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Vortex Control Technique for the Attenuation of Fin Buffet

David E. Bean,* Douglas I. Greenwell,t and Norman J. WoodJ
University of Bath, Bath, England, United Kingdom

The application of tangential leading edge blowing (TLEB) to reduce levels of single-fin buffeting has been
studied. The tests were performed at the University of Bath 2.1 x 1.5 m wind tunnel, using two cropped 60-
deg delta wings. To measure the unsteady pressures on the fin surface, a rigid fin instrumented with miniature
differential pressure transducers was used. A flexible fin of similar planform and size was used to measure the
buffeting response. Steady-state static pressure data and laser light sheet flow visualization were employed to
aid interpretation of the vortical flow over the wings, and hence, identify the causes of the buffeting. The profiles
of the unsteady pressures and the buffeting response were found to match each other very closely. It was observed
that symmetric leading-edge blowing modified the leading-edge vortices by reducing the "effective angle of
attack" of the vortex. Blowing at a constant rate shifted the buffet excitation and response to higher angles of
attack. Flow visualization confirmed that the mechanism at peak buffeting had not changed, but had been
merely shifted. It has been shown that the use of an optimum blowing profile could completely suppress the
buffeting response without impairing the wing lift characteristics.

Nomenclature
C^ = blowing momentum coefficient, jet

momentum/gS1

c = wing mean aerodynamic chord
/ = frequency
K = reduced frequency, fc/UM
m______ = generalized mass
VwG(n) = buffet excitation parameter
p = rms pressure fluctuation
q = freestream dynamic pressure
S = wing reference area
Sf = fin reference area
Ux = tunnel freestream velocity
z .= fin tip acceleration, rms
a. = angle of attack
f = total damping (fraction of critical)

Introduction

H IGH angle of attack and poststall maneuvering contin-
ues to be a factor in the design of future generation

combat aircraft.1'2 It is anticipated that future combat aircraft
will be required to maintain controlled flight in the high angle-
of-attack regime for extended periods.

Severe fin buffeting has been encountered on this type of
aircraft (both single- and twin-finned) during operation at high
angles of attack. From wind-tunnel tests performed on such
aircraft,3"8 the buffeting has been attributed to vortex flow
enveloping the fin(s), which excites the natural frequencies
of the fin structure. This phenomenon not only decreases the
fatigue life of the airframe, but may, in turn, limit the angle-
of-attack envelope of the aircraft. Clearly, this is an undesir-
able situation which must be considered early in the design
of advanced combat aircraft.

The purpose of this article is to introduce a different method
of buffet suppression using the concept of tangential leading
edge blowing (TLEB). Preliminary investigations have been
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performed by Mabey and Pyne9 to assess the merit of TLEB
for buffet alleviation for a single-finned aircraft configuration.
Although the wing leading edge (and therefore, the jet pro-
file) was not ideal, the system provided some buffeting re-
duction. It was also noted that the system gave a slight im-
provement in the drag at high angles of attack. Therefore,
TLEB has potential for buffeting suppression at high angles
of attack while providing improvements in aircraft perfor-
mance.

Recent studies at the University of Bath have confirmed
the ability of TLEB to control the vortical flowfield on delta
wings in the poststall region.10 The present study includes
measurements of buffet levels on a flexible fin and unsteady
pressures on a rigid fin of similar planform for both unblown
and blown 60-deg delta wings. Laser light sheet flow visual-
ization and force/moment balance tests have been conducted
to clarify the mechanisms for buffeting reductions using TLEB.

TLEB
There have been several attempts to control the vortical

flow over a delta wing by blowing.11"14 The ability of many
of these techniques to modify the leading-edge vortices has
been proven at prestall angles of attack, but not at poststall
conditions.

Previous research has demonstrated the ability of TLEB to
modify vortical flowfields and to provide lateral control at
both prestall and poststall angles of attack.15-16 TLEB is an
application of the phenomenon of Coanda jet attachment to
convex surfaces.

