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This paper describes experiments aimed at demonstrating the effectiveness of pulsed vortex generator jets
(PVGJs) in controlling separation on aircraft wings. The demonstration is accomplished by applying the jets to
two relevant con� gurations and evaluating their effectiveness in a wind tunnel. The jet design and placement for
both experiments was based on parametric studies described in a previous paper. In the � rst application, pulsed
jets prevented separation over the wings on a three-dimensional lambda-wing � ghter con� guration at low speeds
and high angles of attack. This experiment shows that the � ow control method can enhance the lift, and hence the
maneuverability, of advanced � ghters in post-stall � ight. The lambda-wing experiments also demonstrated that
jets can be operated asymmetrically for lateral maneuvering control at high angles of attack. The second set of
experiments tested higher speed ranges, applying jets to an airfoil section in an M = 0.3–0.5 � ow. This con� guration
is relevant to subsonic cruise. The results show that PVGJs can increase lift and lift-to-drag ratios, but they were
less effective at supercritical speeds where separation is induced by hinge line shocks. In all cases, the jets increased
lift over their effective range although their drag effect was small.

Nomenclature
CD; Cd = drag coef� cient
CL ; C` = lift coef� cient
Croll = rolling moment coef� cient
C¹ = momentum coef� cient, VR2½ j .¼D2/1N=4S½1
c = airfoil chord length
D = jet diameter
f p = pulse frequency (Hz)
Ms = jet Mach number
M1 = freestream Mach number
N = number of jets
S = wing area
Src = Strouhal number, f pc=U1
U1 = freestream velocity
VR = jet-to-freestreamvelocity ratio
® = angle of attack
1 = duty cycle: fraction of pulse period over

which jet is � owing
±le = leading-edge � ap de� ection angle
±te = trailing-edge � ap de� ection angle
½ j = jet exit density
½1 = freestream density

Introduction

T HIS paper describes a two-part experimental investigation
aimed at demonstrating the feasibility of an advanced separa-

tion control technique for realistic aircraft con� gurations and � ight
conditions.Previous researchexplored the technique,pulsed vortex
generator jets (PVGJs), and identi� ed key operating parameters.1¡3

The wind-tunnel experiments addressed in this paper include mea-
surements with a model lambda-wing/fuselagecon� guration repre-
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sentative of an advanced � ghter and tests of a transonic airfoil with
a leading-edge � ap.

Active � ow-control techniquesare being pursued for the purpose
of enhancing lift, reducing drag, and improving aerodynamic sta-
bility and control in future aircraft. The active systems will be used
to enhance the performance of, or replace, traditional control ac-
tuators/surfaces presently in service. Potential applications span a
broadrangeof vehicles,includingnext-generation� ghtersaswell as
heavy-lift transports.A principal goal in many � ow-control studies
is to develop an ef� cient actuator that is consistent with the strin-
gent size, weight, and power requirements typical of � ight-worthy
components.

The present technique is the most recent in a progressiveseries of
devices that delay separation by creating streamwise vortex struc-
tures over the wing upper surface.These structuresmix high-energy
air from the freestream to replace the boundary-layer� uid that has
lost kinetic energy as a result of interaction with the surface. Thus,
by energizing the upper-surfaceboundary layer, they supress stall.4

Predecessors to PVGJs have included the solid vortex genera-
tors 5;6 (VGs) in widespread use on commercial aircraft. Solid VGs
are used primarily over inboard � apped wing sections. They have
also been used to increase stall margins on light aircraft.

Several investigations have demonstrated that the vortex struc-
tures could be created with steady wall jets.7¡10 This technique
could provide a greater effect than the solid vortex generators be-
cause the jets could penetrate further into the � ow than the solid
generators, and furthermore produce less drag. However, the jets
require some source of air-mass � ow, and the limited availabilityof
air or the energy to pressurize it makes the steady jets less attractive.

The present work was aimed at � nding a means to reduce the
air � ow required by jets while preserving their effectiveness for
separationcontrol. The � ow-control techniquedescribed in this pa-
per, shown schematically in Fig. 1, exploits the vorticity generation
capabilities of impulsively started jets to enhance boundary-layer
momentum transport. The effectiveness in suppressing stall is en-
hanced when the jet � ow is made unsteady or pulsed.1¡3;11¡17 This
is due to both the enhanced vorticity production associated with
the impulsively started jet � ow14 as well as the reduction in mass
� ow obtained because the jets are � owing for only some portion
(10–50%) of the pulse cycle.
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Fig. 1 Schematic diagram showing application of PVGJs on two-dimensional airfoil for separation control.

