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The investigations presented focus on the influence of an airbrakewake on the buffet characteristics of the vertical

tail (fin) of a single-finned high-agility aircraft. The study uses a detailed wind-tunnel model of a delta–canard

configuration fitted with a centerline air brake located upstream of the fin. The results include turbulent flowfield

data based on hot-wire anemometry as well as unsteady fin pressuresmeasuredwith surface-integrated sensors. The

tests are conducted in the low-speed region at a Reynolds number of 1 � 106 and at angles of attack of 0 to 30 deg

considering airbrake deflections of 45 and 60 deg. Flow separation at the airbrake side edges and upper edge results

in ahighly turbulent airbrakewake.The corresponding region of high turbulence intensities impinges on thefin,with

the turbulence levels increasingwith angle of attack. This increase is caused by the inboardmovement and expansion

of thewing and canard vortices compressing the airbrakewake in the fin region. At low angles of attack, the airbrake

wake exhibits distinct concentrations of turbulent kinetic energy at characteristic frequencies attributed to airbrake

vortex shedding. Increasing the angle of attack, the airbrake side-edge vortices roll up to form leading-edge vortices

associated with a periodic breakdown wake. At high angles of attack, the fin is also subject to quasi-periodic loads

evoked by induction of the burst wing leading-edge vortices.

Nomenclature

�cp = time-averaged pressure coefficient
ĉp = amplitude spectrum of pressure coefficient,������������������������������

2Scp�kU1=l�

q
c0p = fluctuation part of cp

cprms
= rms value of c0p,

������
c02p

q
cp�t� = pressure coefficient, �p�t� � p1�=q1
cr = root chord, m
dAB = airbrake width, m
f = frequency, Hz
lC = characteristic length, m
l� = wing mean aerodynamic chord, m
k = reduced frequency, fl�=U/
p�t�, p1 = pressure, ambient pressure, Pa
q1 = freestream dynamic pressure, Pa
Rel� = Reynolds number, U1l�=�
Scp = pressure spectral density, 1=Hz
s = wing semispan, m
UC, U1 = characteristic velocity, freestream velocity, m=s
v0 = lateral velocity fluctuations, m=s

vrms = rms value of v0,
������
v02

p
, m=s

� = aircraft angle of attack, deg
�AB = airbrake deflection angle, deg
� = aspect ratio
� = taper ratio
� = kinematic viscosity, m2=s
’ = leading-edge sweep, deg

Subscripts

C,W, F = canard, wing, fin
dom = dominant

I. Introduction

T HEflight envelope of highlymaneuverable aircraft is limited by
dynamic aeroelastic problems such as buffeting, buzz, and

flutter [1–3]. The fin-buffeting problem is an especially critical issue
for high-performance fighter aircraft equippedwith twin vertical tails
[4–6], but single-fin configurations are also affected [3,7]. The
associated unsteady aerodynamic loads occur mainly at high angles
of attack and are attributed to the highly turbulent flow caused by
burst leading-edge vortices [8]. Strong large-scale vortices are shed
at slender-wing geometries such as delta-wing planforms, strakes, or
leading-edge extensions. Leading-edge vortices in a fully developed
stable stage significantly improve maneuvering capabilities because
of additional lift and an increase in the maximum angle of attack
[9,10]. However, leading-edge vortices are subject to breakdown at
high angles of attack [8,11]. The occurrence andmovement of vortex
breakdown is mainly influenced by swirl level and an external
adverse pressure gradient, which in turn depend on wing leading-
edge sweep and angle of attack. The breakdown flow leads to high
turbulence levels, and specific instability mechanisms develop,
resulting in narrowband unsteady aerodynamic forces [12–14].
Thus, the vertical-tail structure is excited in its natural frequencies,
mainly in its first bending and torsion mode. This excitation leads to
increased fatigue loads that reduce service life and raise maintenance
costs, respectively.

