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Delta Wing Vortex Manipulation Using Pulsed and Steady
Blowing During Ramp-Pitching

H. Johari* and J. Moreirat
Worcester Polytechnic Institute, Worcester, Massachusetts 01609

The effectiveness of steady and pulsed blowing as a method of controlling delta wing vortices during
ramp-pitching has been investigated in flow visualization experiments conducted in a water tunnel. The
recessed angled spanwise blowing technique was utilized for vortex manipulation. This technique was
implemented on a beveled 60-deg delta wing using a pair of blowing ports located beneath the vortex
core at 40% chord. The injected flow was primarily in the spanwise direction with a component normal
to the wing surface. The location of vortex burst was measured as a function of blowing intensity and
pulsing frequency in static conditions and the optimum blowing case was applied to the pitching wing.
Pulsed blowing, when the natural burst location was upstream of the blowing port, delayed vortex break-
down in static and dynamic cases. Dynamic tests verified the existence of a hysteresis effect and dem-
onstrated the advantages in the control of vortex breakdown offered by pulsed blowing over both steady
blowing and no-blowing scenarios. Vortex breakdown responded quasisteadily when the pitchup effects
were relatively smaller than the blowing effects. At higher pitching rates, the burst location was affected
primarily by the pitching parameters. The application of blowing resulted in expedited vortex reformation
during the pitchdown.

Nomenclature
C^ = blowing coefficient, /
c = root chord length
F = reduced blowing frequency, 2TTfclU<»
f = blowing frequency, Hz
riij = blowing fluid mass flow rate
q = freestream dynamic pressure
Re = Reynolds number, U^clv
S = wing planform area
£/„ = freestream velocity
Vj = mean blowing fluid velocity
Xb = burst location in presence of blowing
Xn = natural (without blowing) burst location
a = angle of attack
a = pitching rate, rad/s
a* = normalized pitching rate, dc/U*
AX = net change in burst location, Xb — Xn
v = viscosity

Introduction

T HE flow pattern about delta wings is distinguished by two
primary vortices that provide a large portion of lift at high

angles of attack. A delta wing's triangular planform causes
freestream flow to separate at the leading edges and the sep-
arated shear layers form the primary vortices. Through delicate
flow visualization, Gad-el-Hak and Blackwelder1 showed that
the leading-edge shear layers consist of a series of discrete
vortices analogous to conventional planar shear layers.2*3 These
smaller discrete vortices combine to create the primary vorti-
ces. Discrete vortices were found to form at a specific fre-
quency that is dependent on the freestream velocity as well as
the angle of attack.1 Although Gad-el-Hak and Blackwelder1
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and Lowson4 both reported a single shedding frequency along
the leading edges, recent numerical simulations of Gordnier
and Visbal5 revealed that the shedding frequency of discrete
vortices may also be a function of chord location. In any case,
the primary vortices are formed from the smaller discrete vor-
tices that have been manipulated by weak perturbations at sub-
harmonic frequencies in planar free shear layers.6 It was there-
fore postulated that the shedding frequency could be coupled
with a perturbation to alter the primary vortex characteristics.

At high angles of attack, the primary vortices tend to break
down or burst; this phenomenon is characterized by the abrupt
expansion of the core and the rapid deceleration of the axial
velocity. Vortex breakdown reduces the lift created by the pri-
mary vortices and the lift coefficient is strongly correlated with
the chordwise location of breakdown. To control vortex break-
down on delta wings a number of steady blowing techniques
have been explored in the past. Relatively few investigations
of unsteady blowing have been pursued. Inspired by the pres-
ence of discrete vortices in the free shear layers of delta wings,
Gad-el-Hak and Blackwelder7 experimented with pulsatile in-
jection from slots along the entire leading edges of a stationary
delta wing and found that the evolution of discrete vortices
could be altered significantly when the forcing frequency was
a subharmonic of the natural shedding frequency. The injection
velocity was equal to the freestream velocity and the flow was
modulated by a solenoid valve driven via a square-wave gen-
erator. Vortex breakdown location as a function of frequency
and amplitude of perturbation has been recorded by Shi et al.8
and Gu et al.9 on stationary delta wings and by Vakili et al.10

in circular tubes. Meyer and Seginer11 investigated the effects
of periodic spanwise blowing on the lift and drag of a fighter
model with a 60-deg sweep angle. At low frequencies the vor-
tex response generally lags behind the forcing by one convec-
tive time scale.