In addition to streamwise vortices, large-scale, turbulent vortex
rings aregeneratedin the � ow when the jets arepulsed.Both typesof
structures can substantially increase cross-stream mixing and lead
to stall suppression in adverse pressure gradients. The addition of
pulsing has been shown to give good stall suppression with sub-
stantially lower jet-mass � ow requirements than when the jets were
operated with steady � ow.

On an airfoil, jets are placed on a leading-edge � ap. In high lift
con� gurations, separationoften occurs near the � ap hinge line. The
effectivenessof the jets is maximized if they are situated before the
separation rather than in the wake.

This paper discusses the application of pulsed blowing systems
on two models. The � rst set of wind-tunnel tests described was
conducted with a three-dimensional aircraft model. The model re-
sembles an advanced� ghter con� gurationand has swept wings with
the shape of Greek lambda symbols and, hence, is called a lambda-
wing model. These experiments show that PVGJs improve lift on
� nite, swept wings and can also be used for lateral maneuvering
control at high angles of attack.

The second of the two applications described employed a tran-
sonic airfoil with a leading-edge � ap. Results will show that jets
can delay separation in transonic � ows. They increase both lift and
lift-to-diag ratio, though their effectivenessis greater just below the
critical Mach number than just above it, where hinge line shocks in-
stigate separation.These results endorse the applicabilityof PVGJs
to high subsonic cruise of transport aircraft.

The remainder of the paper is divided into two sections, each
addressing one of the two experiments. The sections discuss the
model con� guration and the pulsed blowing system particular to
each. Then results from wind-tunnel tests are presented. In both
cases, the experiments demonstrated that PVGJs are effective in
delaying stall, thus increasing peak lift and lift-to-diag ratio.

In the subsequent discussion, the operating conditions of pulsed
jets are characterized using four parameters deemed important in
previous studies: velocity ratio, duty cycle, Strouhal number, and
momentumcoef� cient.The velocityratio,designatedVR, is the ratio
of jet exit velocity to the wind-tunnel freestream velocity. The duty
cycle, 1, is the fraction of the pulse cycle during which the jet is
� owing. It is given as a percentage in the text of this paper but
is treated as a fraction when used mathematically. The Strouhal
number Src is de� ned by the relationship

Src D f pc=U1

where U1 is the freestream velocity, c is the airfoil chord, and f p

is the pulse frequency in Hz. The momentum coef� cient for the air
� owing through the jets is de� ned as

C¹ D VR2 £ .¼D2=4S/ £ 1 £ N

It is useful for comparison the other � ow control methods published
by other researchers.

Prior work with � at plates and airfoil sections has shown that a
particular range of parameters generally provided optimum sepa-
ration control effect. Peak lift enhancement generally occurs near
a Strouhal number Src D 0:5. Lift enhancement generally saturates
when the velocity ratio is increased beyond VR D 4. Prior inves-
tigations also showed that duty cycles of 25% produce the same
effect as those of 50% for a given velocity ratio. Thus, 25% was
chosen because it uses less air. These numbers were used as the
design parameter sets for the two experimental efforts described in
this paper.

Lambda-Wing Experiments
Model Description

The wind-tunnelmodel used in the � rst study is a generic tailless
� ghter con� guration consisting of an ogive-cylinder fuselage with
swept lambda wings (Fig. 2). The wing leading-edge sweep angle
is 40 deg, and the airfoil cross-section is an NACA 65-006. The
total wing span is approximately 83 cm, and the fuselage length
is 111 cm. The mean aerodynamic chord of the inboard and out-
board wing sections is 38 and 22.5 cm, respectively. The wings
have both leading- and trailing-edge � aps with adjustable de� ec-
tion. The length of the leading-edge � ap corresponds to 9 and 16%
of the mean aerodynamic chord of the inboard and outboard wing
sections, respectively. Similarly, the trailing-edge � aps account for
18 and 31% of the chords.

The model was � tted with a pulsed blowing system to provide
air pulses to actuator jets on the upper surfaces of the wing leading-
edge � aps. There were four jets on each wing, and the locations of
the jets along the leading edge are shown in Fig. 2. The jets were
pitched 90 deg relative to the model axis and rolled toward the wing
tip 45 deg from vertical. A modular valve system was designed to
operate the pulsed jets for the lambda-wing model.