Numerous studies concentrated on the fin-buffeting problem,
carefully analyzing the corresponding vortex-flow structures based
on wind-tunnel tests of generic and small-scale models [14–17] as
well as of full-scale configurations [18]. These experiments are
supplemented by flight tests [3,6] and detailed numerical flow
simulations [19–21]. Thus, the fluid–structure interaction of vortex
breakdownwith a fin involves the following phenomena (Fig. 1): the
time-averaged breakdown location depending on swirl level and the
external adverse pressure gradient set by the recompression at the
wing trailing-edge and/or by the blockage of thefin, the helical-mode
instability of the breakdown flow [12,13], quasi-periodic oscillations
of the breakdown location [13], distortion of the incident vortex and
vortex splitting [15], unsteadyflow separation at thefin leading edge,
and possible coupling between the separated fin flow and/or fin
elastic deflections with oscillations of the breakdown location.
Among these, the dominant phenomenon causing fin buffeting is the
quasi-periodic loading on the fin due to the helical-mode instability
of the leading-edge vortex-breakdown flow.

Consequently, the fatigue life of the fin airframe is reduced by the
impact of the buffet loads, and the angle-of-attack envelope may
be limited, to not exceed dynamic load limitations. To describe the
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fin-buffet environment and to predict the corresponding unsteady
loads, design methods have been developed based on wind-tunnel
tests and semi-empirical approaches [4,6]. Also, several methods
have been proposed to counteract the buffeting problem, including
both structural and aerodynamic means. Such methods focus on
modifying structural properties such as stiffness and damping [22],
passive or active flow control aimed to avoid a direct impact of the
burst vortex flow [23], and methods of active vibration alleviation
[24–26]. The reduction of the high structural dynamic loads would
extend thefin service life and enhance the aircraftmaneuverability by
a possible increase of the allowable maximum angle of attack.

In addition to the unsteady effects associated with burst wing
leading-edge vortices, drag-producing elements such as deflected
spoilers or air brakes are also a source of turbulent wakes creating
high fluctuation levels. The impact of such a wake can again cause
severe structural dynamic loads on horizontal and vertical stabilizers.
In particular, periodic vortex shedding at an upstream-located air
brake may lead to an unsteady pressure loading on the fin (Fig. 2).
The superposition of unsteady loads due to wing vortex-breakdown
flow and airbrake wake could result in critical dynamic peak loads.
There are extensive investigations dealing with the turbulent wake of
bluff bodies [27–30], but the studies do not address the effects in
combination with lifting surfaces creating leading-edge vortices.

Therefore, the present investigation is aimed to analyze the
turbulent velocity fields downstream of a deflected air brake together
with the induced fin surface pressures, concentrating on a delta-
wing–canard configuration. Vortex shedding at the airbrake side
edges and the upper edge can result in strong periodic fluctuations
impinging on the fin. The main investigation parameters include
airbrake deflection angle and angle of attack.

II. Experimental Technique

A. Model and Facility

Experiments have been performed on a 1:15-scale detailed steel
model of amodern high-agility aircraft of the canard–delta-wing type

(Fig. 3). Major parts of the model are the nose section, front fuselage
with rotatable canards and a single place canopy, center fuselagewith
delta wing and a throughflow double air intake underneath, and rear
fuselage including nozzle section and vertical tail (fin). The air brake
is located in the rear part of the canopy with a length of 0.36 and a
width of 0.14 based on the wing semispan. The airbrake model
consists of the deflected canopy fairing and the actuator sting
(Fig. 4a). Because of the sharp side and upper edges of the air brake, it
is assumed that flow separation is only slightly influenced by
Reynolds number effects. The airbrake deflection angles studied
include �AB � 45 and 60 deg.

