JOURNAL OF AIRCRAFT
Vol. 35, No. 5, September-October 1998

Fin Buffet Pressure Evaluation Based
on Measured Flowfield Velocities

Christian Breitsamter®* and Boris Laschkaf
Technische Universitit Miinchen, 85747 Garching, Germany

A method to predict fin buffet aerodynamic loads is developed based on measured fluctuating velocity
fields only. This has been investigated for a model of a high-performance, single-finned, delta-canard
configuration. The time-dependent velocity field is measured in the fin region, resulting in a detailed
description of the properties of the buffet-inducing quantities. A modified lifting surface method is used
to evaluate the unsteady fin surface pressures. It is based on the amplitude spectra of local fin incidence
calculated from the measured velocities. Consequently, rms and spectral densities of fluctuating surface
pressure and normal force are obtained. It is shown that the fin buffet pressures increase significantly
with increasing incidence. At high incidences the buffet load spectra exhibit strong narrow-band peaks.
They correspond to the quasiperiodic fluctuations present in the breakdown flow of wing and canard
leading-edge vortices approaching the midsection. The results that were obtained agree very well with
direct-measured fin buffet pressure. This gives strong evidence that fin buffet loads can be determined
with adequate accuracy by the approach suggested in this paper.

Nomenclature
A, B = Fourier coefficients
Ap, Ap, = surface area of fin, area of ith panel on fin
cn = normal force coefficient
c, = pressure coefficient
c, = wing root chord, m
f = frequency, Hz
fu = sampling frequency, Hz
fr = low-pass filter frequency, Hz
K = Kernel function of lifting surface integral equation
k = reduced frequency, f1,/U.
k' = reduced frequency, (fc,/U.)sin a
l, = wing mean aerodynamic chord, m

Ma = freestream Mach number

N = number of sampled values

N, = number of panels

ny = number of frequency intervals

p = (surface) pressure, N/m”

q- = freestream dynamic pressure, N/m’

Re = Reynolds number, U..[, /v

S = power spectral density, 1/Hz

Sy = power spectral density of v’, (m/s)/Hz

s = wing semispan, m

Sr = fin span, m

T = sampling time, s

U. = freestream velocity, m/s

u, v, w = streamwise, lateral, and vertical velocity
components, respectively, m/s

X,Y = dimensionless (fin) coordinates, referred to local
chord and span, respectively

x,y, z = streamwise, lateral, and vertical coordinates,
respectively, m

a = aircraft angle of attack, deg
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or = fin local incidence, deg

B = aircraft angle of sideslip, deg

Ac, = differential pressure coefficient

A, N = aspect ratio, taper ratio

v = kinematic viscosity, m*/s; dihedral, deg
S = leading-edge sweep, deg

® = angular frequency, Hz

Subscripts

C = canard

F = fin

rms = root-mean-square value

v, h = leading edge, trailing edge, respectively
w = wing

Superscripts

- = time-averaged quantities
! fluctuation quantities; lifting surface coordinates
amplitude

A

Introduction

OR the generation of modern fighter aircraft fitted with

slender wing geometry and canards as well as conven-
tional aft control surfaces, the capability of supermaneuvering
has been well demonstrated. Supermaneuvering is associated
with controlled flight at incidences near or exceeding maxi-
mum lift. In that flight regime the aircraft may experience se-
vere fin buffet because of the highly turbulent flow caused by
burst leading-edge vortices.'® The induced narrow-band aero-
dynamic loads frequently excite the fin structure at the natural
frequencies, thus constituting a threat to the fin structural in-
tegrity. Corrective actions may be required to ensure both vi-
bration-free control and long fatigue life.” In this context the
physics of the interaction of a streamwise vortex with a thin
plate as a source of turbulent buffeting were studied in detail
by Mayori and Rockwell,'” Cambazoglu et al.,""'* and Wolfe
etal.”

In particular, with twin-tailed fighter aircraft (F-15, F/A-18)
the fin buffet problem became a crucial issue,'*'* and the sin-
gle-finned X-29 and X-31 research aircraft were also af-
fected.'® Comprehensive investigations have been conducted
aimed at understanding and reducing the buffet loads."”*° The
majority of data is related to small-scale wind-tunnel tests
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complemented by results of some full-scale model tests® and
corroborated by flight test data.”

