
JOURNAL OF AIRCRAFT
Vol. 31, No. 4, July-Aug. 1994

Turbulent Flow Structure Associated
with Vortex-Induced Fin Buffeting

Christian Breitsamter* and Boris Laschkat
Technische Universitat Munchen, 80290 Munich, Germany

Selected results from an extensive experimental investigation showing the flowfield in the fin region of a delta-
canard-configuration are presented. Results obtained include detailed flowfields of the time-dependent velocity
components for various angles of attack (0-31.5 deg) at a test Reynolds number of 1.0 x 106 using hot-wire
anemometry. The structure of the highly turbulent vortex dominated flow is clearly shown by time-averaged,
root-mean-square (rms) and spectral distributions. Thus, strong interference effects between the canard and
the wing vortex systems around the fin region are found. With increasing incidence the wing and the canard
leading-edge vortices move inboard resulting in an increase of the velocity fluctuations in the area of the
midsection. The power spectral density depicts significant frequency peaks related to the concentration of kinetic
turbulent energy in the flow of the wing/canard vortex sheet. At high incidences the narrow-band turbulent
energy induced by the vortex sheet affects the plane of symmetry because of the shift of the leading-edge vortex.
This substantiates that fin oscillations at high-a are excited by narrow-band fluctuations due to vortical flow
conditions.

Nomenclature
/ = frequency, Hz
k = reduced frequency, fl^/U^
l^ = wing mean aerodynamic chord
Re = Reynolds number, UJJv
s = wing half-span
£4 = freestream velocity
w, v, w = streamwise, lateral, and vertical velocity
w, v, w = streamwise, lateral, and vertical mean

velocity
H', T/, w' = fluctuation part of u, v, w
Mrms> ^rms> Wrms = rms values of the fluctuating components

of

MV , = rms value of the streamwise and vertical•v-rms
fluctuating components

jc, v, z = streamwise, lateral, and vertical
coordinates of the wind-tunnel axis
system

y, Z = nondimensionalized coordinates in the
measurement plane, referred to s, origin
at the midsection

a = aircraft angle of attack
A = wing aspect ratio
A = wing taper ratio
v = kinematic viscosity
(pc = canard leading-edge sweep
tpw = wing leading-edge sweep

Introduction

M ODERN high-agility aircraft of canard-delta wing type
may generate leading-edge vortices which produce sub-

stantial increases in lift. This is utilized to achieve enhanced
maneuverability at high angles of attack. Aircraft structures
under such flow conditions are subject to random aerody-
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namic loads arising from the impact of vortical flows on the
structures, in particular, when vortex bursting occurs.

An example of this type of severe aerodynamic loading is
the phenomenon of fin buffeting. It is characterized by irreg-
ular oscillations of the airplane or its components induced by
flow separation.1 The oscillations occur normally in the vi-
cinity of the natural frequencies of the system.2 Buffeting can
be treated analytically as a dynamic aeroelastic response prob-
lem complemented by the self-induced aerodynamic forces
which provide usually damping. At the present time, the
knowledge of the buffeting excitation spectrum can only be
obtained from experimental data. Measurements3 have shown
that the spectrum of the separated flow region behind a wing
may have distinct peaks at certain frequencies in which the
kinetic turbulent energy is concentrated.

Fin-buffeting has inspired many studies on leading-edge
vortex-producing configurations,4 and recently emphasis on
the twin-tail buffeting problem5 (F/A-18, F-15) has increased.
The recorded data consist of mean and unsteady forces and
moments,6 steady and unsteady field and surface pressure
measurements,7-8 flow visualization of the vortex structure,9
water-tunnel experiments on vortex bursting,10 and small-scale
wind-tunnel fin pressure measurements and vertical tail ac-
celeration data from flight test.11 Flow measurements around
a model of a YF-17 highlight the dominance of vortices em-
anating from leading-edge extensions.12 It was shown that the
bursting of these vortices effects large velocity fluctuations at
the vertical tails. A quantitative study on the low-speed flow
environment of small-scale models of a F-15 presented peaked
velocity spectra inboard and outboard of the vertical tails at
high incidence.13-14 Narrow-band velocity fluctuations even in
the absence of strong vortices were observed.

For the particular case of fighter-type aircraft, characterized
by thin, highly swept wings, the flow separates quite close to
the leading edge regardless of Reynolds number. Also, most
maneuvers at high incidence are associated with low Mach
numbers due to structural limitations. That means that the
effects of compressibility are not primary issues. Data ob-
tained at different Reynolds and Mach numbers may be in-
fluential,9 due to the effects of surface roughness, tunnel tur-
bulence, wall effects, and model support interference.