For the purpose of jet design, the wing was divided into two sec-
tions: the inboard(tapered) section and the outboardswept, constant
chord section. The jet sizes and pulse frequencies were chosen for
each section based on the mean aerodynamic chord for each of the
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Fig. 2 Wind-tunnelmodel planform:lambdawing with ogive-cylinder
fuselage.

Fig. 3 Hot-� lm measurements of jet pulses for lambda-wing model.

two regions. The outer jets pulsed 50% faster than the inboard jets
because the outboard section has a proportionally shorter chord.
Thus, inboard and outboard jets had the same Strouhal number. The
diameter of the jets was 3.2 mm on the inboard wing sections and
2.4 mm on the outboard sections. These jet sizes were determined
from pulsed blowing performance-optimization studies on generic,
two-dimensionalwing models.1¡3

The air� ow for the pulsed jet system was individuallymetered to
each wing by use of a mass � ow controller (MKS Model 1559A)
allowing maximum time-meanmass � owratesof 200 standard liters
per minute (slpm) per wing. The pulse frequencies were continu-
ously adjustable over a range from approximately 10 to 300 Hz.
The system was controlled remotely from the wind-tunnel control
room through an umbilical cord supplying the metered air� ow and
electrical signals to operate the high-speed valves.

Pulsed Valve Measurements

Before the wind-tunnel tests, the quality of the pulse shapes was
veri� ed. A hot-� lm anemometer placed at the exit of each jet mea-
sured the temporal velocity pro� le. Figure 3 shows the velocity
pro� le for an inboard jet. A clear pulse train appears with minimal
� ow between pulses. All of the valves were identical in construc-
tion, except that the outboard valves were smaller, and the response
shown here is characteristicof all of the actuator jets.

Wind-Tunnel Facility, Instrumentation, and Test Conditions

The model was tested in the Ohio State University 7 £ 10 ft sub-
sonic wind tunnel. Tests were performed with freestream velocities
of U1 D 33 and 66 m/s corresponding to chord Reynolds num-
bers of 0.86 and 1:72 £ 106 (per ft). The model was mounted on a
sting support with angle-of-attackadjustment in the range of C5 to
C40 deg. A six-component strain gauge balance was used to mea-
sure the forcesand moments acting along and about the model body
axes. A computer-automatedsystem was used to acquire and digi-
tize the balance-sensorsignalsand reducethem to force and moment
coef� cient form. Tare measurements were performed at all model
orientations under wind-off conditions to correct for the in� uence
of the model weight.

Discussion of Lambda-Wing Results

Baseline Aerodynamic Characteristics

Three different control surface con� gurations have been chosen
to demonstrate the effects of PVGJs on the lambda-wing model lift
and drag characteristics. The � rst two examples have a de� ected
leading edge � ap (±le D 15 and 30 deg) with no trailing-edge � ap
de� ection, and the third example has a leading-edge� ap de� ection
of ±le D 30 deg with a trailing-edge � ap de� ection of ±te D 15 deg.
The � rst two example con� gurations represent those where moder-
ate lift enhancement is desired for high-® maneuveringat relatively
low speed. The third case represents a high lift con� guration with
both leading- and trailing-edge � aps de� ected and is a typical con-
� guration for landingapproach.The baseline lift curves for the � rst
two examples are shown in Fig. 4. That for the third case will be
presented later.

Figure 4a shows baseline lift curves for the lambda-wing model
for a freestreamvelocityU1 D 66 m/s and for two different leading-
edge � ap de� ection angles. The data encompass the ® range, where
the lift curves roll over because of � ow separation over the up-
per surface, then reach a maximum value, CL max and decrease as
the wing stall becomes more severe. Both curves in Fig. 4 indicate
that the wings stall smoothly without abrupt changes in slope. This
is typical of low-aspect-ratio, highly swept wings. The maximum
lift for the con� gurations shown is approximately 1.04 and 0.96
for leading-edge � ap de� ection angles, ±le , of 30 and 15 deg, re-
spectively.Baseline drag characteristicsfor the lambda-wingmodel
are shown in Fig. 4b for the same � ap con� gurations. The drag
characteristics are approximately the same for the two cases with

a)

b)

Fig. 4 Baseline lift (a) and drag (b) curves for lambda-wing model:
U 1 = 66 m/s, ±te = 0.
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® ¸ 26 deg; however, for 12 · ® · 25 deg, the larger leading-edge
� ap de� ection angle results in lower drag. This is most likely due
to less severe � ow separation over the upper surface.