An extensive investigation on the fin flow environment of a
delta-wing model with canard stabilizer and a single centerline
fin was started at the Lehrstuhl fiir Fluidmechanik of the
Technische Universitit Miinchen. The turbulent flow structure
in the fin region was well defined by the spatial and temporal
characteristics of the time-dependent flow velocities, resulting
in a general treatment of the fin buffet problem. In Ref. 4
results at symmetric freestream are discussed, flow properties
at sideslip are reported in Ref. 5. The behavior of the flow
quantities is shown to be significant for the vortex breakdown
flowfield. An annular structure assigned to the remaining swirl-
ing vortex sheet is the locus of maximum turbulence intensity.
There, the fluctuations are channeled into a narrow band aris-
ing from a helical mode instability.” The detailed flowfield
surveys are of particular use for the development and valida-
tion of computational prediction methods.**

All response analyses to date have relied on experimental
data for the pressure inputs.”®*® The stress analyses and fatigue
assessments used data for fin aerodynamic loads obtained by
direct steady and unsteady pressure measurements at sufficient
points on the fin surface. Experiments were conducted on rigid
and flexible wind-tunnel models employing the results for the
full-scale aircraft design.”®

In general, Reynolds number and Mach number matching is
required to extrapolate small-scale data to flight conditions.
For fixed leading-edge flow separation and high turbulence
intensity within the breakdown flowfield, the influence of
Reynolds number, however, is rather small. At the incidences
of interest, maneuvering aircraft would experience large nor-
mal loads, as most flight is limited to lower Mach numbers.’
For this case it is shown that buffet spectra could be extrap-
olated to large ranges of velocities and model sizes, and that
they could be used to predict flight loads.”®

The present investigation focuses on the prediction of fin
buffet aerodynamic loads. The buffet excitation input is de-
fined by the lateral turbulence intensity and related power
spectral density distributions. A modified lifting surface
method based on Ref. 27 is used to evaluate unsteady fin sur-
face pressure. Hence, the prediction method is based only on
features of the flowfield that are dependent on the aircraft con-
figuration and aerodynamic conditions such as Mach number,
angle of attack, and angle of sideslip. The possibility to carry
out flowfield measurements at any aircraft model leads to great
flexibility, particularly, in an early design stage. In this phase
extensively instrumented and costly fin models that cannot be
easily adapted to design modifications may be downgraded.

Measurement Technique and Test Program

Model and Facility

The wind-tunnel model that was used represents a high-agil-
ity aircraft of canard-delta wing type (Fig. 1). Major parts of
the steel model were a nose section, a front fuselage including
rotatable canards and a single place canopy, a center fuselage
with a delta-wing section and a through-flow double air intake
underneath, and a rear fuselage including the nozzle section.
The single fin was part of an insert that was bolted to the rear
fuselage. For the flowfield surveys, the leading- and trailing-
edge flap deflections and the canard setting angle were set at
0 deg. The model was sting mounted on its lower surface from
a moving support strut. This arrangement enables flowfield
measurements to be free from interference. The computer-con-
trolled model support provides an incidence range from 0 to
31.5 deg, and models may be yawed and rolled 360 deg.

The experiments were conducted in a Gottingen-type low-
speed wind tunnel with an open circular test section of 1.5 m
diameter. Maximum usable velocity was 55 m/s. Turbulence
intensity ranged from 0.3-0.4%.

25 = 0.740 m PLw = 50°
l,=0.360 m | ¢ = 45°
Aw = 2.45 Aw = 0.14

Sp = 047 s Yr = 54°
Arp=138 |Ap=019

.= S

Fig. 1 Geometry of delta-canard model.