Methods for predicting wing response to buffet loads were
evaluated.15-16 Reference 17, presenting a method based on
wind-tunnel data, shows that buffet spectra could be extrap-
olated over large ranges of velocity, and model size, and that
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they could be used to predict flight loads. Lan et al.18 devel-
oped an analytical method to generate a fluctuating flowfield
producing unsteady pressures due to vortex breakdown. This
method is based on test data of the mean square values of
fluctuating normal forces. Therefore there is a strong need
for the measurement of the fluctuating velocity components
in a buffeting inducing flowfield.

At present there is a lack of detailed instantaneous flowfield
data to evaluate a more general understanding of fin buffeting.
As a contribution to fill this gap, a research program on
a typical high performance aircraft model was initiated at
the Institute of Fluid Mechanics of the Technical University
Munich.

In this article emphasis is on the knowledge of the turbulent
flow structure behind leading-edge vortex dominated config-
urations causing fin buffeting. The approach adopted here is
to measure the fluctuating velocity components in the fin
region. Statistical analysis will be applied to show whether a
significant frequency is present in the flow of burst vortices.
The next step will be to look if flowfield frequencies are close
to the natural frequencies of the fin. It should support the
development of computational methods for prediction of tail
buffeting.

Experimental Technique and Test Program
Facility and Model Description

The experiments were carried out in a 1.5-m low-speed wind
tunnel. It has an open test section, its length is 3 m; maximum
usable velocity is 55 m/s. Turbulence intensity ranges from
0.3 to 0.4% over the speed range of interest. The tunnel is
equipped with an automated data acquisition and control sys-
tem using a personal computer. Online data transfer and com-
munication with a CONVEX Cl is utilized for data storing,
reduction and processing by statistical means.

The model used is a very stiff model of a delta-canard
configuration. A two-view sketch is presented in Fig. 1. For
these tests, the canard setting angle has been fixed at zero
deg. The model was sting-mounted on its lower surface using
a computer controlled moving support strut providing an in-
cidence range from 0-31.5 deg.

Hot-Wire Anemometry
The hot-wire probes are operated by a DISA C three-chan-

nel, constant-temperature anemometer system. Signal con-
ditioner modules transform the bridge output voltages into a
suitable range for the 16-channel simultaneous-sampling 12
bit A/D converter of the personal computer. The total sam-
pling frequency is limited to 130 kHz. Crosswire probes (DISA

la = 0.740 rn
/M = 0.360 in
A = 2.45

VW = 50°
Vc = 45°
A = 0.14

55A32 and 55P61) were used to measure the magnitude and
the associated direction of the time-dependent velocity vector.
The sensors consist of 5-/mi-diam platinum-plated tungsten
wires giving a length/diameter ratio of 250. The wires form a
measuring volume of approximately 0.8 mm in diam and 0.5
mm in height. The sensor angle of 45 deg was chosen assuming
that the best angular resolution will be obtained with pairs of
perpendicular wires. An additional temperature probe is used
to correct the anemometer output-voltages if ambient flow
temperature varies.

For calibration of the hot-wire probes a computer-aided
fully automated procedure is developed based on a velocity-
and flow-angle-dependent, temperature corrected method.19"23

In order to fully determine all three velocity components (u,
v, w) the probe has to be rotated around its axis by 90 deg
to adjust the wire plane (once horizontal and once vertical)
against the main flow direction. Thus, two traverse sweeps
are necessary to obtain the stream wise u, lateral v, and vertical
w components, respectively.23

Description of the Tests
Flowfield measurements were made in a plane perpendic-

ular to the model x axis at a possible single or twin-fin location
(Fig. 2). The tests were made for seven angles of attack (0,
15, 20, 25, 28, 30, and 31.5 deg) at a freestream reference
velocity Ux of 40 m/s. This gives a Reynolds number of ap-
proximately Re = 1.0 x 106 based on the wing mean aero-
dynamic chord for all the results presented. Because the wing
leading edge was sharp, free transition was used.

Fig. 2 Location of the measurement plane.