The experiments have been carried out in the low-speed wind-
tunnel facility B of the Institute of Aerodynamics of Technische
Universität München. This closed-return wind tunnel is operated
with an open test section at the maximum usable velocity of 60 m=s.
Test-section dimensions are 1.2 m in height, 1.55 m in width, and
2.8 m in length. The test-section flow was carefully inspected and
calibrated, documenting a turbulence level of less than 0.4% and
uncertainties in the spatial and temporal mean velocity distributions
of less than 0.067%. The maximum blockage at the model incidence
of �� 30 deg is below 6%. The model is sting-mounted using a Z-
shaped adapter for connection with the horizontal sting of the three-
axis model support (Fig. 4b). The computer-controlled model
support provides an angle-of-attack range of �10 deg �
� � �30 deg, and models may be yawed and rolled 360 deg. The
uncertainty in angle setting is less than 0.05 deg.

B. Instrumentation and Test Conditions

The fin is instrumented with 18 differential unsteady pressure
transducers (Kulite LQ-32-064 5 psi D) at 9 positions directly
opposite each other on each surface. The sensor voltages of each
channel are amplified for optimum signal levels, sampled with
2000Hz, and low-pass-filtered at 256Hz. The data of all channels are
simultaneously recorded over a time interval of 30 s and digitized

Fig. 1 Phenomenology of fin buffeting induced by the flow of burst
leading-edge vortices.

Fig. 2 Phenomenology of fin buffeting evoked by turbulent wakes shed

at bluff bodies.

Fig. 3 Geometry of delta–canard configuration.
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with 14-bit precision. Thus, the sample block contains 60,000 values.
Pressure-sensor sensitivities are specified by the manufacturer data
sheets, the values of which are in the range of 15–17 mV=psi
(�2 �V=Pa). These values are also proven by our own calibration.
The pressure-signal resolution is then about 2 Pa regarding
the measurement system voltage range of (�10 V), with
digital accuracy of 14 bit, an amplification factor of 250, sensor
sensitivities of approximately 2 �V=Pa, and a system accuracy of
about 0.15%.

The time-dependent flowfield velocities are measured using
advanced hot-wire anemometry. A three-axis traversing system is
used to move a self-manufactured miniature cross-wire probe to the
defined measurement points (Fig. 4b). These points are distributed
over four crossflow planes located downstream of the air brake
above the fuselage. Based on the wing half-span, the lateral and
vertical distance of the measurement points is 0.013 in the inner
and 0.027 in the outer area of the crossflow planes. The anemometer
output voltages are sampled with 3000 Hz over 6.4 s and low-
pass-filtered at 1000 Hz. The sample block of 19,200 values is
digitized with 16-bit precision. The data acquisition parameters are
based on previous tests to ensure that all significant flowfield
phenomena are captured and on statistical accuracies of 1 and 2.5%
for the root mean square (rms) values and spectral densities,
respectively.

The measurements have been made at a freestream reference
velocity of U1 � 40 m=s at ambient pressure p1 and ambient
temperature T1. The corresponding Reynolds numbers based
on the wing mean aerodynamic chord l� is Rel� � 0:97 	 106.
Consequently, turbulent boundary layers are present at wing and
control surfaces. All control surfaces (namely, canard and leading-
edge slats and trailing-edge flaps) are set to 0 deg. Flowfield surveys
are conducted at angles of attack of �� 0, 15, and 20 deg, and fin
pressure fluctuations are taken in the range of 0 deg � � � 30 deg at
an incidence step of ��� 1 deg.