Measurement of Time-Dependent Velocity

Dual-sensor hot-wire probes (Dantec 55P61) were used to
measure the fluctuating velocity components. The probes were
operated by a multichannel, constant-temperature anemometer
system (Dantec C). By means of its signal conditioner mod-
ules, bridge output voltages were low-pass filtered at 1000 Hz
before digitization and amplified for optimal signal levels. The
signals were then digitized with 12-bit precision through a 16-
channel simultaneous-sampling A/D converter. The sampling
rate for each channel was set to 3000 Hz, giving a Nyquist
frequency of 1500 Hz. The sampling time was 38.4 s. Thus
each sample block contained 115,200 points in the time do-
main, producing 57,600 points in the complex frequency do-
main. The sampling parameters were achieved by preliminary
tests to ensure that all significant flowfield phenomena were
detected. Statistical accuracy of the calculated quantities was
considered as well. The sampling parameters are related to a
statistical error of 0.2, 1, and 2.5% for the mean and standard
deviation and spectral density estimation, respectively.

To determine all three velocity components («, v, and w),
two triggered traverse sweeps are necessary to adjust the cross-
wire plane: once horizontal and once vertical against the main
flow direction. Each digitized and temperature-corrected volt-
age-pair of the corresponding probe positions was converted
to evaluate the time-dependent velocity vector. The method
used is based on lookup tables derived from the full velocity-
and flow-angle-dependent calibration of the sensors. A detailed
description is given in Refs. 28 and 29.

Conduction of Tests

Flowfield measurements were performed at discrete points
in the fin region corresponding to the lifting surface collocation
points (Fig. 2). The fin section was removed to encounter only
the flowfield input. Previous investigations for the fin-off and
fin-on cases have shown that at zero sideslip only negligible
effects on the vortex structures could be observed.*** Conse-
quently, for the angles of attack investigated, there are only
very small differences between fin-off and fin-on regarding
turbulence intensities as well as spectral quantities at stations
close to the midsection.” At small sideslip (3 = 5 deg) the
flowfields for fin-off and fin-on are not completely the same.
However, turbulence intensities and even spectral quantities do
not differ significantly.”
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The tests were made at five angles of attack, namely, a =
20, 25, 28, 30, and 31.5 deg, and at sideslip 3 = 0 and 5 deg.
The freestream reference velocity U. was held constant at 40
m/s, corresponding to Ma = 0.12. This gives a Reynolds num-
ber of Re = 0.97 X 10° based on the wing mean aerodynamic
chord for all of the results presented. Further test section con-
ditions were ambient static pressure and temperature. At all
tests, the turbulent boundary layers were present at wing and

TZF ’
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Fig. 2 Measurement stations in the fin region and fin collocation
points, respectively: a) 3 X 8 points and b) 6 X 15 points.

control surfaces proved by shear-stress sensitive liquid crystal
measurements.”

Buffet-Inducing Flowfield

To quantify the buffet excitation level the flowfield is care-
fully described by the velocity fluctuations. For a single fin
the lateral velocity mainly causes buffeting, whereas for a
twin-fin with dihedral, both the lateral and the vertical velocity
contribute.

Lateral Turbulence Intensity Distributions

The rms values of fluctuating velocity v, provide a measure
of the intensity of the fluctuating input. They are typically
nondimensionalized by U.. to present the relative turbulence
intensity in terms of percent of freestream. For the fin survey,
Figs. 3 and 4 contain contours of lateral rms velocity for var-
ious a and (. Based on results of Refs. 4 and 5, simplified
schematics of the cross-sectional turbulence intensities are also
shown. These sketches depict the evolution of the incident,
burst vortex systems that determine mainly the rms pattern of
the fin region.

At symmetric freestream the rms velocity fluctuations at o
= 20 deg are relatively low (Fig. 3a). They are characterized
by a homogeneous distribution over the whole fin section. At
this incidence the fin flow environment is only slightly affected
by the port and starboard wing leading-edge vortices (WLVs)
or canard vortex systems. The latter consists of a leading-edge
vortex (CLV) and a trailing-edge vortex (CTV). The canard
vortex system keeps its structure downstream, still behind the
wing trailing edge.” With increasing incidence the burst WLV's

A

Fig.3 v,,./U.. at @ = a) 20, b) 25, and ¢) 30 deg and B = 0 deg (values in percent). A-A: sketch of vortex flow features in a plane normal
to the fin surface at 95% fin root chord based on rms patterns of Ref. 4, view from behind, light gray areas: shear-layer regions (v,,,,/U ..