Fig. 1 Model of the delta-canard configuration.

c)
Fig. 3 Crossflow vectors in the measuring plane at a = a) 15, b) 20,
and c) 30 deg.
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Fig. 4 Contours of mean velocity: a) 0/UX9 b) v/Ux9 and c) w/Ux of the left figure at a = 15 deg and d) 0/UX9 e) »/£/,, and f) w/U* of the right
figure at a - 30 deg.

Fig. 5 Carpet plots of streamwise, lateral, and vertical rms velocity, urmjU^ vrms/U^9 wrms/U^ at a = a) 20, b) 25, and c) 31.5 deg.
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Fig. 6 Root-mean-square velocity contours uXZfms/U^ (sum of stream-
wise and vertical component) at a = a) 15, b)"20, c) 25, d) 28, and
e) 31.5 deg (values in percent).

The sampling frequency for each channel was set to 3 kHz.
The anemometer signals were low-pass-filtered at 1 kHz be-
fore digitization to counter the aliasing effect. This is due to
the check that no other significant flowfield phenomena are
present in the higher frequency domain. The sampling time
for each measuring point is 26.4 s depending on stable, time-
averaged auto-spectra due to the turbulent flow structures.
Based on the fundamentals of random error evaluation meth-
ods,24 accuracies of 0.2, 1, and 3% are desired for the mean
and standard deviation and the spectral density, respectively.

A typical survey plane contained 45 evenly spaced points
spanwise and 11 evenly spaced points vertically (Fig. 2), giving
a grid resolution of 0.014 in the spanwise and 0.020 in the
vertical direction based on the wing span. The measurements
were performed with and without a single fin to get infor-
mation about the influence of the fin itself on the formation
of the vortex dominated flowfield.

Results given in this article are for the fin-off case only.
The fin-on case has not shown significant differences in the
time-averaged and rms velocity distributions. The mounted

fin produces only a small displacement effect on the core
positions of canard and wing vortices due to 0.5-1.5% of the
wing span. Reference 25 contains the complete results of this
investigation.

Results and Discussion
Mean Velocity Distributions

Figure 3 gives a general view about the development of the
vortex-dominated flowfield from moderate to high angle of
attack showing the crossflow (D, w) velocity vectors. In ad-
dition Fig. 4 shows contours of mean velocities u/Ux, v/U^,
w/Ux for a = 15 and 30 deg.

The flowfield of the measurement plane is characterized by
the interaction of several vortex systems, mainly produced by
the canard and the delta wing. Figure 3a, a = 15 deg, shows
that the flowfield is mainly influenced by the delta-wing pri-
mary vortices. They induce strong additional spanwise and
downward velocity components. The canard vortices can be
clearly identified in the lower part of the measuring plane
near the fuselage. The local upwash from the canard vortex
system is suppressed by the superimposed downwash field of
the wing leading-edge vortices. The quantities of the corre-
sponding velocity components may be taken from contours
of Figs. 4a-4f. The axial velocity u in the core of the canard
vortex system has decelerated to approximately 85% of the
freestream value. This considerable decrease in the canard
vortex core indicates that even for moderate angles of attack
the vortices are strongly influenced by viscous effects. Con-
sequently, the shape of the velocity field of the core is quite
different from that of a potential vortex.

The wing's primary vortices move inboard towards the fu-
selage and upwards above the wing when the angle of attack
is increased, Figs. 3b and 3c. The flowfield is then completely
dominated by the wing leading-edge vortices. With higher
angle of attack the intensity of the vortex induced crossflow
velocities has increased. Because of the strong inward and
downward velocity the canard vortex system cannot be re-
solved any more. Severe flow deceleration occurs at the lower
edges of the measuring plane, resulting in strong velocity
gradients. The change from flow acceleration to deceleration
is evident due to the bursting of these vortices.

The delta-wing vortices are already burst over the wing at
a = 8 deg. This has been taken from surface flow visualization
tests.26 Bursting over the wing occurs on a simple 50-deg
swept-delta wing at a > 10 deg. Because of the canard down-
wash, the wing leading-edge vortices develop progressively27

due to the lower effective angle of attack at inboard locations.
However, the model used here has a nonplanar wing which
is strongly curved upwards near the fuselage. This is associated
with an angle-of-attack increase in the region behind the ca-
nard. Thus, the canard downwash does not delay the vortex
bursting over the wing.

