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Effects of Periodic Spanwise Blowing on Delta-Wing
Configuration Characteristics

J. Meyer* and A. Seginerf*
Technion—Israel Institute of Technology, Haifa, Israel

Periodic leading-edge spanwise blowing was tested on a 60-deg swept delta-wing fighter aircraft model in a
low-speed wind tunnel, up to an angle-of attack of a = 60 deg. At low frequencies, lift and drag coefficients corre-
spond to the pulsating blowing pressure: when the valve is open, they reach the same values as with continuous
blowing, and when it is closed, they agree with the no-blowing values. A lag in the response time is observed,
which is equal at low incidences to the freestream convective time, but increases to 30 convective times at a = 30-
40 deg. This response time is much longer when the valve closes than when the valve opens at a = 20-30 deg.
These features are similar to those of delta wings in unsteady flows, such as in pitching or plunging motions. They
are insensitive to the flow parameters and are valid at low blowing frequencies. At high frequencies, lift and drag
coefficients do not correspond to the pulsating pressure, but remain at an intermediate value between those of
continuous and no blowing. In both cases, the mean lift and drag coefficients are equal to the values obtained by
continuous blowing at the same mean momentum coefficient.

Nomenclature
c = wing root chord
CD = drag coefficient, D/q • S
CD = mean drag coefficient, (l/T) JQ

rCD (t) • dt
CL_ = lift coefficient, L/q • S
CL = mean lift coefficient, (1 /T) JQ

rCL (0 • dt
Cy, = jet-momentum coefficient, (m • V--/q • s)
C^ = mean jet-momentum coefficient, (1 /T) JTC^ (t) - dt
d = nozzle internal diameter
/ = blowing frequency
k = reduced blowing frequency, 2nf • c/V
m - jet mass flux
P = static pressure downstream of the valve
q = freestream dynamic pressure
r = relative pulse length (pulse/period ratio)
Rc = chord Reynolds number, V • c/v
S = wing planform area
T = pulsating period
t = time
tr = response time of the aerodynamic coefficients
r* = dimensionless response time, tr/tQ
t$ = convective time of the freestream on the wing, c/ V
V = freestream velocity
Vj = jet exit velocity
a = angle of attack
v = kinematic viscosity

Introduction

M OST modern fighter aircraft use vortex lift to increase
their maneuverability. This nonlinear lift is created by flow

separation over swept, sharp-edged wings, generating leading-
edge vortices. These vortices induce a high velocity and low pres-
sure on the upper side of the wing, resulting in a substantial and
nonlinear increase in the total lift of the aircraft.

However, this additional lift gives rise to an increase in the
induced drag, because the separating flow from the leading-edge
directs the suction force normal to the wing surface and adds a
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component in the drag direction.1 Also, this nonlinear lift
decreases when the leading-edge vortices burst,2 i.e., at vortex
breakdown. Vortex breakdown also significantly increases the
drag.

There are several ways to delay the vortex breakdown and re-
duce the drag, such as the addition of strakes, canards, or LEX be-
fore the wing. One of the methods that has been found to delay
vortex breakdown is leading-edge spanwise blowing.

This method was first used on wings of small leading-edge
sweep angle, in order to generate leading-edge vortices and obtain
nonlinear lift.3"12 Later on, the leading-edge spanwise blowing was
also tested on highly swept wings.13'18 It was shown that an
increase in the lift,3"16 an amelioration of the lateral stabil-
ity,5'12'13'16 and a delay of the vortex breakdown5'12"15'-17'18 can be
obtained.

The main problem with this blowing is the high momentum
needed to achieve a significant increase in the lift. It has been
estimated12 that if the blowing air were taken from the compres-
sion stage of the main jet engine, the specific excessive power
would be smaller than without spanwise blowing. On the other
hand, it has been estimated8'11 that with engines designed for
bleeding or a special small engine used just for blowing, the effec-
tive lift would increase because of spanwise blowing.

However, the large momentum needed to generate a lift increase
is a major issue in the effectiveness of this blowing, and as a con-
sequence, it was suggested to try to generate the same lift increase
using a lower momentum by way of a pulsating blowing over a
delta wing of a fighter aircraft.