~ 3-12%), dark gray areas: core regions (v,,x/U. ~ 8-14%).
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A-A: Portside , Starboard side

a)

A—A: Port side

b)

A-A: Port sigie Starboard side

Fig. 4 v,,./U. at a = a) 20, b) 25, and ¢) 30 deg and B = 5 deg (values in percent). A-A: sketch of vortex flow features in a plane normal
to the fin surface at 95% fin root chord based on rms patterns of Ref. 5, view from behind, light gray areas: shear-layer regions (v,,,;/U-

~ 3-12%), dark gray areas: core regions (v, x/U. ~ 8-14%).

expand and move inboard and upward. By wing influence the
canard vortex systems are shifted inward and downward. Con-
sequently, the CLVs merge completely with the inboard part
of the WLV sheets, whereas the CTVs are detached upward.4
The fin flowfield takes on a dramatically different character at
a = 25 deg, shown by considerably increased rms values (Fig.
3b). Maximum values in v./U.. are found at the fin root close
to its leading edge, and at 65% span close to its trailing edge.
The first values stem from the CLVs, and the second ones from
the CTVs. At a = 30 deg, the process of vortex interaction
described earlier continues. It results in maximum rms values
near the tip of the fin (Fig. 3c¢).

At sideslip, B = 5 deg, the starboard wing and canard vor-
tices are shifted inboard, dominating the flow behavior in the
midsection.” At a = 20 deg, the rms values have increased to
three times the level of symmetric flow conditions (Fig. 4a).
A vortex pair [canopy vortex pair (CAV)] shed at the canopy
evoke an rms maximum at the root of the fin. A second rms
maximum located near the midspan close to the trailing edge
is caused by the starboard canard vortex system. The pattern
in lateral turbulence intensity becomes very different at a =
25 deg (Fig. 4b). There, the rms values are the largest in a
region at 60% span, covering a small area from the leading to
the trailing edge. Values of v,,./U. decrease toward the root
and tip of the fin. The region of maximum rms values is related
to the starboard WLV sheet approaching the midsection, in
particular, to that part where the starboard CLV is embedded.
At o = 30 deg, the region of maximum lateral turbulence in-
tensity has grown in size and strength (Fig. 4c). It is placed

closer to the fin tip because of the starboard WLV, which
moves upward and becomes enlarged.

Character of the Spectral Content

Velocity spectra are shown in Fig. 5 for a = 25 and 30 deg
and 3 = 0 and 5 deg at station A 17. The power spectral density
is evaluated with 512 band-averaged and hanning-windowed
frequency intervals. For the Nyquist frequency of 1500 Hz the
frequency resolution is 2.93 Hz.

After the rapid expansion of the burst vortex core the flow
changes to a highly turbulent swirling state, where large nar-
row-band velocity fluctuations occur.*® In the midsection, a
narrow-band concentration of kinetic turbulent energy is de-
tected the first time at o = 25 deg (Figs. 5a and 5c¢). As sub-
stantiated in Ref. 4, the distinct frequency peak centered
around k = 0.9 coincides with the sharp peaks detected in the
shear-layer velocity spectra of the burst WLVs. In Ref. 23 it
is pointed out that after vortex breakdown the flow is subject
to a helical mode instability producing quasiperiodic velocity
fluctuations. That in turn gives rise to coherent pressure fluc-
tuations. At o = 30 deg, the fin flow more extensively en-
counters the vortex breakdown flow, resulting in pronounced
frequency peaks of k = 0.6-0.8 (Fig. 5b). The spectra depict
a second frequency hump around k = 3.0, which refers to the
canard vortex system. During the merging process of wing and
canard vortex sheets, both vortex burst frequencies are present.
At sideslip the fin flow comes in strong contact with the vortex
core flow, the spectra becomes widened, and the overall level
of turbulent kinetic energy increases (Fig. 5d).
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Fig. 5 Spectra of fluctuating lateral velocity S, at station A 17 (X = 0.611, Y = 0.831) for various a and B: a) « = 25, B = 0 deg, v,/
U.=141%; b) a =30, B = 0 deg, v,1s/U-. = 3.41%; ¢) @ = 25, B = 5 deg, 0,,,/U.. = 4.19%; and d) a = 30, B = 5 deg, v,s/U = 7.37%.