If the leading edge of a delta wing is sharp, the leading-
edge separation point is fixed, and the vortex equilibrium
condition is influenced only by the vortex strength and po-
sition for a given angle of attack. However, if the leading
edge is rounded, the separation point is able to move around
the leading edge, providing an additional degree of freedom
(DOF) on the flowfield. Therefore, there exists a unique vor-
tex strength and location for each leading-edge separation
point at a constant angle of attack. By injecting a thin tan-
gential jet into the crossflow boundary layer near the leading
edge (see Fig. 1), further control of the boundary-layer sep-
aration is provided by the momentum of the jet, so the jet
enables control of the vortex equilibrium condition at a given
angle of attack.

At low angles of attack, the effect of TLEB is to reduce
the leading-edge vortex strength and relocate the vortex in-

847



848 BEAN, GREENWELL, AND WOOD: VORTEX CONTROL TECHNIQUE

Separation Point

/'
Separation Point

^) Unblown
"-••"""

Blown
^

~\_)

Fig. 1 Tangential leading-edge blowing. Leading-edge blowing affects
the vortex equilibrium condition by control of the location of the sep-
aration point.

board with negligible reduction in wing normal force. At post-
stall angles of attack, blowing moves the vortex burst points
aft and augments the wing normal force. TLEB can be con-
sidered as reducing the "effective angle of attack" of the
vortex, i.e., at fixed incidence, increasing blowing momentum
modifies the vortical flow to represent that at a lower angle
of attack.

Experimental Apparatus

Model Support System
A model support system has been designed to be used in

the 2.1 x 1.5 m tunnel at the University of Bath, specifically
for research into high angle-of-attack aerodynamics (Fig. 2).
The rig is a pantograph mechanism mounted on its side with
pitch control provided by an electric linear actuator which
provides a pitch range from 0 to 90 deg. The model is sting-
mounted on an "A-frame" layout to give maximum lateral
stiffness, and model forces and moments are measured by a
three-component strain gauge sting balance.

Glass panels in the tunnel walls provide laser access, and
all Scanivalve tubing, instrumentation wires, and blowing air
supplies are passed inside the A-frames.

A more complete description of the model support system
may be obtained from Ref. 17.

Wind-Tunnel Models
Two models of similar planform and size, one with and one

without TLEB, have been built and tested to determine the
effects of TLEB on buffeting response. Both models are 60-
deg delta wings of 0.5-m span and 0.53-m chord, with a trail-
ing-edge extension for fin attachment (Fig. 3). The unblown
wing has a rounded leading edge, 4% thickness, and is fitted
with 90 upper surface pressure tappings situated at xlc = 0.30,
0.45, 0.59, and 0.73.

The blown wing is 3% thick and has two separate plenum
chambers providing the blowing supply for the slots which
extend over the majority of the leading edges. The plenum
pressures are monitored separately by miniature pressure
transducers and are manually controlled. The leading-edge-
slot height is adjustable from 0.0 to 1.0 mm, and may vary
along the slot length. Previous experience has shown that
TLEB is most efficient when a linear tapered slot is used18

(tapering towards the wing apex). This slot configuration gives
results that are easiest to interpret, as the vortical flow re-
sponds quasiconically. Two slot configurations were tested:
1) a linearly tapering slot, and 2) a constant width slot.

The buffeting response was measured using a flexible fin
whose natural frequencies were designed using the following
reduced frequencies (based on wing mean aerodynamic chord
and half the maximum tunnel velocity): bending (1st mode),
K = 0.6-0.8; and torsion (1st mode), K = 2.0-3.0.

LASER ACCESS

Fig. 2 High angle-of-attack model support system in the 2.1 x 1.5
m low-speed wind tunnel.

Dimensions in mm

Fig. 3 Planform of wings tested.

ROOT CHORD 0.13m

NACA 64a008

1st Bending 32Hz
1 st Torsional 192Hz
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\\WING TRAILING EDGE EXTENSION\ \\\

Fig. 4 Flexible fin design.