Effects of PVGJs on Lambda-Wing Aerodynamic Characteristics

Experiments were conducted using the leading-edge PVGJ sys-
tem to control separation over the wing upper surface at moderate
to high ®. The resulting effects on the model’s aerodynamic per-
formance were measured and are described below. Initial experi-
ments were conductedusing the PVGJ design operatingconditions:
1 D 25%, VR D 4, Src D 0:5. Using these jet pulse conditions as a
starting point, the effects of the PVGJs on the lambda-wing aero-
dynamics were evaluated. These tests indicated relatively minor
improvements in lift performance and suggested that the jet pulse
parameters were not optimum. Tests were then performed to sepa-
rately evaluate the effects of jet pulse amplitude and frequency on
lift enhancement near CL max and to determine optimum parameter
ranges for the lambda-wing con� guration.

Figure 5 shows the effect of varying pulse frequency on the lift
coef� cient while holding the jet amplitude � xed. Data are shown
for two different freestream velocities and for ® D 25 deg, which
correspondstoCL max for thebaselinecase.The data forU1 D 33m/s
show that the lift enhancement due to the PVGJs increases with
increasing jet pulse frequency up to a nondimensional frequency
of Src ¼ 1:0, and then with further increases in frequency, the lift
remains relatively � at. The data for U1 D 66 m/s support this trend
up to Src D 1:0; however, further increases in Src for this freestream
velocitywere not possiblebecauseof limitationsassociatedwith the
jet pulse valves. All subsequent tests using PVGJs were run using a
nondimensional jet pulse frequency of Src D 1:0.

The effects of varying jet pulse amplitude on the model lift coef-
� cient are shown in Fig. 6. The data show that for very low PVGJ
velocity ratios (VR · 2) there is a slight decrease in CL . (This trend
was found to be repeatableand also existed in data sets correspond-

Fig. 5 Effect of jet pulse frequency on lift enhancement with PVGJs
for two different freestream velocities: ® = 25 deg, ±le = 30 deg, VR = 5.

Fig. 6 Effect of jet pulse amplitude on lift enhancement with PVGJs
for U 1 = 66 m/s: ® = 25 deg, ±le = 30 deg.

a)

b)

Fig. 7 Effect of PVGJs on lambda-wing model aerodynamic perfor-
mance: U 1 = 66 m/s, ±le = 15 deg, ±te = 0 deg; pulse conditions: Src =
1.0, VR = 10; a) lift coef� cient; b) drag coef� cient.

ing to other model con� gurations and U1 D 33 m/s.) IncreasingVR
beyond this value resulted in monotonically increasing lift values.
Experiments at U1 D 33 m/s allowed higher values of VR to be
tested and con� rmed this trend.Within the available � ow-rate range
of the PVGJ system, increasesin pulsed jet � ow rate always resulted
in increased control effectiveness.

Figure 7 shows lift and drag curves for the � rst PVGJ ®-sweep test
con� guration along with the baseline curves for comparison. The
freestream velocity for this case was U1 D 66 m/s. The jet pulse
conditions were chosen based on the results from the new pulse
parameter optimization studies discussed above. The jet pulse fre-
quency was chosen to obtain a chord Strouhal number of Src D 1:0,
and the pulse amplitude correspondedto VR D 10. The blowing mo-
mentumcoef� cient for this conditionwas C¹ D 0:005. The lift curve
in Fig. 7a indicates that the use of PVGJs results in a lift enhance-
ment over the range of 16· ® · 40 deg. Maximum lift increments
lie in the range of 16 · ® · 25 deg and are on the order of 3.5% of
the baseline values although CL max only increases about 1%. The
drag curves in Fig. 7b show that the use of pulsed blowing does not
adversely affect drag over the entire ® range investigated.Although
the results are not shown here, it was found that the other forces
and moments acting about the model axes were not signi� cantly
affected with the application of the PVGJs.

With a more extreme leading-edge � ap de� ection angle, ±le D
30 deg, the region of maximum lift increment from using PVGJs
shifts to higher values of ® (Fig. 8a). In this example, the use of
leading-edgepulsed blowing results in an increase in CL max of ap-
proximately 7%, again with a negligible change in the drag force
produced. In addition to increasing the value of CL max , the use of
PVGJs causes the lift curve to contain a sharper peak for this � ap
con� guration, indicatingmore abrupt � ow separationand stall with
increasing ®.