Evaluation of Buffet Pressure
As shown in the previous section, the statistical properties
of the buffet-inducing turbulent flowfield are well known.
Therefore, classical unsteady aerodynamic theory might be
suitable for predicting the pressures and airloads produced
thereby. In the present study a modified unsteady lifting sur-
face method is applied. Fundamentals are given by Laschka.”’

Integral Equation

The Kiissner integral equation reflects the relation between
the angle-of-attack and pressure distributions of harmonically
oscillating lifting surfaces

s ()
1
alx, y)=8—ﬂf f Acy(x', yK(x, y, x', y') dx" dy" (1)

2O

Eq. (1) can as well be used for a static surface (fin) in a flow-
field, where the normal-wash as a function of x and y changes
harmonically. The unknown quantity is the pressure distribu-
tion Ac,. It denotes the pressure difference between both sides
of surface Ap, referred to freestream dynamic pressure g..

Ap(x, Yq.. = Ac,(x, y)e*’ )

Because of harmonic motions, the amplitude of the angle-of-
attack distribution d(x, y) yields

alx, v, 1) = dlx, y)e™’ 3)
According to Refs. 27 and 32, the Kernel function K(x, y, x',

y') was reduced to a form suitable for numerical and analytical
solutions. The unknown pressure distribution Ac,(x, y) is ap-

2 | ’7 — }

Vigff = - V' cos v

"T +w' sinv
XF F b) © XF

Fig. 6 Local fluctuating fin incidence a z: a) Centerline fin: a;-=
tan(v'/u’) and b) fin with dihedral v: a)= tan(v,g/u’).

a)

proximated by means of adequate functions in chordwise and
spanwise directions. After introducing those functions into the
integral equation [Eq. (1)], a system of linear equations results.
The normal-wash condition may be fullfilled in a number of
collocation points (X, Y), which correspond to the number of
functions. Modifications were made to consider high-fre-
quency input and an arbitrary number of collocation points in
chord direction. The course of solution is described in detail
in Ref. 29.

Buffet Excitation Input

The local time-dependent incidences ax(X, Y) responsible
for fin buffet can be easily calculated from the measured fluc-
tuating velocities present in a plane perpendicular to the fin
surface. This is shown in Fig. 6 with respect to a single cen-
terline fin as well as to a twin-fin with dihedral

Because of the concept of small disturbances in linear po-
tential theory, one can infer that the magnitude of the fluctu-
ating incidences is in the vicinity of 7 deg or less. This is
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Fig. 7 Time series of fin local incidence o ,-measured at station
A17 (X =0.611, Y = 0.831) at « = 31.5 and B = 0 deg.

substantiated by a representative plot of the o, time series (Fig.
7). The mean incidence &, of the fin(s) at zero sideslip is
known to be quite small. Regarded as a source of interference
airloads, the turbulence seems therefore unlikely to cause flow
separation. For the tested centerline fin this is proved by liquid
crystal measurements.” However, the highly turbulent break-
down flowfield transfers its unsteadiness by induction effects
to the attached flow on the fin. At sideslip or at twin-fin sta-
tions, the turbulence intensity increases strongly. Regions of
highly unsteady and even totally separated flow was, e.g.,
found at the surfaces of F/A-18 twin-fins at high «.® The
proposed method will not give satisfactory results if distinct
regions of separated flow occur on the fin surfaces.

Adopting the lifting surface method the local incidences
a{t) may be expressed as a series of superimposed harmon-
ically oscillations derived from Fourier analysis of discrete val-
ues.™ The sample record aj(t) (zero mean) is of finite length
T, the fundamental period of the data. The record is sampled
at an even number of N equally spaced points a distance 1/ f,,
apart; T = N/ fy

1
op = 0p (n E),

For a finite version of a Fourier series that will pass through
these, N data values hold

N/I2 2 (N/2)-1 2
wgn wgn
oc’p”=2chos< Nq>+ E quin< Nq>
q=1 q=1

N

2 N
Ea}cos(ﬂqn>, g=1,2,...,——1 (5
= N

N
2 . 2mgn N
quﬁ;aﬂmn( N)’ q=1,2,...,5—1

A finite range Fourier transform can be used to compute the
coefficients A, and B, The Fourier components A; of the se-
lected frequencies f; are defined by

n=1,2,...,N 4)