Pulsating or unsteady blowing was chosen because of previ-
ously observed features of delta wings in unsteady flows,19 such as
accelerating flows,20 or unsteady gusts,21 and unsteady wing
motions, such as oscillating pitching,22"28 pitching with a constant
pitch rate,18' 29~31 oscillating plunging,32'33 plunging with a con-
stant incidence step,34 and oscillating heaving.35

The main features, observed in pitching delta wings and relevant
to this study, include a hysteresis loop in the leading-edge vortex
position,22'25'28 as well as in the lift curve,24'26'27 and the leading-
edge vortex delay/advancement during the upstroke/downstroke
sequence.18'29"31 As a matter of fact, a comparison between the
vortex breakdown delay by blowing and pitching has also been re-
cently presented.18 A change in the vortex height was observed
also in plunging motion,32'34 and a hysteresis cycle was found in
the vortex position in heaving motion (periodical streamwise ac-
celeration).35 In all these unsteady motions, the response time of
the flow to the step in incidence was found to roughly agree with

708



MEYER AND SEGINER: BLOWING ON DELTA-WING CONFIGURATION 709

Fig. 1 Model and blowing ports.

the convective time of the mean flow (?0 = c/v).21>25'32'34 But at
very high incidence angles, this response time was found to in-
crease to up to 30 convective times.23

The effects of leading-edge periodical spanwise blowing were
therefore investigated at low subsonic velocities in order to
achieve a more effective blowing and analyze the resulting un-
steady flow.

Experimental Apparatus
Experiments were conducted in the Technion 1 X 1 m low-

speed wind tunnel over a 1:25 scale model of one of the early ver-
sions of the Kfir aircraft, up to an angle of attack of a = 60 deg.
The model had a low 60-deg swept delta wing, with a relatively
sharp leading edge that had a conical droop. The model span was
32.5 cm and the wing root chord c = 26 cm. A schematic descrip-
tion of the model and location of the blowing ports is presented in
Fig. 1.

The tests were conducted at an airspeed of V = 8 m/s and fre-
quencies/=0.1-7 Hz, and at V= 27 m/s and frequencies/= 0.1-7
Hz and/= 30 and 80 Hz. The corresponding Reynolds numbers,
based on the root chord, were Rc = 1.4 X 105 and 4.8 X 105, respec-
tively, and the convective times were f0 = 0.033 and 0.0096 s. The
reduced frequencies varied in the range of k = 0.006-5.0.

Air was injected parallel to the leading edge, at stagnation pres-
sures of up to 12 atm, through a pair of nozzles in the fuselage, 3
mm above the wing and 19 mm behind the wing apex. The internal
diameter of the nozzles was d = 2.3 or 5.6 mm (die = 0.0088 or
0.022).

The pulse-generating apparatus, at frequencies smaller than 7
Hz, consisted of a solenoid valve activated by a pulse generator.
Square signals were generated with several pulse lengths (pulse/
period ratio r = 0.2,0.5, 0.8). At frequencies/ = 30 and 80 Hz, the
pulse-generating mechanism consisted of a rotating valve, driven
by an electric motor, that generated sinusoidal signals.

Aerodynamic forces and moments were measured by a high-
sensitivity six-component internal strain-gage sting balance. The
natural frequency of the model-balance system was found to be 15
Hz. A filter of 1000 Hz was used for the data acquisition and no
other filter added, in order to record the unsteady behavior of the
pressure and the aerodynamic coefficients. As a result, the natural
oscillations of the model-balance system appear in the subsequent
aerodynamic coefficients time histories. The response time of the
balance was one order of magnitude shorter than 1 ms, which cor-
responds to the filter.

Aerodynamic forces were normalized by the freestream
dynamic pressure q and wing planform area S. They were not cor-
rected for the jet direct thrust, although the jet thrust was mea-
sured, because this research was aimed at a comparison of pulsat-
ing with constant blowing, both having an identicaljet thrust. For
pulsating blowing, mean lift and drag coefficients CL and CD also
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Fig. 1 Lift and drag coefficients vs time at die = 0.022, Rc = 4.8 X 105,
C = 0.16, k = 0.061, r = 0.5, and a = 10 deg.
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Fig. 3 Lift and drag coefficients vs time at die = 0.022, Rc = 4.8 X 10s,
C~ = 0.17, k = 0.061, r = 0.5, and a = 20 deg.

were calculated for comparison with the constant blowing. The
accuracy of the lift coefficient is about 0.02 at V = 27 m/s and
0.095 at V = 8 m/s. The accuracy of the drag coefficient at V = 27
m/s is about 0.01 for a < 20 deg and 0.02 for a > 30 deg. At V = 8
m/s and a = 40 deg, it is 0.07.