The results of using PVGJs for lift enhancement with the model
in a high lift con� guration (±le D 30 deg, ±te D 15 deg) are shown in
Fig. 9. This test was run with a freestream velocity U1 D 33 m/s.
In this example, the addition of pulsed blowing allows the model
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a)

b)

Fig. 8 Effect of PVGJs on lambda-wing model aerodynamic perfor-
mance: U 1 = 66 m/s, ±le = 30 deg, ±te = 0 deg; pulse conditions: Src =
1.0, VR = 10; a) lift coef� cient; b) drag coef� cient.

Fig. 9 Effect of PVGJs on lambda-wing model aerodynamic perfor-
mance (high lift con� guration): ±le = 30 deg, ±te = 15 deg; pulse condi-
tions: Src = 1.0, VR = 20.

Fig. 10 Effect of single-wing application of PVGJs on lambda-wing
model rolling moment coef� cient: M 1 = 0.2, ® = 25 deg, ±le = 30 deg,
±te = 0 deg; pulse conditions: Src = 1.0.

to maintain a linear lift curve for several degrees ® in excess of
where thebaselinelift curvebeginsto roll over.For 20 · ® · 30 deg,
the average lift increment is on the order of 5% and improvements
are realized over a range of approximately23 deg. The jets increase
CL max by about 4.5%. Figure 9 also indicates a drag reduction over
the range of 18 · ® · 26 deg and this corresponds to the region
where lift increments were maximum. These effects combine to
create maximum increases in lift-to-drag ratios of approximately
17% when using PVGJs.

Effects of Asymmetric Pulsed Blowing on Model Rolling Moment

Tests were conductedto determinethe effectsof activatingPVGJs
ona singlewing of themodel to determinethe feasibilityof using the
� ow-control system to effect rolling moments at high ®. Figure 10
shows an example of the effect of increasing the pulse intensity on
the rolling moment coef� cient, Croll. The model con� guration in
this example is with leading-edge� ap de� ection only (±le D 30 deg)
and with ® D 25 deg. The freestream velocity was 66 m/s and the
jet pulse Strouhal number was equal to 1.0.

The data indicate that above VR D 2, by increasing the pulse in-
tensity in single-side blowing, a monotonic increase in Croll can be
produced.This result suggests that PVGJs may be used for improv-
ing high-® maneuverabilityin situationswhere conventionalcontrol
surfaces may become ineffectiveas a result of separated � ow. A re-
versed rollingmoment appearsat low velocityratios, consistentwith
the results presented in Fig. 6 and discussed above.

Transonic Wing Experiments
Airfoil Section Model

The airfoil used in the transonic wind tunnel experiments was
a modi� ed SP215 with a 25% chord � ap at the leading edge. The
model, shown in Fig. 11, had a 15.2 cm chord and was instrumented
with an array of 85 pressuretaps as shown. The model was cast from
a high-strength epoxy containing carbon � bers. The main element
and the � ap were supported by end blocks that are inserted into ro-
tating plugs in the wind-tunnelwall, providinga means of changing
angle of attack and � ap angle.

The leading-edge � ap was � tted with two pulsed jets for sep-
aration control. Flow to the jets was supplied by a rotating valve
embedded in the model leading edge.The valvewas capableof sup-
plying 4.5 g/s of air to each jet. Flow nozzles embedded in the valve
and situated at the airfoil surface expanded the � ow to M 3.5 at the
jet exit. The jet nozzles were pitched and rolled with respect to the
model chord line at 90 and 45 deg, respectively (see Fig. 11).

Valve Performance Measurement

A series of � ow measurements evaluated the performance of the
pulsedvalve.A piezoelectricpressuretransducer� tted with a small-
diameter pitot probe was used to measure jet exit velocities. Be-
cause the piezoelectric transducer was not capable of measuring
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Fig. 11 SP215 airfoil section used in compressible � ow experiments.