With the recent emphasis on the enhancement of fighter air-
craft maneuverability, especially during transient motions, be-
havior of delta wing vortices under various dynamic conditions
has been investigated. Both sinusoidal12"14 and ramp-pitch-
ing15"18 motions have resulted in hysteretic location of the pri-
mary vortex breakdown and a nearly constant speed for the
motion of burst location. The governing parameter for wings
undergoing dynamic conditions is the reduced frequency (si-
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nusoidal) or the normalized pitching rate (ramp-pitching). Al-
though blowing techniques have been utilized extensively to
alter the vortex breakdown location on stationary wings, these
techniques have not been attempted on delta wings experienc-
ing transient pitching motions, except in the study of Miller
and Gile.19 This study will be considered in the Discussion
section.

In the present effort, the effectiveness of steady and pulsed
blowing as a method of delaying vortex breakdown on pitching
delta wings has been investigated. The blowing configuration
employed was the recessed angled spanwise blowing of Fitz-
patrick et al.20 and is further explained in the next section. A
60-deg delta wing was pitched up at a constant rate from sta-
tionary conditions at 18-deg angle of attack to 32 deg and was
then pitched down to create a saw-tooth pitching function.
Only the first cycle of saw-tooth was studied since this case
might reasonably represent the pitching of a delta wing in prac-
tice, i.e., rapid pitchup at constant rate followed by pitchdown.
Vortex breakdown location was measured by means of flow
visualization as a function of pitching rate, blowing coefficient,
and pulsing frequency.

Apparatus
The experiments were conducted in a free-surface water tun-

nel with a 60 X 60 cm test section at a freestream velocity of
33.5 cm/s. The test stand apparatus consisted of a delta wing,
a pitching mechanism, and a blowing fluid delivery system. A
60-deg delta wing with a 25-deg leading-edge bevel, previ-
ously used by Fitzpatrick et al.,20 was modified for the present
experiments and is depicted in Fig. 1. The bevel angle was
originally chosen to match the detailed study of O'Neil et al.21

The wing's sharp leading-edge bevel served to fix the sepa-
ration point of the boundary layers. The wing had a 25.7 cm
root chord length, 30 cm trailing-edge span, and 1.9 cm thick-
ness, which resulted in a thickness-to-chord ratio of 7.4%. In
absence of blowing, the wing created vortices that burst be-
tween the trailing edge and vertex within the a range of 14-
34 deg. For this range of a the solid blockage ratio varied
between 2.6-6%. The Reynolds number based on root chord
length and freestream velocity of the tunnel was 8.6 X 104.

Recessed angled spanwise blowing (RASB), which was first
studied by Fitzpatrick et al.,20 uses ports on the delta wing
planform to inject fluid in the spanwise direction at an angle
parallel to the leading edge bevel, as shown in Fig. 2. A pair
of 0.3-cm-diam ports were situated beneath the vortex axis at
the 40% root chord line of the wing used in this study, for this
position resulted in the maximum effectiveness in delaying
breakdown among blowing ports located at 0.20, 0.30, and
0.40c during previous testing.22 Blowing at angles of attack at
which the port was upstream of the natural burst point caused
premature bursting of the vortex, while blowing from ports
downstream of the natural burst point delayed the onset of
vortex breakdown. It has been shown that the burst point at
any given angle of attack is oscillatory in nature and RASB
appeared to reduce the frequency of this oscillation.20'22

The fluid delivery system was designed to provide both
steady and pulsed flow for blowing. The customary definition
of blowing coefficient C^ (=mjVj/qS) was used to nondimen-
sionalize the blowing momentum flux from a single port. Ac-
cording to earlier RASB studies,20'22 any single port C^ value
greater than 0.03 would yield little further effectiveness in de-
laying vortex breakdown. It is noteworthy that the blowing
coefficient in Refs. 20 and 22 was defined for a pair of blowing
ports. Since all tubing necessary for both blowing fluid and
dye was housed internally in the wing, the thickness-to-chord
ratio (7.4%) was therefore uncharacteristically high for a delta
wing model and this may have imparted pseudoconical flow
characteristics near the apex that could potentially alter the
flow details there.22