These reduced frequencies are typical of a modern combat
aircraft. The frequency term in this expression is the frequency
of the natural mode (and therefore, unrelated to the excitation
frequency). The flexible fin is shown in Fig. 4. It consists of
a thin brass spar surrounded by a balsa wood shroud to pro-
vide an aerodynamic fairing and the correct fin area. Fin
vibration levels were sensed by root strain gauges instru-
mented in half-bridge circuits.

The fin used to detect the excitation pressures was rigid,
manufactured from aluminum, and of similar planform and
section to the flexible fin. A miniature differential pressure
transducer was mounted on each face of the fin at 75% span
and 40% chord, to monitor the pressure fluctuations in the
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flow. Insufficient transducers were available for more detailed
coverage of the fin surface.

Both fins were rigidly fixed to the trailing-edge extensions
of the models. Typical test Reynolds numbers were 0.8 x 106

based on wing root chord.
Laser light sheet flow visualization was used to help under-

stand the phenomenon of buffeting. Laser access was by way
of the wind-tunnel door and floor windows, with smoke in-
jected on the lower surfaces of the wings adjacent to the
leading edge. Images were obtained using both a 35-mm cam-
era and a low-light level video camera.

Data Acquisition and Reduction
On-line data acquisition and reduction of the strain gauge

balance data and steady-state pressures was performed using
a data acquisition program "Rigtest" developed at the Uni-
versity of Bath. The program was written specifically to con-
trol the DT2821® data acquisition board (by Data Translation,
Inc.), which was installed on a desktop computer. The steady
pressures were measured by two standard J-type Scanivalves.
All data was displayed graphically in coefficient form im-
mediately after being acquired.

The unsteady data (from the strain gauges and pressure
transducers) was gathered using a commercially available data
acquisition package (Global Lab® by Data Translation, Inc.)
which controlled a DT2821 data acquisition board. After ac-
quisition, the data could be manipulated (using Global Lab's
extensive analysis library) and saved as postprocessed results.

The fin excitation and response data were nondimension-
alized in order to enable comparison between different test
configurations. The response (strain gauge) data was reduced
into the nondimensional buffet parameter19:

2mz
\/7rqSf

The generalized mass was determined using modal analysis.
A known impulse was applied to the fin structure using an
instrumented hammer, and a light accelerometer sensed the
natural modes present. The mass term for each natural mode
was then derived from the spectra of both signals. The rela-
tionship between tip acceleration and root strain was deter-
mined using a modal solution for a flat plate cantilever.

Buffeting spectra were obtained from within Global Lab
using a fast Fourier transformation size corresponding to 6-
7 s of raw data. The total damping values (typically 2-3%)
were derived using the half-power method and were found to
be independent of freestream speed, indicating that the damp-
ing was predominantly structural.

The excitation pressure data was nondimensionalized into
the form

plq

where p is the total broadband rms pressure fluctuation. This
parameter represents the oscillatory nature of the flow at the
fin surface.

Results and Discussion
All results presented correspond to buffeting tests at zero

wing sideslip and a reduced frequency of 0.6 (based on the
fin first bending and wing mean aerodynamic chord), except
where stated.

Without TLEB
The single-fin response in the fundamental bending mode

(32 Hz) is shown in Fig. 5. The heavy buffet criterion as
defined by Mabey15 is added for comparison. For low angles
of attack the response is small, the vortices lie away from the
fin, and the fin excitation is a result of general flow unsteadi-
ness. At a = 34 deg (a point called "buffet onset") the buf-
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Fig. 6 Comparison between unsteady pressures and buffeting re-
sponse for unblown wing, first bending mode.

feting increases from this baseline value, up to a sharp peak
at a = 43 deg. The severity of the buffet relative to the
"heavy" buffet level may suggest that the classification of
buffet for wings and fins should be different. The response
then falls with increasing angle of attack to reach a fairly
constant level, the fin being in the wake of the fully stalled
wing (like that of a bluff body). When compared to normal
force data for the same wing, it is evident that the point of
maximum buffeting occurs in the poststall region. No signif-
icant buffeting was recorded in either the first torsional mode
or the second bending mode at this tunnel speed.