Fig. 12 Stagnationpressure measurements at exit ofhigh-speed model
pulsed valve.

steady pressures, a dial pressure indicator was also used to deter-
mine mean jet dynamic pressures.This mean was then added to the
value measured by the piezoelectric transducer to obtain the actual
pressure. The signal from the piezoelectric transducerwas sampled
using a high-speeddata acquisition system at 71.68 kHz. Figure 12
plots a train of jet pulses for which the pressure inside the valve was
2.8 MPa. The signalexhibitsa ringing,a resultof thedynamicsof the
transducer.However, the pulse shape, a high, narrowpeak, is clearly
represented. Because of complexities in the � ow� eld, it is dif� cult
to correlatethe stagnationpressuresmeasured from the probe to exit
velocities.However, if it is assumed that the � ow is fully developed
at the peak of the pulse pro� le and a normal shock stands in front
of the probe, the calculated peak exit Mach number is M D 3:45.

High-Speed Facility

High-speed experiments were conducted in the 6 £ 22 in. blow-
down transonic wind tunnel at the Ohio State University Aeronau-
tical and Astronautical Research Laboratory. The experiments de-
scribed below were performed in the range of 0:3 · M1 · 0:5. The
tunnel is driven from pressurizedtanks, and a settling chamber with
� ow conditioning screens precedes the test section. To achieve re-
alistic � ight Reynolds numbers, the test section was operatedabove
atmospheric pressure, with typical static pressures ranging from
30–40 psia depending on the freestream Mach number.

The wind tunnel is equipped with a wake velocity probe and a
pressure-scanning system to assess airfoil performance. The wake
probe traverses the test section vertically and is used to measure
the airfoil wake velocity pro� le to determine drag. The pressure-
scanning system measures upper- and lower-surface static pressure

distributionson the test airfoil from pressure tap arrays. It incorpo-
rates a guillotine mechanism to sample and lock the pressure from
each tap during the course of a test run. A Scanivalve then scans
the channels, and a pressure transducermeasures each of the stored
pressures after the run is completed. The duration of each experi-
mental run was approximately 10 s.

Discussion of High-Speed Test Results

Separation control experiments were performed over the Mach
number range of 0:3 · M1 · 0:5. Lift and drag performancecurves
were constructed for conditions with and without pulsed jets for
severalmodelparametervariations.The parameters that were varied
include free stream Mach number, angle of attack, and leading-
edge � ap de� ection angle, ±le. The effectiveness of the pulsed jets
in controlling separation and enhancing airfoil performance was
assessed for cases with and without transonic � ow occurring over
the upper surface of the model.

The critical Mach number, Mcr, de� ned as the freestream Mach
number that results in the airfoil upper-surface � ow accelerating
to the local sonic velocity, is dependent on the leading-edge � ap
de� ectionangleand theairfoilangleof attack.Flap de� ectionangles
of ±le D 5; 15, and 30 deg were used in the present experiments and
supercritical � ow regions were observed for M1 ¸ 0:4 for several
values of ®.

Lift and drag forces served as metrics for assessing the effects
of PVGJs on airfoil performance. The lift was computed by inte-
grating the pressure distribution measured from the taps. Drag was
computed by integrating the wake velocity pro� le and computing
the change in momentum across the test sectionusing the freestream
density and assuming the upstream � ow is uniform across the test
section.

The � rst set of experimentsmeasured baseline(no pulsed jets) lift
and drag curves for the airfoil model for freestream Mach numbers
of M1 D 0:3, 0.4, and 0.5.The lift curvesare shown in Fig. 13a.With
a leading-edge � ap de� ection angle of 15 deg, the airfoil displays
similar performance for the M1 D 0:3 and 0.4 cases with a value of
C` max ¼ 1:35 occuring at ® D 15 deg, although the M1 D 0:4 case
stalls slightly before the M1 D 0:3 case. The curve for M1 D 0:5

a)

b)

Fig. 13 Aerodynamic lift characteristics for SP215 airfoil without
pulsed jets: ±le = 15 deg; a) lift coef� cient; b) drag coef� cient.
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shows an earlier roll off in lift with a value of C` max ¼ 1:1. There
is a trend toward earlier stall with increasing Mach number. This
behavior is consistentwith the occurrenceof supercritical� ow over
the upper surface, as was evidencedby the measured pressuredistri-
butions for the M1 D 0:5 case. In all cases, the lift decreases above
the stall angle for several degrees and then begins to rise again as a
result of increased lift on the leading-edge� ap region.

The drag curves for the M1 D 0:3 and 0.4 cases (Fig. 13b) show
a sharp increase for ® > 15 deg, whereas the supercritical � ow case
(M1 D 0:5) exhibits signi� cant drag increases at lower angles of
attack (® > 6 deg). This large increase at low ® is due to the wave
drag associated with shock formation over the upper surface of the
airfoil. The drop in lift and increase in drag for increasing angle of
attack is a result of � ow separation over the airfoil upper surface.