III. Results and Discussion

A. Baseline Configuration

The flowfield of the delta–canard configuration is characterized by
the presence and interaction of leading-edge and trailing-edge
vortices. Leading-edge vortices start to develop at wing and canard
surfaces already at low angles of attack. At �� 15 deg, the wing
leading-edge vortex is clearly depicted by the vector field of the
crossflow velocities plotted here for two stations located at 40%
(x=cr � 0:4) and 100% (x=cr � 1:0) wing root chord (Fig. 5a).
Bursting of the wing leading-edge vortex occurs at x=cr � 0:4,
indicated by an enlarged core region of very low crossflowvelocities.
Vortex breakdown is caused by the adverse pressure gradient leading
to stagnation of the axial core flow. Consequently, the vortex core
diameter expands rapidly, accompanied by large fluctuation levels.
The development of the delta-wing and canard vortex systems at
�� 15 deg is further sketched in Fig. 5b based on laser light sheet
flow visualization. Except for the wing leading-edge vortices, the
dominating vortices include also the canard leading-edge and
trailing-edge vortices. Progressing downstream over the wing, the
crossflow velocities of the wing leading-edge vortices move the
canard vortices inboard and downward.

The unsteady fin flowfield is therefore mainly influenced by
induction effects evoked by the wing and canard vortices. The lateral
rms velocities provide a measure for the fluctuation intensity of the
velocity component that is normal to the fin surface (Fig. 6).
Downstream of vortex bursting, high turbulence intensities exist at

Fig. 4 Model mounted in the test section: a) air brake and actuator
sting (view from behind) and b) horizontal sting of three-axis model

support and three-axis traversing system for hot-wire flowfield

measurements.

Fig. 5 Flowfield characteristics of delta–canard configuration at ��
15deg andRel� � 0:97 � 106: a) crossflowvelocity vectorfields at 40 and

100% root chord position and b) topology of main vortex systems.
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the points of inflection in the radial profiles of retarded axial core
flow. Thus, an annular region of high-velocity fluctuations surrounds
the expanded vortex core [14]. Those findings are also reported for
investigations on a variety of generic delta-wing configurations [13].
Here, the levels of the lateral rms velocities in the fin region increase
moderately up to angles of attack of�� 20 deg. Up to this incidence,
the fin flowfield is only slightly influenced by the highly turbulent
flow attributed to the burst wing and canard vortices (Fig. 6b). This
moderate impact is further depicted by the schematic of Fig. 6a based
on flowfield measurements in a plane normal to the fin surface.
Beyond �� 25 deg, there is a steep rise in the rms level, indicating
the strengthening induction of the approaching burst wing
and canard vortices (Fig. 6c). The induction increases with angle
of attack as the vortices move inboard and upward, accompanied
by a strong enlargement of the core region of the burst vortices
(Fig. 6d). Therefore, the areas of maximum turbulence intensities
are shifted toward the symmetry plane, and the turbulence level at
the centerline fin raises from moderate to high levels at a steep
gradient.

Fig. 6 Lateral rms velocities vrms=U/ measured in the fin region and in a plane normal to the fin surface for various angles of attack, where

U1 � 40 m=s and Rel� � 0:97 � 106.

Fig. 7 Surface-averaged rms fin pressure coefficient cprms
as a function

of angle of attack �; U1 � 40 m=s and Rel� � 0:97 � 106.
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The unsteady flowfield induces pressure fluctuations on the fin.
The surface-averaged rms values of the fluctuations in the pressure
coefficient are plotted as a function of angle of attack in Fig. 7.
Representing the trend in the lateral turbulence intensities, the rms

pressure coefficient increases significantly above �� 20 deg,
reaching a value of about 8% at a maximum angle of attack of
�� 30 deg. The severe increase in the rms pressure above a certain
incidence is a characteristic feature of the fin-buffet phenomenon. It
reflects the increasing influence of the burst wing and canard
vortices, with their annular regions of maximum turbulence intensity
approaching themidsection. The amplitude spectra of the fluctuating
pressure coefficient, calculated from the signal taken at station P13,
are shown in Fig. 8 for all angles of attack tested. Above �� 22 deg,
spectral peaks can be identified in the range of reduced frequencies of
k� 0:8–0:6. The reduced frequency k� fl�=U1 is based on wing
mean aerodynamic chord and freestream velocity. This energy peak,
called the buffet peak, increases strongly with increasing angle of
attack. Thus, the narrowband concentration of turbulent kinetic
energy may result in strong excitation of structural modes.