To control the blowing fluid flow, a i-in. needle valve was
used for adjusting the flow rate, and a i: -in. two-way normally

10.3cm(0.4c)
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1.9cm
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Fig. 1 Delta wing dimensions and blowing ports.

blowing
direction

vortex axis

Fig. 2 Schematic of RASB.

open solenoid valve enabled the system to create pulsatile flow.
The fluid delivery system was capable of delivering enough
fluid to achieve a C^ of 0.1 given the wing geometry and test
conditions. A square wave function generator was used for
pulsing, the frequency of which was normalized by the root
chord length and the freestream velocity following Ref. 11.
The reduced blowing frequency F was therefore equal to 27r
/c/£/oo, where/was the frequency (Hz) supplied by the wave
generator. In the present setup, reduced blowing frequencies
could be varied in the range of 4.8-72.1, corresponding to 1
-15 Hz. A duty cycle of 0.5 was chosen so that the valve
would be open for the first half of the cycle and closed for the
last half. Systematic variations of duty cycle were not inves-
tigated in the present study. Although a square-wave generator
was used to control the solenoid valve, the blowing output flow
was expected to be a smooth pulse (in time) due to the viscous
interactions present in the tubing from the valve exit to the
blowing port.

The fluid delivery system was run at a variety of settings
and the volume of blowing fluid delivered over a given time
period was measured to determine the mean flow rate and
blowing coefficient during pulsed operation. Therefore, these
measurements were time averages. For pulsed blowing, all C^
values are averages over the pulsing portion when the valve
is open, i.e., the time averaged blowing coefficient would be
half as much as the steady blowing coefficient. The uncertainty
in mean blowing coefficient is estimated to be ±0.005, pri-
marily because of flow meter and volume readings in steady
and pulsed cases.

The pitching mechanism, depicted in Fig. 3, consisted pri-
marily of a six-bar linkage that rotated the wing about its quar-
ter-chord line and was based loosely upon a similar one used
by Miau et al.17 Pitching rate a was normalized by the free-
stream velocity and the root chord length. The pitching mech-
anism, whose other major components included the linkage's
support frame, its motor, the motor control board, a gearbox,
and a driving program, was designed to have minimal effect
on the flowfield about the wing and to maintain tight tolerances
necessary for accurate wing alignment. To avoid linkage-in-
duced flow disruptions, all vertical bars were chamfered and
placed at a distance of more than 30 cm aft of the delta wing's
trailing edge.

An ac stepping motor was used to drive the mechanism be-
cause of the ease with which it changed pitching rates and
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Fig. 3 Pitching mechanism schematic and nominal pitching func-
tion (a vs time).

because of its nearly instantaneous start and stop control ca-
pabilities. A computer program was written and installed on a
personal computer to control the board that ran the motor and
therefore determined the pitching rate. The nominal pitching
function (a vs time) is also shown in Fig. 3. The pitching rate
a values were accurate to within 3.5 X 1CT3 rad/s (i.e., 0.0025
for the normalized pitch rate a*) based upon the performance
of the entire pitching mechanism. The uncertainty in angle-of-
attack measurements was on the order of ±0.5 deg.

Vortex burst locations were obtained through flow visuali-
zation. Black dye was injected into the freestream near the
wing vertex and all tests were recorded with a video camera.
The wing was placed in the water tunnel with its leeward side
facing the transparent floor of the test section to avoid any
complications because of the tunnel's free surface, as indicated
in Fig. 3. The planform image was captured by reflecting it
towards the camera with a mirror placed on an angle-adjust-
able stand that minimized parallax corrections.

Vortex burst data were obtained visually by playing the
video recordings frame-by-frame. For the static runs, the burst
location was averaged visually while for the dynamic runs,
measurements are single samples. The oscillation magnitude
of the vortex burst in static runs was estimated at ±2.5% of
chord length and the average position was used for all analysis.
Error margin in reading burst location was concurrently esti-
mated at ±2.5% of chord length.

