show-
ing if the core and the periphery were displaced relative to each
other. An elliptic instability was in fact demonstrated this way by
Leweke and Williamson15 for an equal-strength counter-rotating
pair at Re0 ¼ 3 £ 103.

Conclusions
Corotating tip–� ap vortex pairs are studied at Re0 of order 105.

The evolutionof thevelocity� eldat a � xedcrosssection is recorded,
yielding measures of the circulation ratio, separation, and vortex
size. The pair is observed to merge within about one orbital period.
Flow visualization clearly shows the three-dimensional nature of
this process, with the appearance of strong sinuous disturbances
on the weaker � ap vortex, and to a lesser extent on the tip vortex.
The wave number of this disturbance and its alignment with the
extensionalaxis of the straining� eld from the partnervortexsuggest
it to be an example of an elliptical instability.For such an instability
driven by the straining � eld of the partner vortex, the growth rate
scalesas the inverseof the squareof thevortexseparation,1=d2. This
growth rate matches the scaling of the orbit period, thus, yielding
� nite amplitudes within one orbit. This provides an explanationfor
the observed merger in about one orbit, even for vortices spaced too
far apart to merge in two dimensions.
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Introduction

A PHYSICAL model for turbulent boundary-layer separation
was proposed by Sandborn and Kline,1 as a transition region

from unseparatedto separated� ow. Correlationswere developedto
indicate the onset of intermittentand zero-meansurfaceshear stress,
N¿w D 0 separations, in terms of the velocity pro� le shape factor H
and the ratio of displacement to boundary-layerthickness±¤=±. The
intermittent separation location was taken as the point where the
adverse effects associated with � ow separation are present and vis-
cous constraints are no longer important. It is the location most
researchers identify by � ow visualization as turbulent separation,
and the point most often predicted by analytical studies. Sandborn
and Liu2 demonstrated that the N¿w D 0 separation was equivalent to
laminar boundary-layerseparations.

The presentNote demonstrates that the separationcorrelationsof
Sandborn and Kline can be recast in terms of the Reynolds number
instead of the less well-de� ned boundary-layer thickness.

Separation Correlations
Figure 1 shows the curves obtained when the Sandborn–Kline

correlations are recast in terms of Rµ . Extrapolated values of form
factor and Reynolds number were determined for each set of data
points where they crossed the original Sandborn–Kline correlation
curves. (See Sandborn and Kline1 for references to the experimen-
tal data.) Most of the variation of H with Rµ occurs for values of
Rµ less than 2 £ 104 . For values of Rµ greater than 2 £ 104, the
variation of H is quite small (H ¼ 2:5 C 0:2 for intermittent separa-
tion and H ¼ 3:8 C 0:1 for N¿w D 0/. The N¿w D 0 curve was reported
previously.3

The compressible � ow values (local Mach number »0:33 and
0.59) of H and Rµ shown on Fig. 1 are the incompressible trans-
formed values (untailed) and the direct, mass � ow values (tailed).
The compressiblemeasurementswere made in a 10 £ 15 cm, cross-
section facility at the NASA Ames Research Center (see Sandborn
and Seegmiller4 for detailsof the basic facility).Details of the tunnel
setup for the measurements in the 61 £ 61 cm tunnel were given by
Sandborn.5

Whereas the separationtransitionprocessbeginswith the � rst ap-
pearance of back� ow, the cross-hatched region on Fig. 1 indicates
the area where the major adverse problems associated with separa-
tion are present. The cross-hatched region corresponds to that part
of the � ow where the mean � ow quantitiesovershadowthe Reynolds
turbulent terms.2

The fourth-powerpolynomial(computer � tting), shown in Fig. 1,
was employed to estimate the value of the skin-friction coef� cient
for intermittent separation. Computed values of c f at the location
of intermittent separation are shown on Fig. 2.

To demonstrate the affect of Reynolds number on separation,
a set of measurements were made in a small 8:9 £ 16:5 cm inlet
duct. The duct was expanded to 25.4 cm (±=R ¼ 0:02) to produce
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Fig. 1 Turbulent separation correlations in terms of momentum thickness Reynolds number.

Fig. 2 Estimate of the skin-friction coef� cient at intermittent separation.

separation.Figure 3 shows the variation of the shape factor with Rµ

for varying inlet velocities. The duct geometry remained the same
for all � ows; however, boundary-layer growth and the laminar-to-
turbulent transition varied slightly from � ow to � ow. (Note that two
blowerspoweredthe facility,which producedslightlydifferent� ows
in the overlap region around Re=m ¼ 8:2 £ 105.) When the data of
Fig. 3 are plotted on the original Sandborn–Kline coordinates, as
shown on the insert of Fig. 3, the measurements indicate roughly a
single curve. The original Sandborn–Kline correlations can re� ect
variations of � ow geometry and pressure gradient on separation.