It can be further detected that the associated reduced frequencies
are shifted to lower values at higher angles of attack. This shift in the
dominant reduced frequency is plotted in Fig. 9. The quasi-periodic
velocity and induced surface pressure fluctuations, respectively,
result from the helical-mode instability of the flow downstream of
vortex breakdown [13,14]. The burst vortex core expands with
increasing angle of attack and therefore the wavelength of the
instability mode becomes larger and the corresponding frequency

Fig. 8 Amplitude spectra of fluctuating fin-surface pressure coefficient

for station P13 at �� 0–31:2deg;U1 � 40 m=s and Rel� � 0:97 � 106.

Fig. 9 Dominant reduced buffet frequency kdom and k�dom as a function

of angle of attack based on amplitude pressure spectra of fin station P13.

Fig. 10 Crossflow velocity vectors for two planes in the airbrake wake,

where U1 � 40 m=s and Rel� � 0:97 � 106: a) �� 0deg, �AB�

45deg, b) �� 0deg, �AB � 60deg, c) �� 15deg, �AB � 45deg, and
d) �� 15deg, �AB � 60deg.
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becomes smaller. A universal frequency parameter can be derived
using appropriate scaling quantities. Referring to velocity, the
component normal to the leading edge (U1 sin�) has to be
considered. The length scale must account for the expansion of the
burst vortex core, given approximately by the local half-span

(
x cot’W) and the shear-layer distance (
sin2�). The root chord cr
is taken for the streamwise distance x to describe the vortex core
expansion in the fin region (i.e., at the position of the wing trailing
edge). Hence, for the scaled dominant reduced frequency k�dom, it
results in

Fig. 11 Turbulence-intensity distributions of the lateral velocity fluctuations vrms=U1 for four crossflow planes in the airbrake wake, where

U1 � 40 m=s and Rel� � 0:97 � 106: a) �� 0deg, �AB � 45deg, and b) �� 0deg, �AB � 60deg.
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k�dom �
fdomlC
UC

� fdomx cot’Wsin
2�

U1 sin�

� fdomcr
U1|�{z�}

kdom ��cr=l��

cot’W sin�� 0:28 � 0:02 (1)

Equation (1) leads to a scaling with the sine of angle of attack � and
the cotangent of the wing leading-edge sweep ’W . This scaling
groups the values of the dominant reduced frequencies within a band
of 0:28� 0:02. Evaluating the measurements on different
configurations [5,6,12,18] substantiates the validity of the derived
frequency parameter.

Fig. 12 Turbulence-intensity distributions of the lateral velocity fluctuations vrms=U1 for four crossflow planes in the airbrake wake, where

U1 � 40 m=s and Rel� � 0:97 � 106: a) �� 15deg, �AB � 45deg, and b) �� 15deg, �AB � 60deg.
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B. Airbrake Configuration

In comparison with the baseline configuration, the flowfields for
the cases of deflected air brake are analyzed, showing specific
phenomena superimposed on the baseline characteristics.

1. Mean and Turbulent Flowfield

The crossflow velocity vectors give an overview of the mean
flowfield development in the airbrake wake for stations close behind

the air brake and at the fin root (Fig. 10). Results are shown for both
airbrake deflections of �AB � 45 and 60 deg and for angles of attack
of �� 0 and 15 deg. The velocity components are based on a wind-
tunnel fixed coordinate system. For the upstream station at�� 0 deg
(Figs. 10a and 10b), the mean velocities depict increased crossflow
components directed toward the dead-water region behind the air
brake. In the lower part of the symmetry plane, high
crossflow velocities are present, with their vectors pointing inboard
and upward. Flow separation at the airbrake edges results in a

Fig. 13 Turbulence-intensity distributions of the lateral velocity fluctuations vrms=U1 for four crossflow planes in the airbrake wake, where