Results
The test series conducted were separated into two phases:

1) static and 2) ramp-pitching. Each phase included no-
blowing, steady blowing, and pulsed blowing runs. The static
runs were conducted to collect data on the effects of pulsed
blowing as well as to compare the present data with the earlier
measurements of steady blowing.22

Static Testing
Initially, a series of baseline runs were performed to verify

the experimental methods utilized presently. The mean vortex
breakdown location was measured with and without blowing
for a ^ 14 deg since a well-defined vortex breakdown was
not present below this angle of attack. The static test results
without blowing are presented in Fig. 4. The present vortex
burst location data are compared with that of Fitzpatrick et
al.20 and O'Neil et al.21 Except for a = 14 and 22 deg, the
present data agree with the wind-tunnel measurements of
O'Neil et al.21 to within experimental uncertainty. The data of
Fitzpatrick et al.20 are also close to the present data until 22
deg, beyond which the present data are nearly identical with
the other study. The vortex burst was located above the
blowing port at an angle of attack of approximately 19 deg.

As expected, the application of steady blowing delayed the
onset of vortex breakdown only when the natural burst location
was upstream of the blowing port. At angles of attack when
the natural burst location was downstream of the blowing port
(a < 19 deg), the application of steady blowing advanced the
breakdown location to the vicinity of the blowing port. The
diameter of the vortices, as indicated by the dye stream, de-
creased noticeably during blowing. Only blowing coefficients
up to 0.03 were tried since little further effectiveness was ex-
pected beyond this value,20 and more importantly, this value
may be the limit in practical applications. Once the natural
burst point moved upstream of the port and closer to the apex,
the burst was delayed by as much as 11% of root chord for
the highest blowing coefficient at 22 deg. The net changes in
vortex breakdown location because of steady blowing at C^ =
0.02 and 0.03 were compared, and although the data for the
two blowing coefficients generally followed a similar trend,
the larger blowing coefficient resulted in a 0.05c further delay
in breakdown. Beyond a = 34 deg (32 deg), steady blowing
at Cp = 0.03 (0.02) did not alter the burst location.

Since a noticeable difference between the effects of various
blowing coefficients was observed, a C^ of 0.03 was used for
all pulsed blowing runs. The reduced blowing frequency F was
varied over the entire range of 4.8-72.1 (1-15 Hz). Pulsed
blowing proved to delay vortex breakdown more effectively
than did steady blowing. When the natural burst point was
located downstream of the port during pulsed blowing, the
vortex burst earlier than in the no-blowing case. Once the nat-

Fig. 4 Baseline (no blowing) vortex burst location; present data
at Re = 8.6 X 104. The experimental uncertainty is indicated by
the error bars.

20 30
a (deg)

Fig. 5 Net change in the burst location for a stationary wing,
steady and pulsed blowing at CM = 0.03 and pulsing frequencies
of F = 48, 24, and 4.8.
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ural burst point moved upstream of the port and closer to the
wing apex, vortex breakdown was delayed by as much as 20%
chord length at a = 22 deg and F = 24 as compared to no-
blowing conditions. The net change in vortex breakdown lo-
cation as a function of a. is shown in Fig. 5 for three different
reduced blowing frequencies of 4.8, 24, and 48 along with the
steady blowing data. Again, all pulsed blowing data proceed
in a way similar to the steady blowing data. Throughout the
a range, the greatest effectiveness occurred at a pulsing fre-
quency of F = 24 (5 Hz).