The rms pressure levels corresponding to the above re-
sponse are shown in Fig. 6. For a < 34 deg, both port and
starboard faces of the fin experience low levels of unsteadi-
ness. The port trace then rises the quicker (perhaps due to
some slight sideslip on the fin, or some tunnel swirl) to peak
at a = 43 deg, whereas the starboard trace peaks at a = 44
deg. When compared to the buffeting response, it can be seen
that the profiles of both sets of curves are very similar.

Typical unsteady pressure fluctuations for both faces of the
rigid fin at a = 44 deg are shown in Fig. 7. It can be seen
that the traces move in and out of phase regularly. When out
of phase, one face of the fin experiences an instantaneous
suction, and the other face experiences an instantaneous pres-
sure (and vice versa). For a flexible fin, this would induce a
side force and possibly a fin deflection.

This suggests that there is an energy transfer from the flow
(in the form of pressure fluctuations) into the structure (in
the form of fin deflection). A possible mechanism for this
energy transfer can be deduced from the spectra of the un-
steady pressures. Figure 8a shows the power spectral density
(PSD) function corresponding to the point a = 10 deg in
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Fig. 7 Unsteady pressure traces, a = 44 deg.
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Fig. 8 Power spectral density, unblown wing: a) a = 10 deg and b)
a = 44 deg.

Fig. 6 (for the starboard face). It can be seen that the spectrum
has no distinct frequencies, and the overall excitation level is
much less than Fig. 8b, which corresponds to the point a =
44 deg. The spectrum at peak buffeting reveals a broadband
excitation which decreases in intensity to the background level
at around/ = 200 Hz. The absence of any torsional buffeting
is due to the torsional natural frequency (192 Hz) not lying
within this excitation range. Conversely, the bending response

was large, since the natural mode was situated inside the
excitation band.

The nature of the fin excitation pressures can be analyzed
by subtracting the pressure time trace corresponding to one
face of the fin from the other. This subtraction emphasizes
the out-of-phase components of the pressure traces (and hence,
the differential pressure across the fin), and suppresses the
effect of any in-phase components (Fig. 7c).

Figure 9 shows the PSD function of the differential pressure
trace (port minus starboard) corresponding to the point a =
44 deg (Fig. 7c). It can be seen that a peak occurs at ap-
proximately 35 Hz. Therefore, for this model configuration,
the spectra of individual pressure transducer outputs on each
face of the fin show little distinct periodicity, yet the spectrum
of the differential pressure does. This variation of peak vortex
excitation frequency is also linear with freestream velocity8

(as expected).
Figure 10 presents the variation of vortex excitation fre-

quency with freestream velocity for several angles of attack.
The curves are linear for all cases. Using a reduced frequency
parameter incorporating the vortex excitation frequency
(/VORTEX) and a nominal wake width (c sin a), it can be seen
that the peak vortex excitation frequency can be expressed
in the form (/vogiTExC/kQsin a = const (for a given config-
uration) (Table 1).

This parameter represents the frequency content of the
vortical flow for this wing. Therefore, this model configura-
tion is suggested to exhibit a characteristic value of 0.55 in
accordance with a recent study using wings of similar plan-
form.20 Frequency parameter tests using the flexible fin21 also
give a value of approximately 0.55 (Fig. 11). This shows the
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wing, a = 44 deg.

O a=?35 deg
• cx=f38 de§
v a =441 deg
r a=44 deg

Free Stream Velocity (ms )
Fig. 10 Variation of vortex excitation frequency with freestream ve-
locity, unblown wing.
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Table 1 Vortex frequency parameters without TLEB

35 deg
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0.89
0.75
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Fig. 11 Variation of buffeting response with freestream velocity, un-
blown wing.