At a = 30 deg, the burst wing vortices increase further in
their radial extension leading to a big vortex core. This inner
part of the vortex is characterized by very small velocity com-
ponents (Figs. 4d-4f). The increase of the vortex core is
connected with the decrease of velocity to meet the continuity
equation, but it is obvious that strong viscous effects dominate
the flow in a rather large area around the center of the primary
vortex. Although the core becomes very large, a well-struc-
tured swirling flow pattern can be observed around it. When
the angle of attack is increased, the borders of the primary
vortices move closer together. In connection with the induced
circumferential velocities, a nozzle effect appears in the mid-
section (Fig. 4f).

Root-Mean-Square Velocity Distributions
The turbulent flow structure is quantified by the rms values

of the velocity fluctuations. Figure 5 presents carpet plots of
the rms distribution for all three velocity components. Figures
6 and 7 contain the rms contours.
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Fig. 7 Root-mean-square velocity contours vrms/f/x at a = a) 15, b)
20, c) 25, d) 28, and e) 31.5 deg (values in percent).
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Fig. 8 Lateral rms velocity as a function of angle of attack at various
distances above the surface.
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b>
Fig. 9 Schematic overview of the steady and unsteady flowfield ve-
locity for moderate and high angles of attack. Transverse flowfield
and rms profiles at a « a) 15 and b) 30 deg.

Fig. 10 Measurement stations for velocity spectra.

Figure 5a shows the rms distribution at a = 20 deg. The
canard leading-edge vortices are indicated by local rms humps
of approximately 8-10% around the midsection. This is con-
sistent with the axial velocity drop seen in Fig. 4a and with
the velocity jumps of Figs. 4b and 4c, respectively. There is
also an evident increase in the fluctuation intensity at the
lower cross section edges which are related to the wing pri-
mary vortex sheets as well as very steep gradients in the rms
distribution in the sheet itself. This corresponds to the sharply
marked off vortex core of strong flow deceleration (Fig. 4).
The maximum rms values reach levels of approximately 21%.
In the upper part of the measurement plane only the level of
freestream turbulence exists.

At a = 25 deg (Fig. 5b), the turbulent region has grown
considerably in both size and strength. The lower part of the
measuring plane is dominated by large rms values for all three
velocity components which are due to the wing primary and
the canard vortex sheets.

As mentioned before (Fig. 5a), the canard vortex system
is indicated by local rms maxima near the midsection. With
increasing angle of attack the canard vortex system passes the
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wing leading edge relatively high above the wing. It consists
of the canard's leading-edge and its trailing-edge vortex. This
vortex system keeps its structure downstream still behind the
wing trailing edge.25 From the comparison of Figs. 6a and 7a
(a = 15 deg) and Figs. 6b and 7b (a = 20 deg), it can be
inferred that through wing influence the canard vortex system
is moved above the wing inward towards the fuselage and also
downward towards the wing surface. At 25-deg angle of attack
the interaction between the vortex systems of the wing and the
canard is such that the canard vortex sheet belonging to the
trailing vortex starts to move upwards away from the wing while
the canard leading-edge vortex is moved inwards and down-
wards to merge with the sheets of the wing primary vortices.

With a further increase to a = 28 deg, the rms values of
all three components become still larger again (Figs. 6d and
7d). The canard leading-edge vortex sheets are completely
merged in the wing leading-edge vortices. The upper part of
the canard's vortex system referring to the trailing-edge vor-
tices remains separate from the wing's primary vortex sheets.
The maxima of the rms velocity fluctuations go up to 31, 15,
and 28% for the u, v, and w components, respectively.

The vortex regions of the wing primary vortices reveal that
the maxima of the rms velocities are concentrated in an an-
nular structure around the core. It is related to the vortex
sheet (shear layer) due to the swirling pattern. However, the
inner part of the core has a decrease in local rms. The reason

for lower rms values in the core is the loss of mean velocity
as well as the low velocity gradient within the core which
reduces the turbulence level. The very steep gradients of the
vortex sheet's rms distribution outside the core do not change
with increasing angle of attack.

Although at a = 31.5 deg (Figs. 6e and 7e) the maximum
rms values of the velocity fluctuations have not grown con-
siderably, their region of influence has. There is an increase
to much higher rms values in the midsection which is caused
by the inward shift of the wing primary and combined canard
vortex sheets. This explains the severe increase of lateral rms
velocity fluctuation in the midsection at high-a flow condi-
tions. By comparison with the outboard region (vortex sheet
and core) the midsection shows the lowest turbulence level.
The lower turbulence level is also due to flow acceleration
between the two wing leading-edge vortices.