At this point, the natural shedding frequency of discrete vor-
tices has to be considered. Gad-el-Hak and Blackwelder1 re-
ported that for a 60-deg delta wing the natural shedding fre-
quency was 4.2 Hz at a = 15 deg and a freestream velocity
of 10 cm. Normalizing this frequency by the freestream ve-
locity and the wing root chord and varying the Reynolds num-
ber over the range of 1.25 X 104 to 3.33 X 105 resulted in the
expression \625/\/Re for the normalized shedding frequency
at a = 15 deg. Moreover, the natural shedding frequency in
that study varied between 3.2-2.8 Hz in the range of 20 ̂  a
^ 30 deg, and it had an average value of 2.87 Hz at a free-
stream velocity of 10 cm/s. If the Reynolds number depen-
dence at a = 15 deg holds for the a range of interest, then for
the present Reynolds number of 8.6 X 104 the average natural
shedding frequency would be 4.9 Hz [=(2.87/4.2)(1625/
^/Re)UJc\. The largest delay in vortex breakdown over sta-
tionary wings in the present data was observed at a pulsing
frequency of 5 Hz. If one assumes that the discrete vortices in
the present experiments are shed at a frequency of 4.9 Hz
(equal to that inferred from the empirical relation in Ref. 1),
then it can be hypothesized that RASB forcing at the natural
shedding frequency of free shear layers would induce the
greatest delay in vortex breakdown. Of course, this hypothesis
has to be validated by further quantitative measurements.

Since the variation of the shedding frequency in the data of
Ref. 1 appears to be limited to about ±11% of the average
value in the a range of interest, one would expect that a single
pulsing frequency or a narrow range of frequencies would pro-
duce the most effectiveness in terms of breakdown delay. Low-
son4 and Gordnier and Visbal5 have reported somewhat larger
(but of the same order of magnitude) shedding frequencies for
70- and 76-deg delta wings, respectively.

In the present experiments, reduced pulsing frequencies of
48 (10 Hz) and beyond resulted in negligible change above
steady blowing over the a range of interest. The lowest re-
duced frequency of 4.8 was comparable with the most effective
value of F = 24 up to a = 20 deg. Beyond this angle, the burst
location for F = 4.8 moved closer to the steady blowing data
as a increased. The angle of attack at which the breakdown
reached the wing apex was increased by 4 deg in the pulsed
blowing and by 2 deg in the steady blowing over the no-
blowing condition. Based on the static results, all dynamic runs
were conducted with blowing at C^ = 0.03 and pulsing at F =
24, for these parameters produced the maximum delay in vor-
tex breakdown location in static runs.
Dynamic Testing

Dynamic tests were designed to determine the effects of
steady and pulsed blowing on the vortex breakdown location
above a pitching delta wing. Values for a* were selected as
0.013, 0.040, and 0.067, which correspond to pitching rates of
1,3, and 5 deg/s, respectively. All dynamic tests involved the
first cycle of ramp-pitching motion from a = 18 to 32 deg and
back again to 18 deg. This range was chosen because the
RASB blowing scheme was ineffective outside it during static
runs. At first, a series of baseline runs was conducted to assess
the experimental techniques and to compare the vortex break-
down characteristics with previous studies. The burst location
for the normalized pitching rate of 0.067 as a function of a is
contrasted against the static case in Fig. 6. As expected, a
hysteresis or dynamic lag was observed for this and the other
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Fig. 6 Vortex burst location during ramp-pitching, no blowing.
Filled symbols indicate ramp pitchup and open symbols ramp
pitchdown portions of the cycle.

pitching rates as well. During pitchup, vortex breakdown was
delayed by as much as 0.lie at a = 22 and 30 deg; during
pitchdown, vortex reformation was delayed by 0.25c at the end
of the cycle. The present data agree only qualitatively with the
data in Ref. 17 since the magnitude of the lag in that study is
about twice that in the present data for the comparable ramp
pitchup rates. However, the vortex burst location propagates
upstream linearly with a, indicating a constant speed for the
motion of burst location. This is consistent with previous stud-
ies of 60-,17'19 70-,15 and 75-deg16 delta wings. The discrepancy
in the lag magnitude is believed to be because of the difference
between the starting pitchup angle in the present study (18 deg)
and Ref. 17 (12.5 deg). The wing thickness and Reynolds num-
ber in Ref. 17 were also about an order of magnitude smaller
than the present values.

Once the pitching technique was validated, a complete ma-
trix of data for the three pitching rates under no-blowing,
steady, and pulsed blowing was obtained. These data are pre-
sented in two series. In the first, blowing parameters were fixed
and pitching rates were varied, and in the second, blowing
parameters were varied for each constant pitching rate.