The jet-momentum coefficient is C^ = m • V -/q - S. With con-
tinuous blowing, m and Vj were measured directly. With pulsating
blowing, the instantaneous m and Vj were calculated from the
instantaneous pressure P_measured after the valve, and a mean
momentum coefficient C~ was evaluated. This jet-momentum
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——— Pulsating blowing, CM=0.17
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Fig. 4 Lift and drag coefficients vs time at die = 0.022, Rc = 4.8 X105, Fig. 6 Lift and drag coefficients vs time at die = 0.022, Rc = 4.8 X105,
C = 0.17, k = 0.061, r = 0.5, and a = 30 deg. C = 0.19, k = 0.061, r = 0.5, and a = 50 deg.
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Fig. 5 Lift and drag coefficients vs time at die = 0.022, Rc = 4.8 X 10s, Fig. 7 Lift and drag coefficients vs time at die = 0.022, Rc = 4.8 X105,
C = 0.18, A: - 0.061, r = 0.5, and a = 40 deg.

coefficient C was evaluated. This jet-momentum coefficient C
varied in the range 0.004-0.37. The accuracy of the jet-momentum
coefficient may be assumed to be within 5%, because of the uncer-
tainty in determining Vj from pressure measurements. The jet-
momentum coefficient value was confirmed by the measurement
of the direct jet thrust. The freestream dynamic pressure q was not
strictly identical in the different tests, and as a result, the jet-
momentum coefficient might have varied between different tests at
constant blowing pressure. As an example, the dynamic pressure
decreased when the angle of attack was increased.

C = 0.19, k = 0.061, r = 0.5, and a = 60 deg.

The effects of the periodic spanwise blowing are presented
mainly in the form of time histories of the lift and drag coefficients
in order to investigate the unsteady aerodynamic characteristics,
although statistical and spectral analyses of these coefficients were
also available and used when necessary.

Low-Frequency Periodic Blowing
Influence of the Incidence Angle

Typical curves of the pressure P and the lift and drag coeffi-
cients CL and CD vs time for periodic blowing at a reduced fre-
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quency of k = 0.061 (this is a "low" reduced frequency, to be
defined later) are presented in Figs. 2-7 at d/c = 0.022, Rc =
4.8 xlO5, C^ « 0.18, r = 0.5, and oc = 10-60 deg. Additional
curves in these figures are the corresponding values with continu-
ous blowing at the same maximum pressure, and without blowing.

It is seen that after some initial response time (which will be dis-
cussed later), the variations in coefficients CL and CD correspond
to the pressure P variations at all these incidences. When the valve
is open, CL and CD have the same or slightly different values as
with continuous blowing. When it is closed, they agree with the
no-blowing values. Pulsating blowing has the same effect on the
other aerodynamic coefficients, but the difference between the
steady levels of continuous and no blowing is generally negligible.
The results at continuous and no blowing emphasize the lift aug-
mentation induced by spanwise blowing, which is present at all
incidences and reaches a maximum at a = 30-50 deg, as indicated
in a preceding study.13

The observed oscillations in the aerodynamic coefficients are
the natural oscillations of the model-balance system, as shown by
spectral analysis. Particularly, the frequency of these oscillations is
the same for continuous, pulsating, and no blowing and is indepen-
dent of the angle of attack. Without blowing, the oscillations'
amplitude is low for a < 20 deg, then increases because of the vor-
tex breakdown that occurs at about 30 deg.2 With continuous
blowing, the oscillations' amplitude remains low up to a = 30 deg,
as the vortex breakdown is delayed.13 With pulsating blowing, the
oscillations' amplitude is much larger than in the steady cases,
possibly because of an excitation of the balance-model natural fre-
quency.

No significant overshoot is observed in the evolution of the lift
coefficient CL, except at a - 10 deg, although an overshoot was
reported26 in pitching motion of a 70-deg swept delta wing to a =
55 deg. The response time is short at small incidences (a < 20 deg)
and longer at larger incidences (a > 30 deg). Also, at a = 20- 30
deg, the response time is longer at the valve-closing phase than the
valve-opening phase. Slight differences between the lift and drag
coefficients of pulsating blowing at the valve opening and their
value at continuous blowing may be related to differences in the
freestream dynamic pressure, as discussed before.

A difference is observed between the steady values of the drag
coefficient CD at low and high incidences. At small incidences (a
< 30 deg, see Figs. 2-4), the drag coefficient with blowing is lower
than without blowing, because of the thrust effect of the blowing,
amplified by the jet-induced suction on the leading-edge droop.13

However, at higher angles of attack (a > 40 deg, see Figs. 5-7), the
drag component induced by the increased lift is larger than the
thrust component, and the drag coefficient with blowing is higher
than without blowing.

At high incidences (a > 30 deg), the response of the drag coeffi-
cient to the pulsating blowing is complex (Figs. 4-7). After open-
ing the valve, CD first decreases, then increases to the constant
blowing level, which may be lower (a = 30 deg) or higher (a =
40-50 deg) than the no-blowing level. It is suggested that at these
incidences, the direct thrust response time is much shorter than the
aerodynamic response time needed to rebuild the leading-edge
vortices. Therefore, the drag coefficient first decreases under the
thrust influence, then increases because of the increased lift on the
wing. This analysis is confirmed by the measured values of the jet
direct thrust. This complex reaction is not observed at a = 10-20
deg, because at these incidences, the aerodynamic response time is
short and similar to the thrust response time, therefore, the drag
coefficient reaches directly the constant-blowing level.