Clauser6 demonstrated experimentally that proper adjustment of
the adverse pressure gradient would result in similar or equilibrium
turbulentboundarylayers.Clauser identi� ed two parameters,which
can be related to the Sandborn–Kline coordinates7:

G D
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Z 1
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or H D
1

1 C G=.1=±/.±¤=±/
(1)

where Ue is the freestreamvelocity and U¿ is the shear-stressveloc-
ity. The ratio G=.1=±/ maintained constant produced the equilib-

rium turbulent boundary-layerpro� les. Figure 4 (Refs. 2 and 8–10)
is a plot of Eq. (1) for a numberof values of G=.1=±/. These curves
might be viewed as demonstratingthe effect of pressuregradient re-
lated to separation.The Sandborn–Kline correlationsare also shown
in Fig. 4.

The experimental points shown on Fig. 4 were not equilibrium
cases; however, they demonstrate the range of values of G=.1=±/
necessary to include the different types of � ows. The � ow of
Simpson et al.8 [G=.1=±/ ¼ 1:45 to 1.5] was along a “� at plate”
with an imposed pressure gradient (±=R < 0:01, where R is the
radius of curvature). The curvature case of Sandborn and Liu2 cor-
responds to G=.1=±/ ¼ 2:75.±=R ¼ 0:13). The direct connection
between curvature and pressure gradientmakes it dif� cult to isolate
the two effects.

Representationof the velocity distribution in turbulent boundary
layers employ almost exclusively Coles’s9 law-of-the-wall–law-of-
the-wake empirical pro� le(s). This approach requires that all tur-
bulent boundary-layer separation be reduced to a single pro� le for
the case of N¿w D 0. The analysis of Kline et al.11 demonstrated that
Coles’s velocitydistributionsbelong to one equilibrium� ow family,
with slight Reynolds-numbervariations for zero and small pressure
gradients.Curve(s) of H vs ±¤=± given by Kline et al.,11 as obtained
for Coles’s pro� le(s) are shown on Fig. 4. These curves correspond
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Fig. 3 Separation measurements in the 8:9 ££ 16:5 cm tunnel.

Fig. 4 Sandborn–Kline separation correlations compared to measurements and equilibrium � ows.

roughly to the Clauser curve for G=.1=±/ ¼ 1:5. If the boundary-
layer thickness of Coles’s wake function is taken at the point where
U=Ue D 0:995, then the wake functionparameters are ±¤=± D 0:541
and H D 4:19,which fall directlyon the N¿w D 0 Sandborn–Klinecor-
relation. Thus, Coles’s tabulatedwake function is just one pro� le of
the general empirical pro� le necessary to represent the spectrum of
separations.

Conclusions
The present analysis employs information from a number of new

and existingexperimentalturbulentboundary-layerseparationstud-
ies to recast the Sandborn–Kline separationcorrelations in terms of
velocity shape factor and momentum thickness Reynolds number.

The original correlations in terms of shape factor and the ratio of
displacement to boundary-layer thickness appear to re� ect the ef-
fects of pressure gradient and curvature on separation; however, it
was not possible to separate these variables.
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Introduction

T HE applicationof synthetic jet actuators (SJAs) for controlling
� ow behavior is gaining widespread acceptance.The vast ma-

jority of the work is being conducted in the area of aerospace,with
the objective of modifying and manipulating separated � ows over
lifting surfaces. The fundamental physics of the � ow generated by
an SJA has been investigated experimentally by Smith and Glezer,1

whereas numerical studies were conducted by Rizetta et al.2

In its most basic form, the SJA is a cavity that is bounded by
an oscillating diaphragm on the bottom, whereas the top is covered
by a rigid plate containingan ori� ce. Oscillations of the diaphragm
cause the � uid to be alternately drawn into and expelled from the
cavity in such a way that the net mass � ow is zero. However, from
the viewpoint of momentum or vorticity production, the effects of
an SJA’s operation are not neutral. A train of vortex rings, rolled up
on the edge of the ori� ce, is formed, and it propagatesoutward from
the ori� ce plate. Time-averaged velocity pro� les in planes parallel
to the ori� ce plate show a qualitative similarity with a steady jet,
which explains the name “synthetic jet.”