The first series of data compared the vortex burst location
for the three normalized pitching rates of 0.013, 0.04, and
0.067 under no-blowing, steady, and pulsed blowing condi-
tions. The data are plotted in Fig. 7, and for clarity, the lowest
pitching rate data are not included. Figure 7a revealed that as
the pitching rate increased in absence of blowing, the magni-
tude of the hysteresis increased. The higher pitching rate also
kept the burst point from reaching the apex, whereas the burst
location in static conditions is near the apex at the peak a of
32 deg. This effect was consistently observed through all dy-
namic runs. The dynamic lag resulted in a 0.1 Oc difference in
vortex breakdown location between a* = 0.040-0.067 at a =
32 deg, the peak of the ramp-pitching motion. As mentioned
earlier, the ramp pitchup burst locations vary linearly with a,
implying a constant propagation speed for the burst location.
Interestingly, the ramp pitchdown data do not follow a linear
variation with a.

The data for steady blowing are shown in Fig. 7b. It appears
that although steady blowing altered the vortex breakdown lo-
cation for both pitching rates, steady blowing was much more
effective in the case of slower pitching rate. The latter burst
location data have become comparable to that of the faster
pitching rate. In fact, the burst location for the two pitching
rates coincided at the peak of pitching motion. The largest
delays in the burst location were 0.10 and 0.05c at a = 32 and
26 deg for the 0.04 and 0.067 ramp pitchup rates, respectively.
The net delay in the breakdown location is plotted in Fig. 8
and will be further discussed subsequently. During the pitch-
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Fig. 7 Vortex burst location for 0.04 and 0.067 pitching rates: a)
no blowing, b) steady blowing at CM = 0.03, and c) pulsed blowing
at CM = 0.013 and F = 24. Filled and open symbols indicate ramp
pitchup and down portions of the cycle.

down portion of the cycle, steady blowing was also more ef-
fective in reforming the vortex for a* = 0.040 as compared
with a* = 0.067. The burst location delays were generally
about 0.10 and 0.05c for a* = 0.040 and 0.067 over the latter
segments of the pitchdown cycle.

Pulsatile blowing data of Fig. 7c showed that even in ramp-
pitching, just as in the static runs, pulsing delayed the burst
location beyond that in steady blowing. Pulsed blowing was
also more effective for the lower pitchup rate when compared
with the higher pitching rate. It can be seen in Fig. 7c that
pulsed blowing resulted in a burst location difference of 0.05c
or less between the two pitching rates during the pitchup part
of the cycle. A notable observation in this data set is the sub-
stantial decrease in the burst location difference between the
beginning and the end of the cycle as pulsatile blowing is
applied. The burst locations were identical for the two pitching
rates near the peak of pitchup and the final pitchdown region
of a < 22 deg.

The data in the second series are depicted in Fig. 8, for
which the pitching rates were held constant while blowing par-
ameters were varied. In these plots, the ordinate reflects the
increase of a from 18 to 32 deg (i.e., ramp pitchup) on the
left side, and the decrease of a. from 32 to 18 deg (i.e., ramp
pitchdown) on the right side. The abscissa is the net change
because of steady and pulsed blowing over the no-blowing

dynamic case. For all three pitching rates, pulsatile blowing
induced greater changes during pitchup in contrast to steady
blowing by about 0.05c throughout the a range. At the begin-
ning of the cycle, the delay can be as much as 0.1 Oc for the
two higher pitching rates. Moreover, the curves for steady and
pulsed blowing follow similar trends for the three pitching
rates during pitchup. The overall magnitude of net change of-
fered by both steady and pulsed blowing decreases as the
pitching rate is increased and is notably smaller than that ob-
served in static conditions at a* = 0.067.