Influence of the Jet Parameters
The time evolution of the lift and drag coefficients CL and CD

under periodic blowing was not significantly altered by a variation
in the flow parameters, such as the jet-momentum coefficient,
pulse length, nozzle diameter, and freestream velocity. _

The jet-momentum coefficient was varied between C^ = 0.37
and 0.086, at a = 30 and 40 deg, without a significant effect on the
unsteady behavior of CL and CD, although the steady coefficient
levels varied according to the jet-momentum coefficient, corre-
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Fig. 8 Lift and drag coefficients vs time at die = 0.0088, Rc = 1.4 X 10s,
C = 0.099, k = 0.02, r = 0.5, and a = 40 deg.
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Fig. 9 Lift and drag coefficients vs time at die = 0.0088, Rc = 1.4 X 105,
C = 0.096, k = 0.10, r = 0.5, and a = 40 deg.

spending to the continuous-blowing values. At still smaller jet-
momentum coefficient values, C = 0.004-0.023, no conclusions
could be drawn, as only very small differences existed between the
steady values at constant and no blowing.

The periodic blowing was modified by changing the relative
pulse length between r = 0.2 and 0.8. The jet-momentum coeffi-
cient varied with r between 0.06 and 0.21, but the time evolution
of CL and CD was not altered qualitatively by this modification,
although the periods of maxima and minima for CL and CD varied
with the pulse length.



712 MEYER AND SEGINER: BLOWING ON DELTA-WING CONFIGURATION

Replacing this nozzle with a smaller one (with die = 0.0088)
also did not significantly modify the time evolution of CL_and CD
of the periodic blowing. The jet-momentum coefficient C~ of the
smaller nozzle varied from 0.034-0.13. This is in agreement with
Ref. 11, which reported that the jet nozzle diameter had only a
small influence on the steady-bio wing results, if the diameters
were small compared with the chord length.

Reduction of the freestream velocity to 8 m/s and the Reynolds
number to Rc = 1.4 X 105 did not significantly alter the time evolu-
tion of CL and CD of the periodic blowing. This evolution is pre-
sented in Fig. 8 with die = 0.0088, C^ - 0.099, k = 0.02, r = 0.5,
and a = 40 deg. The lift and drag coefficients are identical to the
steady values of continuous blowing, or without blowing, when
the valve is fully open or closed. The response time in this case is
longer than at the higher Rc, corresponding to the convective time.
This will be discussed in the next section.

Increasing the blowing frequency increases the ratio of the
response time to the pulsating period. The coefficients CL and CD
will reach the steady values of continuous and no blowing if the
response time is shorter than half of the pulsating period. In that
frequency range, the response time is independent of the pulsating
frequency, and the time evolution of the aerodynamic coefficients
was previously described. At the limit of this frequency range, the
response time increases to half of the pulsating period. Under these
conditions, the time-dependent CL and CD curves hardly reach the
steady values of continuous or no blowing. This is demonstrated in
the time evolution of Q^_and CD presented in Fig. 9 for die =
0.0088, Rc = 1.4 X 10,5 C^ - 0.096, k = 0.10, r = 0.5, and a - 40
deg, as compared with Fig. 8.

Response Time
The response time tr of the lift and drag coefficients to the open-

ing and closing of the valve in pulsating blowing is defined as the
time required for CL and CD to reach the continuous- or no-blow-
ing steady values. The response times were estimated from the
time evolution graphs (e.g., Figs. 2-9) and must be considered as
representative, yet approximate quantities only. The significance
of the response time can be judged when compared with the
freestream convective time on the wing f0, and a dimensionless
response time is defined as t* = tr /tG.

The dependence of the dimensionless response time ff on the
incidence is presented in Fig._10 for two series of tests: at Rc
= 4.8 x 105 with die = 0.022, C~ = 0.18, k = 0.06, and r = 0.5, and
at Rc= 1.4 x 105, with d/c = 0.0088, C^ = 0.09, k = 0.10, r = 0.5.
These values are representative of many results obtained at differ-
ent test conditions, as the jet parameters (except of the angle of
attack) did not significantly affect the time history of the aerody-
namic coefficients.

It is seen that the normalized response time varies strongly with
the incidence and has the same general character both for CL and
CD. However, whereas for CL it is rather independent of the jet
parameters, it shows some dependence on C^ for CD. At a = 10
deg, t* has values of 2-3 at Rc = 4.8 x 105 and 4-8 at Rc = 4.8' X
105. The response time of the solenoid valve itself in opening and
closing was estimated to be about 1 • t0 and 7 • f0, respectively
(because of the different nozzle sizes and freestream velocities).
The net dimensionless response time value is therefore about 1.