Early work on applications of SJAs was carried out by Smith
et al.,3 who utilized synthetic jets on a NACA airfoil and subse-
quently achieved a delay in the angle of stall from 5 to 18 deg.
Wood et al.4 reported a delay of the separation line associated with
the � ow past a circular cylinder. More recent work by Amitay and
Glezer5 showed that it is possible to manipulate the global aerody-
namic forceson a thick airfoil, at high angles of attack,by deploying
an array of SJAs with pulse-modulatedactuation.
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Although the � ow structures and � ow behavior arising from iso-
lated SJA devices seem to be well understood, in both the quiescent
and cross� ow conditions,the interactionbetweenmultiple synthetic
jetshasnotbeenaddressedwith a suf� cient levelof detail.This prob-
lem is not trivial, and to date there are no design guidelinesavailable
as to the optimum spacing between the synthetic jets in an array for
producing a desired aerodynamic effect. Moreover, application of
synthetic jets on swept wings may lead to vortex trains interference
and, thus, to combining or canceling the vorticity generated by the
neighboringori� ces. Further complicationsmay arise if one wishes
to modulate the relativephase lags between the excitationof devices
forming an array.

This Note presents some preliminary� ow visualizationsthat aim
to explain the fundamental nature of such interactions between a
pair of synthetic jets. The photographsof resulting smoke, ink, and
surface � ow visualizations are presented, and a discussion focused
on explaining the � ow phenomena is provided, together with sug-
gestions for future research.

Experimental Setup
The experiments were conducted in three different situations: in

still air inside a quiescent chamber, in the laminar cross� ow of a
water tunnel, and in a turbulent boundary layer in a wind tunnel.
The setup for quiescent experiments was similar to that reported
by Wood et al.4 and consisted of a 50-mm-diam model of an SJA
driven by an electromagnetic shaker at a frequency of 50 Hz. A
number of ori� ce plates could be attached, each having two holes
of diameter either 3.5 or 5 mm and a relative spacing between the
holes of 6, 7, 8, 9, 10, 13, 16, and 20 mm. The exit velocity of the
� uid was controlledby the level of excitationof the shaker and, for
the results presented here, this was 5 m s¡1 . Smoke was generated
using a heated wire suspended inside the actuator cavity, along with
mineral oil. A transverse cross section of the � ow was visualizedby
a laser sheet obtained from a 5-W continuous argon ion laser.

The experiments in the laminar cross� ow were conducted in a
10 £ 14 in. water tunnel with a freestream velocity variable bet-
ween 2 and 20 cm s¡1 . A 100-mm shaker driven model of an SJA
was mounted on a � at plate, which was submerged in the � ow,
and the same range of ori� ces was used. A food dye was used for
visualizations, and two video cameras provided orthogonal views
of the � ow. The ori� ce plates could be rotated to vary the ori� ces’
yaw angle relative to the freestream� ow. The results presentedhere
correspond to the diaphragm excitation frequency of 5 Hz, an exit
velocity from the ori� ces of 8.5 cm s¡1 , and a freestream velocity
of 6.6 cm s¡1.

Finally, the experiments in the zero pressure gradient turbulent
boundary layer were conducted in a 0.5 £ 0.5 m low-speed wind
tunnel operated at 32 m s¡1 . Two small SJAs, similar to those de-
scribed by Wood et al.4 and Crook,6 were mounted � ush on a 0.5-m
wide � at-plate airfoil, mounted in the tunnel center. The ori� ce
diameters were 1 mm, whereas the spacing between ori� ces was
6 or 8 mm. The pair of SJAs were mounted within a metal disk,
which could be rotated, allowing for variation in the yaw angle.
The actuators were driven at a frequencyof 1900 Hz, with the peak
exit velocity from the ori� ce of 20 m s¡1. Surface visualizations
of the � ow were obtained by coating the airfoil with a mixture of
kerosene and luminous paint and taking photographswith a digital
camera.

Results and Discussion
Figure 1 shows the � ow visualizations obtained for a pair of

synthetic jets in quiescent conditions. The ori� ce plate is on the
left in each of Figs. 1a–1c. The vortex structures are traveling from
left to right. The only variable in the images shown in Fig. 1 is the
spacing between ori� ces. Figures 1a–1c show that there are three
types of interactionsbetween synthetic jets.

For suf� ciently large ori� ce spacing, the vortex rings from adja-
cent ori� ces seem to propagate unaffectedby one another (Fig. 1a).
When the distance between ori� ces is reduced (Fig. 1b), the roll up
of the near side of each vortex ring, that is, the part of a ring nearest
to an adjacent ring, gives rise to an induced velocity, acting on the
opposite ring. This is a likely explanation for why the rings from