Once the airfoil’s inherent behavior had been quanti� ed, the jets
were operated to determine their effect on the lift and drag charac-
teristics.The effects of using pulsed jet separationcontrol on airfoil
performancewere quanti� ed bycomparingthebaselinelift and drag
with that measured with pulsed jets on. Figures 14–16 compare the
airfoil performance with pulsed jets to that of the baseline case for
threeMach numbers.During these experiments,the pulsed jets were
operatedat a � xed Strouhalnumberof Src D 0:45 with the pulse fre-
quency adjustedfor different freestreamMach numbers. The pulsed
jet mass-� ow rate was held � xed at approximately 4.5 g/s to each
jet, corresponding to a jet velocity ratio VR D 10, 8, and 6 and a
momentum coef� cient of C¹ D 0:01, 0.006, and 0.004 for M D 0:3,
0.4, and 0.5, respectively.

The � rst plot in each of Figs. 14–16 depicts the effects of pulsed
jetson airfoilsection lift.The resultsindicate that the jets producean
increase in lift in the post-stall region. The jets exhibited maximum
levels of lift enhancement for the subcritical case (M1 D 0:3). For
the two larger � ap de� ection angles, the jets delay stall to angles
of attack 3–4 deg higher than the baseline case. The result is an
increase in C` max of 9% for ±le D 5 deg and 11% for ±le D 30 deg. In
the ±le D 15 deg case, the increase in C` max is smaller (about 3.5%),

a)

b)

Fig. 14 Effect of PVGJs on SP215 aerodynamic characteristics with
M 1 = 0.3 and for three different leading-edge � ap de� ections. Jet pulse
conditions: fp = 290 Hz, VR = 6: a) lift coef� cient; b) drag coef� cient
(dashed line denotes cases with pulsed jets).

a)

b)

Fig. 15 Effect of PVGJs on SP215 aerodynamic characteristics with
M 1 = 0.4 and for two different leading-edge � ap de� ections. Jet pulse
conditions: fp = 388 Hz, VR = 4.7: a) lift coef� cient; b) drag coef� cient
(dashed line denotes cases with pulsed jets).

a)

b)

Fig. 16 Effect of PVGJs on SP215 aerodynamic characteristics with
M 1 = 0.5 and for two different leading-edge � ap de� ections. Jet pulse
conditions: fp = 486 Hz, VR = 3.7: a) lift coef� cient; b) drag coef� cient
(dashed line denotes cases with pulsed jets).
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a)

b)

Fig. 17 Surface pressure and wake pro� le data from SP215 airfoil;
M 1 = 0.3, ® = 12 deg, ±le = 30 deg; a) baseline (no pulsed jets); b) with
pulsed jets, fp = 229 Hz, VR = 6.

but the jets produce much larger increases in lift throughout the
post-stall region.

In the higher-speed cases, M D 0:4 and 0.5, the jets produce
smaller lift increases. At M D 0:4, they improve lift only at
±le D 5 deg. At M D 0:5, the trend is reversed, with improvement
only at ±le D 15 deg. In both cases, changes to C` max are small, and
the largest increases in C` are in the deep stall regime.

The secondplot in eachof Figs. 14–16 showthe drag on theairfoil
as a functionof ® for M1 D 0:3–0.5, with and without jets. The most
notable change in drag appears for the case that also provided the
greatest lift improvement: M D 0:3=±le D 30 deg. Here the stall, and
hence the drag rise, is delayed by 3 deg.

The other conditions exhibit very small changes in drag. The
jets in fact increase drag slightly for all other cases except one,
M D 0:3=±le D 0:5, where they decrease drag slightly.

The lift plots just described show that the highest lift increases
are made for the highest � ap-de� ection angles. This is because at
large leading-edgede� ections, the separationoccurs near the hinge
line and downstream of the jets rather than near the leading edge.
The jets are most effectivewhen they generatethe mixing structures
ahead of the separation point.

Evidence that the jets increase lift, at least in the subcritical case,
by preventing separationcan be found in Figs. 17 and 18. Figure 17
compares the pressure distribution on the airfoil for two cases: one
with and one without jets. The pressure distribution in Fig. 17a
exhibits a weak suction peak and � at upper-surfacepressure pro� le
consistent with airfoil stall. Figure 17b indicates that the leading-
edgepressurepeakis restoredwith theuseof thepulsedjets, showing
that the jets have suppressed the separation from the upper surface.