The response time increases with incidence up to values of 30-
35 at a = 40 deg, with a marked difference between the valve
opening and closing values at a = 20 and 30 deg, as also seen in
Figs. 3 and 4. At a > 40 deg, the response time decreases to
smaller values, with t* reaching at a = 50 and 60 deg about the
same values as at a = 30 and 20 deg, respectively.

It is interesting to compare this dependence of the response time
on a with the characteristic times reported for unsteady delta
wings. A response time of about t * = 1 has been reported for
unsteady motions at low or medium angles of attack.19 It was esti-
mated from the measured phase lag of the vertical vortex position
in plunging motion,32 the axial position of vortex breakdown in
pitching motion,25 the phase lag of the lift coefficient in the pres-
ence of unsteady gusts,21 and the direct time history of the vortex
position in plunging motion.34 It must be noted that these unsteady
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Fig. 10 Dimensionless response time for lift and drag coefficients vs
angle of attack.

motions induce quite different flowfields. For instance, the pitch-
ing motion involves an incidence variation, as well as large pitch-
ing angular velocities.34 The present study shows that a similar
response time is obtained in periodic blowing, in which neither
pitch nor incidence changes occur, but an alteration of the flow is
induced by the leading-edge blowing.

Moreover, the increase in the response time to t* = 30 at high
angles of attack was reported also in pitching motions.23 In an
attempt to explain the variation in the response time with inci-
dence, it is suggested that the long response time at a = 30-40 deg
results from the vortex breakdown that has already occurred over
the natural (unblown) configuration, but is delayed by blowing. It
then decreases at still higher incidences, where vortex breakdown
affects even the blown wing.

The difference in the response time of the aerodynamic coeffi-
cients between the valve opening and closing conditions at oc - 20
-30 deg (Figs. 3,4, and 10) may be related to differences in the flow
conditions as illustrated by flow visualizations obtained at a = 30
deg with a smoke generator. Immediately before a blowing pulse,
the flowfield is characteristic of an unblown 60-deg delta wing,
with separated flow and vortex breakdown over the wing.2 At the
end of the blowing pulse, the flowfield is typical of spanwise-blown
wings,5'12"15'17 where the flow remains attached to most of the wing
and the vortex breakdown is significantly delayed.

During the no-blowing part of the pulsating period, it is
observed that the reaction to the closing of the valve is much
slower than to the valve opening and the flow does not return to
the unblown features at the same rate. Immediately after the clos-
ing of the valve, separation is observed only over the rear part of
the wing, whereas over the fore part, the flow is still attached, as if
the blowing were still effective there. Only at a later stage, requir-
ing more time, the flow returns to the unblown features.

The time histories of CL and CD, as well as the flow visualiza-
tions, present an asymmetrical hysteresis between the blown and
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Fig. 11 JLift and drag coefficients vs time at die = 0.0088, Rc = 4.8
X 105, C = 0.074, k = 4.8, and a = 30 deg.

unblown flowfields. Similar hysteresis curves were observed for
the vertical position of the vortex, axial position of vortex break-
down, and lift curve of delta wings in all the unsteady motions
such as pitching,22"31 plunging,33'34 and heaving.35 In particular,
asymmetrical hysteresis curves were obtained for the vertical posi-
tion of the vortex in plunging motion during a positive or negative
step in incidence,34 and for the axial position of breakdown when
suction near the wing trailing edge was applied or removed.36

High-Frequency Periodic Blowing
The time history of the aerodynamic coefficients CL and CD just

described is valid at low frequencies, namely when the pulsating
period T is equal to or larger than twice the response time tr:

T>2-tr

As tr* = tr ' Vie, and k = 2itf- c/V, this condition implies

(1)

(2)

For incidences of oc = 30-40 deg, where the response time tr* is
about equal to 30, the limit for the previously described time his-
tory of CL and CD is about k = 0.10, as in Fig. 9.

If the pulsating frequency is increased above this value, the
coefficients CL and CD do not correspond to the pressure P curve,
but remain at an intermediate level between their values for contin-
uous and no blowing. This condition is fully developed when the
pulsating period is much shorter than the response time (which
was measured at low-frequency blowing), say, for

which is equivalent to

and, for t* = 30, to

T<tr/2

t*- k>4n

k > 0.42

(3)

(4)

(5)

*2 18.0

e^ 12.0
cu
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Fig. 12 _Lift and drag coefficients vs time at die = 0.0 088, Rc = 1.4
X 10s, C = 0.101, k = 0.20, r = 0.5, and a = 40 deg.