U1 � 40 m=s and Rel� � 0:97 � 106: a) �� 20deg, �AB � 45deg, and b) �� 20deg, �AB � 60deg.
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counter-rotating vortex pair that continues to exist downstream up to
the fin region. A second vortex pair can be detected at the lower
corners of the measurement planes, associated with flow separation
at the canopy. The induced crossflowvelocities, especially in the area
above the fuselage, increase in strength with increasing angle of
attack, and the airbrake wake becomes laterally compressed
(Figs. 10c and 10d). At �� 15 deg, a further vortex system
dominates the lower outboard parts of the measurement planes. This
vortex system is shed at the canard, consisting of the canard leading-
edge vortex and trailing-edge vortex, the downstream development
of which is sketched in Fig. 5.

The discussion of the unsteady flowfield focuses on the turbulence
intensity of the lateral velocity fluctuations vrms=U1. This flowfield
pattern is shown in Fig. 11 for �� 0 deg and �AB � 45 and 60 deg.
The shear layers emanating from the upper edge and the side edges of
the air brake form a horseshoelike region of increased turbulence
intensities. There, turbulence maxima occur in a limited radial range.
At �� 0 deg and �AB � 45 deg, the rms maxima reach levels of
about 16% of the freestream velocity. Downstream, the inboard-
directed crossflow velocities push the areas of turbulence maxima
together. Thus, an annular region of high-velocity fluctuations exists
and determines the flowfield features in the symmetry plane at the fin
location. Raising the airbrake deflection to �AB � 60 deg enlarges
the radial range of the region of increased turbulence intensities. This
enlargement is also shown as a vertically extended area of maximum
velocity fluctuations impinging on the fin. In addition to this spatial
extension, higher turbulence levels are also present. The turbulence-
intensity distributions at �� 15 deg are included in Fig. 12. The
canard vortex system reveals itself by circlelike areas of increased
velocity fluctuations that are well separated from the airbrake wake.
Downstream, the crossflow velocities induced by the canard vortices
have the effect that the high-turbulence-intensity region at the fin is
stretched in the direction of the fuselage. In addition, this region is
compressed because of the inboard and upward movement and the
radial expansion of the burst wing vortices with increasing angle of
attack. Consequently, the region of maximum turbulence intensities
covers nearly the whole height of the fin at �AB � 60 deg. The
influence of the canard and wing vortices becomes even stronger at
�� 20 deg (Fig. 13). On one hand, the velocity fluctuations
attributed to the burst canard vortices raise the turbulence-intensity
level in the root area of the fin. On the other hand, the incidence-
dependent movement and expansion of the burst wing vortices
further compresses the region of high turbulence intensities over the
fin surface. Therefore, an absolute rmsmaximum is found near thefin
tip, reflecting a high excitation level.

Further, the airbrake wake exhibits specific frequency-dependent
concentrations of turbulent kinetic energy. This narrowband energy
concentration is indicated by a distinct spike in the power spectral
density distribution of the lateral velocity fluctuations. A typical
example for such a spectral distribution is presented in Fig. 14 for a
streamwise station just upstream of the fin at an angle of attack of
�� 0 deg. This result substantiates that the coherent turbulent
structures shed at the airbrake edges are linked to a quasi-periodic
vortex shedding.