variation of buffeting in the fundamental bending mode with
freestream velocity. It can be seen that there is a peak in the
response at approximately 16 ms"1. When transferred onto
Fig. 10, it is evident that the dominant vortical flow frequency
at a = 44 deg is almost identical to the frequency of the
natural mode excited. This confirms that the maximum buf-
feting response (for a given angle of attack) occurs when the
frequency of the excitation flowfield matches the structural
mode frequency, as would be expected. However, compari-
sons between different buffeting studies suggest that c sin a
is not an appropriate scaling parameter, since different values
of the reduced frequency parameter are found (0.22,3 0.298'22

using unsteady pressures, and 0.7123 using the response).
Laser light sheet flow visualization was performed to es-

tablish the flow conditions at various buffeting levels. Figure
12a shows the starboard vortex located away from the fin at
a = 36 deg (before peak buffeting). The port vortex is in the
shade of the fin, and is therefore not illuminated. At a = 43
deg (Fig. 12b) it can be seen that the leading-edge vortex core
diameter has grown, and the vortex-free shear layer is located
on or near the fin tip.24

Since the laser light sheet image represents a two-dimen-
sional slice through the flow, it is necessary to consider the
flow conditions three-dimensionally. As well as impinging on
the fin tip, each vortex free shear layer impinges on the swept
leading edge of the fin. Video recordings suggest that a vortex/
fin interaction is present at maximum buffeting. When the
port vortex contracts slightly, the starboard vortex expands
(and vice versa) to maintain vortex equilibrium. This may
relate to the 180-deg phase lag in the pressure fluctuations
discussed earlier. Consequently, the shear layers oscillate across
the fin leading edge and tip, resulting in large fin excitations.

Normal force data was acquired for the unblown wing, with
and without the fin fitted. It was found that the fin had little
effect on the force curves, with lift curve slopes and stall angles
remaining constant. Also steady-state static pressure data was
taken at angles of attack before and after buffet onset. For
all cases, the flow was symmetrical (i.e., no vortex asym-
metry), even at maximum buffeting.24 These observations
strongly suggest that the presence of the fin has very little
effect on the vortical flow over a delta wing at incidence, as
the fin is situated away from the track of either vortex.

b) a = 43 deg
Fig. 12 Laser light sheet flow visualization, unblown wing.

With TLEB

Parallel Slot Distribution
The parallel leading-edge slot configuration had a constant

slot height of 0.5 mm. Figure 13 shows the single-fin response
in the fundamental bending mode for four different values of
CM. For low angles of attack, the effect of blowing is small,
since the vortices are located away from the fin. At around
a = 35 deg, buffet onset occurs for all cases. The effect of
TLEB is to reduce the rate of buffet increase after buffet
onset, resulting in the buffeting peak being shifted to a higher
angle of attack. As the amount of blowing increases the peaks
are offset further from the baseline case with little change in
the peak buffeting level. This supports the hypothesis that
TLEB reduces the "effective angle of attack" of the vortices.
A shift of around 8 deg in the angle at peak buffeting was
experienced using a C^ of 0.10.

The effect of C^ on wing normal force is presented in Fig.
14. It can be seen that the blowing increases the potential
angle-of-attack range of the wing by approximately 8 deg for
C^ = 0.10. Although the maximum value of normal force has
reduced with CM, the TLEB was also seen to reduce the un-
steady normal force component.

Laser light sheet flow visualization (Fig. 15) was performed
to establish the flow conditions for each peak buffeting case.
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Fig. 13 Effect of blowing momentum coefficient on buffet profiles
for blown wing, first bending mode, parallel slot distribution.
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Fig. 14 Effect of blowing momentum coefficient on normal force,
blown wing.

Fig. 15 Laser light sheet flow visualization, blown wing, a = 47 deg,
C^ = 0.05.

Figure 15 shows that at a = 47 deg, CM = 0.05 the flow
conditions are similar to those in Fig. 12b, emphasizing that
the buffeting mechanism has been shifted to a higher angle
of attack.