A typical time history of CL and CD in high-frequency periodic
blowing is presented in Fig. 11, at die = 0.0088, Rc = 4.8 X 105,
C^ = 0.074, k = 4.8 (f= 80 Hz), and a = 30 deg. In this case, the
pulse-generating mechanism was a rotating valve, generating a
nearly triangular signal, as can be seen in the pressure curve in this
figure. For comparison, continuous blowing was tested at pres-
sures corresponding to the maximum, minimum, and mean pres-
sures of the periodic blowing. It can be seen that CL does not corre-
spond to the pressure, but remains at an intermediate level between
the values of the continuous blowing at the maximum and mini-
mum blowing pressures. In fact, this level is equal to the level
obtained with continuous blowing at a pressure equal to the mean
pressure, i.e., with the same jet-momentum coefficient. The graph
for CD is not significant, as the differences between the curves are
too small.

At intermediate pulsating frequencies, such as

tr/2<T<2-tr

K < tr* • k < 4n

(6)

(7)

the time history of CL and CD varies in character between those at
low and high frequencies. The aerodynamic coefficients do not
reach as at low frequencies the steady values of the constant- or
no-blowing curves, but they do not yet remain at the mean levels,
as with high frequencies. An example of such a frequency is pre-
sented in Fig. 12, with die = 0.0088, Rc = 1.4 X 105, C^= 0.101, k
= 0.20, r = 0.5, and a = 40 deg.

Mean Aerodynamic Coefficients
The effectiveness of periodic blowing relative to continuous

blowing_was judged by comparing the mean aerodynamic coeffi-
cients CL and CTD, of the periodic blowing with those of the con-
tinuous blowing, aUhe same_meanjet-momentum coefficients C^.
Typical curves of CL and CD vs C^ are presented in Figs. 13 and
14 at die = 0.0088, Rc = 4.8 X 105, k = 0.006-0.24, and a - 30 deg
and at die = 0.0088, Rc = 1.4 X 105, k = 0.02-1.42, and a = 40 deg,
respectively. These figures include data from periodic blowing at
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Fig. 13 Mean lift and drag coefficients vs mean jet-momentum coeffi-
cient at die = 0.0088, Rc = 4.8 X 105, and a - 30 deg.

low, medium, and high frequencies, with several pulse lengths.
Similar results were obtained at the other incidence values.

It can be seen that the mean lift and drag of periodic blowing are
similar to the lift and drag obtained by continuous blowing, at the
same jet-momentum coefficient. This result is obtained in all the
frequency ranges and all the types of time histories presented pre-
viously. This is probably due to either an identical response time at
both the opening and closing of the valve (a = 40 deg), or to the
difference in the response times that is not sufficiently large to
generate a significant lift augmentation (a = 30 deg), or to the lift
curve remaining at an intermediate level between those of continu-
ous blowing (at high frequencies).

Although periodic blowing was not found to be more effective
than constant blowing, it should be emphasized that the periodic,
as well as constant blowing, induces a significant lift augmenta-
tion, at all incidences up to a = 60 deg, whereas unsteady wing
motions induce a local increase and decrease during the cycles that
balance out and result in no overall gain in lift.

It should also be added that improvement of the mean lift may
be obtained by a favorable coupling between the periodic blowing
and leading-edge vortex layer receptivity.37 Tangential periodic
blowing through the leading edge of a delta wing was found to sig-
nificantly affect the evolution of the leading-edge vortices, when
the blowing frequency was a subharmonic of their natural shed-
ding frequency.38 However, such a favorable interaction was not
obtained by spanwise blowing in the present range of blowing fre-
quencies.

Conclusions
The concept of periodic leading-edge blowing on a fighter-air-

craft model was investigated at several low subsonic speeds and
several frequencies.

At low frequencies, lift and drag coefficients correspond to the
pulsating blowing pressure. When the valve is fully open, they
reach the steady values of continuous blowing. When it is fully
closed, they agree with the no-blowing values. An aerodynamic

u.OO 0.05 0.10 c 0.25

u.OO 0.05 0.10 0.20 0.25

Fig. 14 Mean lift and drag coefficients vs mean jet-momentum coeffi-
cient at die = 0.0088, Rc = 1.4 X 105, and a - 40 deg.

response time is observed that is equal at low incidences to the
freestream convective time over the wing, but increases to 30 con-
vective times at oc = 30-40 deg. These values are similar to the
response times reported in unsteady wing motions, such as pitch-
ing and plunging motions, although these concern different flow
regimes where the incidence or both the incidence and angular
velocity are varied. In this study, the vortex position varied while
the incidence angle was constant.

It has also been shown by the lift and drag curves and by the
flow visualization that at a = 20-30 deg, the reaction of the flow-
field to valve closing is much slower than to valve opening. This
reaction also is similar to the asymmetrical hysteresis curves
reported in plunging motion, or when suction was applied near the
wing trailing edge.