During pitchdown, steady blowing delayed the burst loca-
tion further than pulsed blowing at higher angles (the first part
of cycle) while pulsing was more effective at the lower angles
of attack. Figure 8a demonstrates the fairly consistent delays
offered by pulsed blowing over steady blowing in the range
of 28 > a > 18 deg for the normalized pitching rate of 0.013.
Figure 8b shows that for 30 > a > 22 deg steady blowing is
better suited for delaying the burst location at the 0.040 pitch-
ing rate. Figure 8c provides a similar trend for a* = 0.067,
with the distinction that the breakdown location moved down-
stream rapidly at the end of the pitchdown cycle. In general,
the net changes in the burst location are comparable between
pitchdown and pitchup. The delays in the burst location during
dynamic runs are smaller than the ones induced by blowing
on stationary wings by a factor of 2.

a)

18

Fig. 8 Net change in the burst location because of pulsed (filled
symbols) and steady (open symbols) blowing at CM = 0.03: a* =
a) 0.013, b) 0.04, and c) 0.067.
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Discussion
To compare the effects of blowing under static and dynamic

conditions, the static (baseline) burst locations were subtracted
from the static and dynamic blowing data. The resulting AX/c
is plotted in Fig. 9 for the largest pitching rate of 0.067. For
clarity, the other pitching rate data are not included in the plot.
Figure 9a compares the net changes (over the baseline) be-
cause of pitching without blowing, steady blowing in static
conditions, and steady blowing while ramp-pitching. During
the pitchup portion of the cycle, steady blowing during ramp-
pitching provided the largest delays, as much as 0.14c at 30
deg, followed by pure pitching (no blowing) and steady blowing
on the stationary wing. Both pure pitching and blowing on the
stationary wing altered the burst location; however, the delays
gained from steady blowing while pitching were not equal to
the sum of the two. In fact, at this pitching rate, steady blowing
while ramp-pitching followed and produced results quite close
to that of pitching alone. This was true for ramp pitchup as well
as ramp pitchdown portions of the cycle.

Effectiveness of pulsed blowing during ramp-pitching is
contrasted against the data from pure pitching and pulsed
blowing on the stationary wing in Fig. 9b. In this case, pulsed
blowing altered the burst location by nearly the same amount
on the stationary and pitching up wings. The data for pure
pitching fall below the other two cases during the pitchup por-
tion of cycle. Again, the sum of changes from pure pitching
and pulsed blowing on the stationary wing does not equal the
delays in the combined case. Pulsed blowing promoted the
vortex reformation significantly only when a < 24 deg during
the pitchdown portion of the cycle. Moreover, blowing, steady
or pulsed, moved the burst location very close to its static
position at a = 22 deg during pitchdown. Blowing was most
effective at this angle of attack even in the static case.

The conclusion that emerges from the plots in Fig. 9 is that
if blowing, steady or pulsed, produces changes in the burst
location that are greater than that generated by pitching up
alone, then blowing will alter the burst location by the same
amount in static and ramp pitchup cases. In other words, when
the effect of ramp-pitching is relatively small in comparison
with blowing, the burst location responds in a quasisteady
manner and is determined primarily by a and blowing param-
eters. This was the case for pulsed blowing at all three pitching
rates. Conversely, when the effects of pitchup surpass the de-
lays created by blowing, the burst location will be influenced
more by the pitching parameters as opposed to blowing. This
was the case when steady blowing was employed at the highest
pitching rate. In none of the present experiments were the de-
lays from blowing alone and pure pitchup additive.

During the pitchdown portion of the cycle, the burst location
in presence of blowing exhibited a trend that was mostly sim-
ilar to the natural (no blowing) dynamic data. Blowing delayed
the burst location generally between 0.05-0.10c; pulsed and
steady blowing were effective to the same extent. The only
exception was the case of pulsed blowing applied to the high-
est pitching rate, where significant changes in the vortex ref-
ormation were observed near the end of the cycle. During
pitchdown, blowing and pitching have opposing influences on
the burst location and it appears that the net delays due to
blowing erode continually as the pitching rate is increased. The
dominant factor is the pitching rate, and the present blowing
scheme (RASB) has a modest effect in altering the breakdown
location. Moreover, the delays caused by blowing on the sta-
tionary wing cannot be used to predict the burst location when
the wing is pitching down.