Figure 8 presents the turbulence level of the v component
for three vertical stations in the plane of symmetry as a func-
tion of the angle of attack. The rms levels increase from 0.7%
at a = 0 deg to 4.5% at a = 31.5 deg. A significant rise
starts at a = 25 deg when the primary vortex approaches the
plane of symmetry. The maximum rms value appears at the
lowest vertical station at a = 31.5 deg, at the wing midsection.
Here, the wing primary vortex sheet has merged with that of
the canard leading edge. The latter is shifted to the lower part
of the midsection.
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For a single fin located at the wing midsection the turbu-
lence level normal to the fin is much smaller («4%) compared
with twin-fin configurations (—20%) located at Y = ±0.11
for instance. This may be different if the aircraft is operated
at some angle of sideslip. For that condition the vortex system
is shifted to the midsection. Turbulence levels at single fin
and twin-fin might not differ substantially in that case.

Summarizing, Fig. 9 gives a schematic overview of the cross-
sectional wing flowfield and its turbulence level at moderate

and high angles of attack. They are shown for a spanwise and
a vertical line through the vortex core. For moderate angles
of attack (a ~ 15 deg, Fig. 9a), the leading-edge vortices are
concentrated outboard. The rms profiles show the two peaks
corresponding to the vortex sheet and a local rms drop in the
vortex core. Steep gradients indicate the inboard and out-
board vortex sheet. In the midsection the turbulence level is
the lowest one. A fundamental change occurs in the flowfield
if the angle of attack is increased to a ~ 30 deg. The leading-
edge vortices move inboard, accompanied by a strong expan-
sion of the vortex core due to vortex bursting. Thus, the
turbulence levels are also markedly increased. The midsection
remains, however, still the locus of minimum turbulence lev-
els.

Spectral Analysis
For a single fin mainly the lateral flowfield velocity causes

buffeting, whereas for a twin-fin with dihedral, both the lateral
and the vertical velocity contribute. Spectral analysis gives
the magnitude and the frequencies for the buffeting excitation
levels.

Character of the Spectral Content at High Angle of Attack
Figure 10 shows the stations for which the velocity spectra

have been evaluated. Results are shown for a = 28 deg only,
and give a general view of the distribution of kinetic turbulent
energy at high a. Six single density spectra plots and two
staggered spectra plots both on the left and right side of the
cross section are shown in Fig. 11.

The velocity spectra in Figs, lla and lid are related to
stations left and right of the midsection. For these locations
corresponding to the wing primary vortex core the spectra
have a pronounced broad frequency hump ranging from k =
0.54 to k = 1.17. The turbulence level reaches values of 12.4
and 13.9% based on freestream velocity.

At stations 21 and 2r (Figs, lib and lie), however, a strong
narrow-band frequency peak which is closely associated with
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2 4 6 8
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Fig. 13 Comparison of the v-velocity spectra at station 4 (plane of
symmetry, Z = 0.21) for various angles of attack.

.8
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.4
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Fig. 14 Reduced frequency of the dominant peak as a function of
angle of attack measured at station 4, Z = 0.21.
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the pronounced velocity fluctuations in the vortex sheet is
observed. The turbulence level reaches values of approxi-
mately 11%. From Figs, lib and lie it appears that the spec-
tral energy is accumulated in this limited frequency range.
This may indicate a periodic or quasiperiodic fluctuation which
is due to the swirling vortex pattern. Roughly 75% of the
turbulent energy is concentrated within this narrow band.

The power spectrum density values for stations 31 and 3r
near the midsection are appreciably small (Figs, lie and llf).
The kinetic turbulent energy decreases by an order of mag-
nitude, but the spectra show a concentration of kinetic tur-
bulent energy in the specified frequency range again. It is
obvious that by the induced concentration of turbulent energy
into a limited frequency range the vortex sheet affects the
flow conditions even in the plane of symmetry.

Further on the power spectrum density increases strongly
in the span wise direction (Figs, llg and llh), that is directly
related to the vortex shear layer and core position. The tur-
bulent energy is mainly concentrated within A: = 0.72 -r- 1.17.