These features were shown to be insensitive to the pulse length,
nozzle diameter, freestream velocity, jet-momentum coefficient,
and pulsating frequency. They are valid for low pulsating frequen-
cies, such as k < 0.10, at a = 30-40 deg. At higher frequencies (k >
0.42), CL and CD do not correspond to the pulsating pressure
curve, but remain at an intermediate value between those of con-
tinuous and no blowing.

Periodic blowing was not found to be more effective than con-
tinuous blowing. The mean lift and drag coefficients were found to
be equal to the lift and drag obtained by continuous blowing with a
momentum coefficient equal to the mean momentum coefficient of
the periodic blowing.

The Reynolds number effects on the foregoing results were not
studied rigorously. However, the effects of adding a body to a
delta wing to form a fighter-type aircraft on the lift and on the
leading-edge vortex breakdown have been shown to be
minimal.14'30 On a sharp-edged delta wing, no effect of the Rey-
nolds number on the vortex location and breakdown, as well as
aerodynamic forces, has been found in a wide Reynolds number
range.39'19'38 Therefore, the present results may be seen as applica-
ble to similar configurations and Mach numbers at flight Reynolds
numbers.



MEYER AND SEGINER: BLOWING ON DELTA-WING CONFIGURATION 715

References
^olhamus, E. C, "A Concept of the Vortex Lift of Sharp-Edge Delta

Wings Based on a Leading-Edge Section Analogy," NASA TN D-3767,
1966.

2Wentz, W. H., Jr., and Kohlman, D. L., "Vortex Breakdown on Slender
Sharp-Edged Wings," Journal of Aircraft, Vol. 8, No. 3, 1971, pp. 156-
161.

3Dixon, C. J., "Lift Augmentation by Lateral Blowing over a Lifting
Surface," AIAA Paper 69-193, 1969.

4Cornish, J. J., Ill, "High Lift Applications of Spanwise Blowing," ICAS
Paper 70-09, 1970.

5Bradley, R. G., and Wray, W. O., "A Conceptual Study of Leading-
Edge-Vortex Enhancement by Blowing," Journal of Aircraft, Vol. 11, No.
1,1974, pp. 33-38.

6Clarke, K. P., "Lift Augmentation on a Moderately Swept Wing by
Spanwise Blowing," Aeronautical Journal, Vol. 80, Oct. 1976, pp. 447—
451.

7Bradley, R. G., Whitten, P. D., and Wray, W. O., "Leading-Edge Vortex
Augmentation in Compressible Flow," Journal of Aircraft, Vol. 13, No. 4,
1976, pp. 238-242.

8Campbell, J. E, "Augmentation of Vortex Lift by Spanwise Blowing,"
Journal of Aircraft, Vol. 13, No. 9, 1976, pp. 727-732.

9Leavitt, L. D., Whitten, P. D., and Stumpfl, S. C., "Low Speed
Aerodynamic Characteristics of a Vectored-Engine-Over-Wing Con-
figuration," AIAA Paper 78-1081, 1978.

10Dixon, C. J., Dansby, T., and Poisson-Quinton, P., "Benefits of
Spanwise Blowing at Transonic Speeds," ICAS Paper Al-01, 1978.

nStaudacher, W., Laschka, B., Poisson-Quinton, P., and Ledy, J. P.,
"Effects of Spanwise Blowing in the Angle of Attack Regime a = 0-90
deg," ICAS PaperAl-02, 1978.

12Erickson, G. E., "Effect of Spanwise Blowing on the Aerodynamic
Characteristics of the F-5E," Journal of Aircraft, Vol. 16, No. 10, 1979, pp.
695-700.

13Seginer, A., and Salomon, M., "Augmentation of Fighter Aircraft
Performance by Spanwise Blowing over the Wing Leading Edge," Journal
of Aircraft, Vol. 23, No. 11, 1986, pp. 801-807.

14Er-El, J., and Seginer, A., "Effects of Spanwise Blowing on Pressure
Distribution and Leading-Edge Vortex Stability," ICAS Paper 86-2.5-1,
1986.

15Limin, S., and Yanhua, Q., "An Investigation of Improving High Angle
of Attack Performance and Flap Effectiveness of a Configuration with
Delta Wing by Spanwise Blowing," AIAA Paper 86-1777, 1986.

16Huffman, J. K., Hahne, D. E., and Johnson, T. D., "Aerodynamic
Effects of Distributed Spanwise Blowing on a Fighter Configuration,"
Journal of Aircraft, Vol. 24, No. 10, 1987, pp. 673-679.

17Shi, Z., Wu, J. M., and Vakili, A. D., "An Investigation of Leading-
Edge Vortices on Delta Wings with Jet Blowing," AIAA Paper 87-0330,
1987.