2. Pressure Fluctuations on the Fin Surface

The unsteady velocities create pressure fluctuations on the fin that
are again quantified by the surface-averaged rms values of the
fluctuating part of the pressure coefficient cprms

(Fig. 15). The
reference basis is given by the results of the baseline configuration
(cf. Fig. 7). Compared with the baseline, the configurations with
deflected air brake, �AB � 45 and 60 deg, show significantly higher
rms values of pressure fluctuations up to �� 25 deg. The pressure
fluctuations on the fin surface become stronger with increasing
airbrake deflection. But the differences in rms pressures between
both deflections are small for low and moderate angles of attack.
Also, the rms levels are nearly constant up to �� 12 deg. These
features are based on the similarity of the airbrake wake flow
characterized by periodic vortex shedding and dominating
crossflow, also depicted by smoke visualization of the airbrake
wake. For � > 12 deg, the decrease in effective airbrake deflection

angle with increasing angle of attack becomes relevant. The vortical
structures emanating from the airbrake side edges change from a
vertical to an axial orientation. Therefore, the bluff-body wake with
periodic vortex shedding transforms into the wake of burst leading-
edge vortices, depicted again by smoke visualization. In addition, the
airbrake wake is strongly influenced by the expansion of the burst
wing vortices and induction effects of the canard vortices.
Consequently, the significant raise in rms pressures with angle of
attack is shifted to a lower angle of attack than with the baseline, and
it starts here at �� 12 deg. At high angles of attack, � > 25 deg, the
effective airbrake incidence becomes so small that no significant
vortex formation at the side edges takes place. The unsteady pressure
characteristics then follow the trend of the baseline configuration.
The pressure-fluctuation intensities at certain sensor positions reach

Fig. 14 Spectral density distribution of lateral velocity fluctuations at

x=cr � 0:84, �� 0deg and �AB � 45deg; U1 � 40 m=s and

Rel� � 0:97 � 106.

Fig. 15 Surface-averaged rmsfinpressure coefficient cprms
as a function

of angle of attack � for airbrake deflections of �AB � 45 and 60 deg;

U1 � 40 m=s and Rel� � 0:97 � 106.
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levels that are 2 times higher than the surface-averaged values. A
reduction of the airbrake deflection from �AB � 60 to 0 deg within
the angle-of-attack range of �� 20 to 25 deg avoids these peak
values of surface pressure-fluctuation intensities. Itwould ensure that
the dynamic loads do not exceed the limiting values of the baseline
configuration given by maximum angle-of-attack conditions.

3. Characteristics of Reduced Frequencies

In addition to the intensity of the pressure fluctuations, the
frequency characteristics are of particular interest with respect to the
excitation of structural modes. Power spectral densities of the surface
pressure fluctuations are calculated to analyze narrowband energy
concentrations and to determine dominant reduced frequencies and

Fig. 16 Power spectral densities of fin-surface pressure fluctuations Scp
taken at station P17 for airbrake deflections of �AB � 45 and 60 deg: a–d) angles

of attack and e) dominant reduced frequencies kdom as a function of angle of attack; U1 � 40 m=s and Rel� � 0:97 � 106.
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dependencies on angle of attack. Results are shown for the sensor
station P17 (Fig. 16). At low and moderate angles of attack (here,
�� 3 and 10 deg), the periodic vortex shedding results in strong
spectral density peaks. The dominant reduced frequencies based on
freestream velocity and wing mean aerodynamic chord show higher
values for �AB � 45 deg than for �AB � 60 deg. For both cases, the
reduced frequencies are nearly constant over the angle-of-attack
range of �� 0–12 deg, again demonstrating the similarity of
airbrake vortex shedding in this incidence range. The characteristic
of the reduced frequency versus angle of attack changes for � >
12 deg when airbrake side-edge vortices transform to leading-edge
vortices due to the decrease in the side-edge inclination. The
turbulent-energy concentration is shifted to higher reduced
frequencies, the values of which increase with increasing angle of
attack, because the airbrake incidence becomes reduced. Beyond an
angle of attack of �� 25 deg, vortex formation at the air brake
disappears. The helical-mode instability of the burst wing vortices
dominate the unsteady characteristics of the fin-surface pressure
fluctuations, as found already for the baseline configuration (cf.
Figure 9).