The following question arises: what if the pitching rates are
increased beyond the values in the present experiments with
the same blowing scheme? From previous findings,15'17'19 one
would expect to observe a larger delay in vortex breakdown
location when blowing is absent. Both ramp pitchup and
blowing result in delay of vortex breakdown despite their dif-

24 28
a (deg)

Fig. 9 Changes in the burst locations above the baseline because of
ramp-pitching (A, A) at a* = 0.067, blowing on a stationary wing
(o), and blowing on a ramp-pitching wing (•, n): a) steady blowing
at CM = 0.03 and b) pulsed blowing at CM = 0.03 and F = 24.

ferent effects on vortex stability. The present data suggest that
the application of blowing will probably still delay breakdown
albeit at a reduced level. At very large normalized pitching
rates, the effects of blowing are expected to be overshadowed
by the pitching. However, the application of blowing can nev-
ertheless be quite useful for vortex reformation during the
pitchdown cycle. At this point, a comparison of the present
findings with that of Miller and Gile19 is warranted since both
studies considered the effects of blowing under dynamic con-
ditions. That study utilized steady blowing along the vortex
core from a tube placed externally above 60- and 76-deg
sweep delta wings. Although their blowing coefficients and
normalized pitching rates were larger than those used in the
present experiments, similar results were obtained. Namely,
blowing altered the burst location in both pitchup and pitch-
down conditions. For the one pitching rate that data were pre-
sented for the 60-deg wing, the delays from pure pitchup and
blowing alone appeared to be cumulative. Upon further in-
spection of their plots, it turned out that at this specific pitching
rate, the blowing and pitching alone generated very compa-
rable delays on the vortex burst location, and neither one was
dominant. This seems to be an instance between the two limits
of quasisteady and pitch-dominated behavior discussed earlier.

Another issue that needs to be addressed involves the opti-
mum blowing parameters when the wing is experiencing ramp
pitching motions. In the present study, only blowing conditions
that created the largest breakdown delays in the static case
were applied in the dynamic tests. It is possible to investigate
whether larger blowing intensities can significantly alter the
burst location in the ramp pitching runs. However, appreciably
larger blowing intensities may not be feasible from a practical
point of view. Moreover, previous studies20'22 of the RASB
method have shown that doubling the blowing coefficient for
a stationary wing will not alter the burst location substantially.
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If one assumes that the pulsing frequency that induced the
largest breakdown delay (F = 24) is related to the natural shed-
ding frequency of discrete vortices in static cases, as hypoth-
esized earlier, then the optimum pulsing frequency in dynamic
conditions may also be a function of the natural shedding fre-
quency of discrete vortices. The shedding frequency, in turn,
has been observed to depend on both the freestream velocity
and the angle of attack.1 For a 60-deg delta wing, the reported
shedding frequency in Ref. 1 varies only by about 11% over
the range of interest in the present experiments. Therefore,
unless the shedding frequency is strongly dependent on the
pitching rate, there should be a narrow optimal pulsing fre-
quency range for both static and dynamic cases.

Conclusions
Pulsed blowing is an effective means of delaying vortex

breakdown when the blowing port is downstream of the natural
burst point in the RASB configuration. Pulsing, at the (in-
ferred) natural shedding frequency of the discrete vortices, was
capable of enhancing the vortical flow over the delta wing,
and therefore, delaying breakdown. In fact, pulsatile blowing
reduced the mean flow rate by one-half while delaying the
burst location by significant amounts over steady blowing. The
existence of a hysteresis effect during ramp-pitching, the mag-
nitude of which increased with increasing pitching rate, was
verified. Pitching upward delayed vortex breakdown while
pitching downward delayed vortex reformation. Pulsed blow-
ing consistently delayed breakdown during ramp-pitching, and
it did so to a greater extent than steady blowing in nearly all
cases. When the changes in the burst location because of pitch-
ing alone are relatively small in comparison with blowing, the
vortex burst behaves quasisteadily, i.e., the same delays are
gained under static and dynamic conditions. On the other hand,
at high pitching rates, the burst location is influenced more by
the pitching parameters rather than blowing. Furthermore, vor-
tex reformation during the downstroke is facilitated by steady
and pulsed blowing to about the same extent. The changes in
the burst location brought about by pulsed (RASB) blowing
warrant further testing on other sweep-angle delta wings, such
as 70 deg. A wider range of pitching rates, perhaps on fighter
models, should be investigated to confirm the present findings
concerning blowing during pitching conditions. Future exper-
iments should also address the question of dependence of op-
timum pulsing frequency on the pitching rate.
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