Tapering Slot Distribution
The slot height for the tapered configuration varied linearly

from 0.05 mm near the wing apex to 0.45 mm near the wing
trailing edge. The response profiles for this slot distribution
are shown in Fig. 16. In comparison with Fig. 13, it can be
seen that both sets of curves exhibit the same trends. How-

ever, the angle-of-attack shift for a particular CM is much
greater when using the tapering slots, as the conicality of the
flow has been maintained. For example, for CM = 0.10, the
angle-of-attack shift is around 8 deg for the parallel slot dis-
tribution and around 14 deg for the tapering slot. The parallel
slot distribution is less efficient as the slot height (and hence,
the jet momentum) is too large in comparison to the local
wing span at the wing apex and too small towards the wing
trailing edge. Therefore, the linear tapering slot distribution
is more efficient at modifying the leading-edge vortex char-
acteristics.

The solid line in Fig. 16 represents the buffeting level cor-
responding to an optimum blowing profile. At a = 38 deg
the blowing is steadily increased to C^ ~ 0.10 at a = 41 deg
(peak buffeting), resulting in lower buffeting levels. As the
angle of attack increases further, the blowing is reduced grad-
ually, until at approximately a = 48 deg, C^ = 0.00 and the
buffeting returns to the unblown level. It is clear that the
buffeting peak can be completely suppressed using such a
blowing profile.

The effect of TLEB on the spectrum of the differential
pressure between the transducers at a = 44 deg is presented
in Fig. 17. In comparison with the unblown spectrum (Fig.
9), the blown spectrum still comprises large pressure fluctua-
tions at frequencies less than 200 Hz, but at reduced levels.
Consequently, there is a reduction in the buffeting response.
When the buffet excitation and response are compared, it is
evident that both have been shifted to higher angles of attack,
confirming that TLEB has modified only the vortex charac-
teristics.
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Fig. 18 Effect of symmetric TLEB on vortex excitation frequencies,
a = 38 deg.

Table 2 Vortex frequency parameters with symmetric TLEB

C = 0.05

38 deg
42 deg
46 deg
50 deg

38 deg
42 deg
46 deg
50 deg

1.03
0.95
0.85
0.72

1.09
0.98
0.96
0.90

= 0.10

0.63
0.63
0.61
0.55

0.67
0.66
0.69
0.69

Figure 18 shows the effect of symmetric TLEB on the vortex
excitation frequency for a = 38 deg. All curves are linear,
and the gradients of the lines increase with increasing CM. The
results corresponding to tests conducted at several angles of
attack are presented in Table 2.

Hence, symmetric TLEB has shifted the vortex reduced
frequency parameter to larger values to 0.62 (C^ = 0.05) and
0.68 (€„ = 0.10). Scaled upon the sine of the angle of attack,
these new characteristic values correspond to reductions in
the effective angle of attack of 7 and 14 deg, respectively.
These reductions compare favorably with the positive angle-
of-attack shifts in the buffeting response, which were induced
by the blowing. The shift of reduced frequency parameter is
therefore equivalent to a reduction of the vortical flow angle
of attack for a wing of given sweep. This analogy is much
simplified, and more work needs to be done to verify the
effect of TLEB on leading-edge vortices.

Mass flow requirements for TLEB are comparable to short-
takeoff vertical landing reaction control systems; for a modern
combat aircraft at low speeds typical of a high angle-of-attack
flight, a total C^ of 0.10 corresponds to about 10% of com-
pressor mass flow. Possible increases in blowing efficiency
with reduced slot height may reduce mass flow requirements.
Depending on engine rating philosophy, this level of bleed
may not necessarily give proportional thrust losses.

Conclusions
A system to suppress single-fin buffeting on a simple delta

wing has been designed, built, and tested, with suppression
achieved at any angle of attack. It has been shown that the
frequency content of the excitation flowfield is a function of
freestream velocity and angle of attack. When using a char-
acteristic length (c sin a), the value of this function (for un-
blown single-finned configurations) is approximately 0.55.

Symmetric TLEB induces a linear shift in the buffeting
response and the wing stall angle. It was found that a tapering
slot was almost twice as efficient at modifying vortex behavior,
and therefore, suppressing fin buffeting, compared to a par-
allel slot.

The maximum response was characterized by both leading-
edge vortex shear layers impinging on the fin leading edge
and tip.
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