An appropriate scaling, taking into account a length scale based on
shear-layer distances as well as a characteristic velocity regarding
airbrake deflection and angle of attack, results in the scaling relations
documented in Fig. 17. The reduced-frequency relation for the angle-
of-attack range of �� 0–12 deg is then given by

k�dom �
�
fdoml�
U1

��
dAB
l�

�
tan �AB

� kdom
�
dAB
l�

�
tan �AB � 0:20� 0:005 (2)

Here, the effective velocity normal to the airbrake side edges
(U1 cot �AB) is used as the characteristic velocity and the airbrake
width dAB is used as a measure for the shear-layer distance. Thus, the
dominant reduced frequencies show a nearly uniformly character-
istic value of k�dom � 0:2, representing the case of periodic vortex
shedding. This value matches with the well-known characteristic
Strouhal number

Sr� flC
UC
� 0:198

�
1 � 19:7

Re

�

for a von Kármán vortex street [27] within a Reynolds number range
of 250< Re < 2 	 105. For the present case, the Reynolds

number based on the airbrake width is about RedAB�
1:3 	 105 
 1:5 	 105.

The influence of the angle of attack in the effective normal velocity
becomes dominant above �� 12 deg. Therefore, Eq. (2) is changed
as follows:

k�dom � kdom
�
dAB
l�

�
tan��AB � �� � 0:28� 0:01 (3)

The characteristic value of k�dom � 0:28 corresponds to the dominant
reduced frequency of the helical-mode instability, as explained for
the burst wing vortices. These characteristic reduced-frequency
values may serve as design quantities to judge the frequencies of the
highest excitation levels forfin-buffet loads caused by a centerline air
brake.

IV. Conclusions

Flowfield and surface pressure measurements were performed to
study the influence of a deflected air brake on the buffet
characteristics of a vertical tail (fin). The results are based on wind-
tunnel studies conducted on an 1:15-scale detailed model of a high-
agility aircraft of the canard–delta-wing type fitted with a single fin.
The air brake is located upstream at the rear part of the canopy. The
main results of these investigations are as follows:

1) The fin-buffet environment of the baseline configuration (i.e.,
no airbrake deflection) is dominated by the burst wing and canard
leading-edge vortices. Their impact leads to a strong increase in
unsteady loads above �� 20 deg, with a significant narrowband
concentration of velocity and surface pressure fluctuations.

2) Compared with the baseline case, the airbrake wake causes
unsteady aerodynamic loads on the fin already at low and moderate
angles of attack. The levels of the airbrake-induced loads are 4 to 5
times higher than those of the baseline and increase with increasing
airbrake deflection.

3) The fin-surface pressure fluctuations show three characteristic
sections, depending on the angle of attack: up to �� 12 deg, there is
a nearly constant rms level, along with a constant reduced frequency
due to quasi-periodic vortex shedding, creating large-scale coherent
turbulent structures. From �� 12 to 25 deg, the rms levels raise
strongly. The vortices shed at the airbrake side edges transform into
leading-edge vortices that burst downstream. The associated
dominant reduced frequencies increase continuously with increasing
angle of attack as the effective airbrake deflection angle is reduced.
Above �� 25 deg, the airbrake-induced unsteady loads diminish to
the levels of the baseline. The formation of vortices at the airbrake
side edges has stopped because the effective airbrake incidence
becomes too small at high �. The unsteady loads are then dominated
by the flowfield of the burst wing vortices.

4) Appropriate scaling quantities are introduced to derive
characteristic reduced-frequency values k�dom for airbrake-induced
fin-buffet loads. A value of k�dom � 0:2 is attributed to the case of
periodic vortex shedding that occurs up to �� 12 deg. Above that
angle of attack, a value of k�dom � 0:28 holds for the case of axial-
orientated burst vortices.

The results obtained contribute to setting up a database for design
and evaluation purposes, focusing on unsteady aerodynamic loads.
Further analysis will be carried out on the turbulent-flow structures
and on the scaling of the quantities to extrapolate the results to full-
scale aircraft.
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