Figure 18 shows the wake velocity measurements for the same
cases as shown in Fig. 17. In the baseline plot (Fig. 18a), the wake
velocity de� cit is broad and irregular, consistent with expectations
for the wake of a stalled airfoil. Figure 18b shows a narrow, smooth

a)

b)

Fig. 18 Surface pressure and wake pro� le data from SP215 airfoil;
M 1 = 0.3, ® = 12 deg, ±le = 30 deg; a) baseline (no pulsed jets); b) with
pulsed jets, fp = 229 Hz, VR = 6.

wake velocitypro� le, indicatingthat the jets have indeed reattached
the � ow.

Accuracy of Experimental Measurements
Estimates of the uncertainty in these experimentalmeasurements

are based on information provided by the operators of the wind
tunnel. For the lambda-wing experiments, the primary experimen-
tal instrument was the force balance, which can measure forces to
within 4.5N (1 lb). For the lambda-wing model, these uncertain-
ties correspond to aggregate coef� cient uncertainties of 0.07 at a
freestream velocity of 33 m/s, and 0.04 at 66 m/s.

Primary measurementsin the high-speedexperimentswere of the
wing pressuresand the downstreamdynamic pressure.The pressure
transducershad an accuracy better than 25 Pa. Integrating the error
over the upper and lower wing surface provides an estimated lift
coef� cient error of 0.005 at M D 0:3.

Summary
The experiments described were designed to investigate the use-

fulness of PVGJs on con� gurations relevant to aircraft. The pulsed
jet devices were � rst evaluated for low-speed, high-® � ight of an
advanced � ghter con� guration, the lambda wing. The tests were
then extended to higher speeds to show that the jets may be useful
in conditions relevant to transonic cruise.

The lambda-wing tests showed that the jets can increase lift and
decrease drag at high angles of attack, offering improved post-stall
maneuverperformance.The jets producedpeaklift increasesas high
as 7%. In addition, the jets can be operated asymmetrically to pro-
vide lateral maneuvering control in this region where conventional
control surfaces have reduced effectiveness.The variation in effec-
tiveness with velocity ratio further endorses the use of PVGJs for
lateral directional control.
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The transonic airfoil tests showed that the jets are very effective
just below critical conditions and, although their effectiveness is
reduced, show some ability to suppress separation at supercritical
speeds. There, effect is to increase lift while causing only small
changes in drag, resulting in an overall increase in lift-to-drag ratio.
The improvements at low speeds may be used to reduce takeoff or
landingspeeds.The lift increasesin thehigher-speedcases,although
small, indicate that the jets may be useful for preventing separation
induced by hinge line shocks at transonic speeds.

The jet design parameters were all based on earlier low-speed
experimentswith plates and airfoil sections.The lambda-wing tests
providedan opportunityto explore the effect of parametervariation.
The investigation revealed that the empirical scaling rules derived
for the low-speed sections cannot be directly applied to swept and
tapered wings using the mean aerodynamic chord. It is reasonable
to think, then, that greater effects may be achieved in the transonic
case with a better set of operating parameters. Unfortunately, the
high speed test did not provide an opportunity to explore parame-
ter effects. It may also be true that jet placement, particularly for
the lambda wing, cannot be extended directly from the preliminary
investigations.There were no geometry variations in any of the ex-
periments described here, so no conclusions may be drawn on that
matter.

The results show that PVGJs will be useful for aircraft con� g-
urations. Applications include improving high-® maneuvering for
� ghters, takeoff roll reduction,and reductionof lift-to-dragratio for
transonic cruise.

Conclusions
From the preceding discussion, we draw the following conclu-

sions:
1) PVGJs increased lift and lift-to-dragratio,while effectingonly

small changes to drag, for aircraft-relevantcon� gurations.Demon-
strations were conductedfor both an advanced� ghter con� guration
with swept wings and a transonic airfoil section relevant to cruise
conditions.

2) In the airfoil section test, the effect of the jets was diminished
at supercritical speeds.

3) The optimum operating parameters as determined from low-
speed airfoil section and � at plate tests cannot be directly applied
to swept and tapered wings using the mean aerodynamicchord as a
reference length.

4) PVGJs are most effectiveat high leading-edge� ap de� ections.
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