18Miller, L. S., and Gile, B. E., "The Effects of Blowing on Delta Wing
Vortices during Pitching at High Angles of Attack," AIAA Paper 92-0407,
1992.

19Lee, M., and Ho, C.-M., "Lift Force of Delta Wings," Applied
Mechanics Reviews, Vol. 43, No. 9, 1990, pp. 209-221.

20Freymuth, P., Finaish, E, and Bank, W., "Further Visualization of
Combined Wing Tip and Starting Vortex Systems," AIAA Journal, Vol. 25,

No. 9, 1987, pp. 1153-1159.
21Patel, M. H., "The Delta Wing in Oscillatory Gusts," AIAA Journal,

Vol. 18, No. 5, 1980, pp. 481^86.
22Gad-el-Hak, M., and Ho, C.-M., "The Pitching Delta Wing," AIAA

Journal, Vol. 23, No. 11, 1985, pp. 1660-1665.
23Reynolds, G. A., and Abtahi, A., "Instabilities in Leading-Edge Vortex

Development," AIAA Paper 87-2424, 1987.
24Brandon, J. M., and Shah, G. H., "Effect of Large Amplitude Pitching

Motions on the Unsteady Aerodynamic Characteristics of Flat-Plate
Wings," AIAA Paper 88-4331, 1988.

25LeMay, S. P., Batill, S. M., and Nelson, R. C., "Vortex Dynamics on a
Pitching Delta Wing," Journal of Aircraft, Vol. 27, No. 2, 1990, pp. 131-
138.

26Bragg, M. B., and Soltani, M. R., "Measured Forces and Moments on
a Delta Wing During Pitch-Up," Journal of Aircraft, Vol. 27, No. 3, 1990,
pp. 262-267.

27Soltani, M. R., Bragg, M. B., and Brandon, J. M., "Measurements on
an Oscillating 70-Deg Delta Wing in Subsonic Flow," Journal of Aircraft,
Vol. 27, No. 3, 1990, pp. 211-217.

28Atta, R., and Rockwell, D., "Leading-Edge Vortices Due to Low
Reynolds Number Flow Past a Pitching Delta Wing," AIAA Journal, Vol.
28, No. 6, 1990, pp. 995-1004.

29Gilliam, E, Wissler, J., Robinson, M., and Walker, J., "Visualization of
Unsteady Separated Flow About a Pitching Delta Wing," AIAA Paper 87-
0240,1987.

30Manor, D., Miller, L., and Wentz, W. H., Jr., "Static and Dynamic
Water Tunnel Tests of Slender Wings and Wing-Body Configurations at
Extreme Angles of Attack," AIAA Paper 90-3021, 1990.

31Rediniotis, O. K., Klute, S. M., Hoang, N. T., and Telionis, D. P.,
"Pitching-Up Motions of Delta Wings," AIAA Paper 92-0278, 1992.

32Maltby, R. L., Engler, P. B., and Keating, R. F. A., "Some Explor-
atory Measurements of Leading-Edge Vortex Positions on a Delta Wing
Oscillating in Heave," Aeronautical Research Council R&M No. 3410,
London, 1963.

33Lowson, M. V, "Some Experiments with Vortex Breakdown," Journal
of the Royal Aeronautical Society, Vol. 68, No. 5, 1964, pp. 343-346.

34Lambourne, N. C., Bryer, D. W, and Maybrey, J. F. M., "The
Behaviour of the Leading-Edge Vortices over a Delta Wing Following a
Sudden Change of Incidence," Aeronautical Research Council R&M No.
3645, London, 1969.

35Amitay, M., Er-El, J., and Seginer, A., "Leading Edge Vortices in a
Chordwise Periodic Flow," 32nd Israel Annual Conference on Aviation and
Astronautics, Israel Society of Aeronautics and Astronautics, 1992, pp.
427^38.

36Parmenter, K., and Rockwell, D., "Transient Response of Leading-
Edge Vortices to Localized Suction," AIAA Journal, Vol. 28, No. 6, 1990,
pp. 1131-1133.

37Wu, J. Z., Vakili, A. D., and Wu, J. M., "Review of the Physics of
Enhancing Vortex Lift by Unsteady Excitation," Progress in Aerospace
Sciences, Vol. 28, No. 2, 1991, pp. 73-131.

38Gad-el-Hak, M., and Blackwelder, R. F., "Control of the Discrete
Vortices from a Delta Wing," AIAA Journal, Vol. 25, No. 8, 1987, pp.
1042-1049.

39Erickson, G. E., "Water-Tunnel Studies of Leading-Edge Vortices,"
Journal of Aircraft, Vol. 19, No. 6, 1982, pp. 442-448.