Variation of Frequency Content with Angle of Attack
Figure 12 shows spectra for various angles of attack at sta-

tion 4 (plane of symmetry). Up to 20 deg, Fig. 12a, a broad-
band spectrum may excite normal, random buffeting. From
Figs. 6b and 7b it appears that no vortex sheet influences the
midsection at that angle of attack. At a = 25 deg, the spectral
content becomes quite different. Figure 12b shows a spectrum
with low turbulence level, but sharp peaks occur around a
hump of A; = 0.9. Regarding the midsection this hump cannot
be detected at a lower angle of attack. A dramatic change
occurs in the spectral density at a = 28 deg, Fig. 12c. A
distinct narrow-band frequency peak centered around k =
0.75 predominates the whole spectrum. It indicates that the
spectral energy has been channeled into this narrow band.
The dominant frequency peak in the spectrum of Fig. 12c
corresponds with the sharp frequency peak of the vortex sheet
spectra which are discussed in Figs, lib and lie, respectively.
At a = 30 deg (Fig. 12d), the spectrum becomes widened
around k = 0.68 with multiple peaks.

In the high-a domain the narrow-band concentration of
kinetic turbulent energy associated with the strong fluctuation
intensity in the joined vortex sheets of wing and canard is
extended to the plane of symmetry. This is caused by the
inboard leading-edge vortex shift together with the growth of
burst vortices, Figs. 6c and 6d and Figs. 7c and 7d. (Note that
the ordinate of Fig. 12 is scaled smaller by one order in mag-
nitude than the ordinate of Fig. 11.)

In Fig. 13 the spectra of Figs. 12a-12d are compared. With
increasing angle of attack the frequency of the dominant peak
decreases. This is summarized in Fig. 14. Even using a linear
scale, there is some ambiguity in the determination of the
dominant peak because of single spikes centered around a
broader hump. As observed previously10-17 at different angles
of attack the peaks of the buffeting spectrum may move into
the range of different structural modes, resulting in a "tuning"
of the vibrations. This is because of fluctuations associated
with the bursting of strong leading-edge vortices.

Scaling to Full Scale
Using k, the dominant peak can be scaled to full scale. The

assumption would be, that the leading-edge flow separation
line is fixed, and consequently it is not very dependent on
Reynolds number.

Conclusions
The time-average and rms of the velocity components in a

turbulent flowfield caused by a vortex-dominated configura-
tion have been studied from moderate to high angles of attack
using hot-wire anemometry. The frequency contents of the
fluctuating flowfield are also presented. Major results of these
investigations are as follows:

1) Already at moderate angles of attack (a ~ 15 deg) the
vortex systems of wing and canard are strongly influenced by
dissipation giving an increase in the turbulence levels.

2) When the angle of attack is increased, the delta wing
vortex system moves inboard towards the midsection and up-
wards. The vortices grow continuously in their radial exten-
sion, leading to a large vortex core. This is emphasized by a
strong decrease of the axial- and azimuthal velocity due to
vortex bursting.

3) The burst vortex flowfield shows a strong increase of the
turbulence level for all three velocity components. Steep gra-
dients separate the vortex sheet region from the outer flow-
field. The maxima of rms values shows an annular structure
which is attributed to the vortex sheet, while in the vortex
core a local rms decrease occurs.

4) At angle of attack the enlarged wing primary vortices
generate a strong nozzle effect in the plane of symmetry. They
induce large additional velocities and lower turbulence levels.

5) For moderate angles of attack (a < 20 deg) it is shown
that above the wing through wing influence the canard vortex-
system is moved towards the midsection and also downward
towards the wing. At an angle of attack (a ~ 20 deg) the
interaction between the wing and canard vortex systems makes
the canard trailing-vortex sheet move upwards, whereas the
canard leading-edge vortex sheet merges with the wing pri-
mary vortex. Thus, a local maximum in the turbulence level
is found near the root of a possible single fin.

6) The spectra of the vortex sheets show a distinct narrow-
band peak, whereas the vortex core region depicts a broader
frequency hump. The narrow-band concentration of kinetic
turbulent energy indicates a strong periodicity in the flow.

7) With increasing angle of attack this narrow-band tur-
bulent energy affects the plane of symmetry because of vortex
shift and enlarged vortex cores. In the midsection at 25-deg
angle of attack firstly a concentration of turbulent energy in
a limited frequency range is observed. At a = 28 deg a distinct
sharp peak occurs dominating the whole spectrum.

8) Depending on the angle of attack the frequency of the
peak and the shape of the spectrum is changed.

9) For symmetric flow conditions a single fin usually will
show much less buffeting excitation when compared with a
twin-fin arrangement. This may alter under sideslip conditions
and a detailed investigation on the optimum fin locations
might be required. It is thought that the present investigation
will give useful insight into this question.
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