A, =

z [

f;=JjiT, ..oN—1 (6)
N-1

AL T) .
o ——— ’ e’ 2mjn/N) 7
ST & @

where 1/ fy, has been included with A(f)) to have a scale factor
of unity before summation. Note that results are unique only
out to j = N/2 because the Nyquist cutoff frequency occurs at

this point. The power spectral density S.,.(X, ¥) and the cross-
spectral density S.,(Xx, Yz X, Y) becomes

S (X, Y, ) = QINfi)|A[X, Y)|? (®)
Se; X, Yr, X, ¥, ) = QINfIAF Xp, YRA(X, Y)  (9)

where A*(f;) is the complex conjugate of A(f;). For scaling
nondimensionalized spectra can be obtained referring to the
rms value, the freestream velocity and the wing mean aero-
dynamic, i.e. [(S,,/a;)-(U./1,)]. The reduced frequency k is
used as well.

To reduce the amount of considered discrete frequencies the
relevant frequency range of the incidence spectra 0 < f = f;
is divided into n,= 512 intervals Af. For each centered discrete
frequency

QL+ Dy

[=0,1,...,n— 1 10
fl 2nf 5 ne (10)

the amplitude &x(f;) is determined from the power spectral
density S“,F(f,)

S Af12
Qi f) = 2f Sa,(f) df (1D
i~ A2

carried out at all collocation points (X, Y). This implies the
conservative assumption of 100% spatial correlation.

To refine the approach, cross spectra are taken into account
[Eq. (9)]. The cross spectra are based on further measurements
carried out with two hot-wire probes, with one probe held fixed
at the reference point (X, Y.). For each discrete frequency f;
the related phase spectra provide a possible phase shift in fin
local incidence between the measurement stations regarded.
Hence, the real part of fin local incidence taken from the am-
plitude spectra is complemented by an imaginary part obtained
from the phase spectra.

Results and Discussion

Calculated rms Differential Pressure

The rms values of the fluctuations in fin differential pressure
Ac,_ are shown in Figs. 8 and 9, referring to the conditions
of Figs. 3 and 4. The pattern of intensity of the unsteady pres-
sure fluctuations corresponds to that of fluctuating lateral ve-
locity. This is caused by the linear relationship between the
amplitude functions of local incidence and pressure [Eq. (1)].
At o = 20 and B = 0 deg, the pressure fluctuations are very
low as the burst leading-edge vortices are less expanded and
located outward (Fig. 8a). At a = 25 deg, the inboard shift of
the WLVs, CLVs, and CTVs, both strongly connected by their
shear layers, accounts for the two regions of maximum rms
values (Fig. 8b). The pattern of Ac,,__is significantly changed
at o = 30 deg (Fig. 9¢). The fin encounters high-pressure fluc-
tuations increasing from the root to the tip, where a maximum
exists close to the trailing edge. The source of this maximum
is the unsteadiness produced by the inboard part of the WLV
sheet touching the midsection.

At B =5 and o = 20 deg, the behavior in Ac,,__is such that
two regions of increased pressure fluctuations are present (Fig.
9a). They are evoked by vortices emanating from the canopy
and canard. The pattern of Ac,_ _is completely different at «
= 25 deg (Fig. 9b). There, the largest rms values are in a
midspan region that covers the whole local chord. With in-
creasing a, this region is shifted upward, being extended at
the same time. At o = 30 deg, the peak values reach levels up
to 32% (Fig. 9¢).

To verify the results of the lifting surface method, ¢, _ is
compared with that of unsteady pressure measurements.” The
standard fin was replaced by an extensively instrumented fin,
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Fig. 8 Contours of Ac,, at o = a) 20, b) 25, and c) 30 deg and
B =0 deg. 6 X 15 collocation points.

equipped with 24 Kulite XCQ-062-1.7 bar A pressure trans-
ducers. The pressure signals were sampled at 12 positions di-
rectly opposite each other on each surface (Fig. 10). Test con-
ditions refer to Ma = 0.5, g.. = 14.9 kPa, and Re = 3.0 X 10°.
The pressure signals were amplified, bandpass filtered with a
low cutoff frequency of 5 Hz, a high cutoff frequency of 1000
Hz, and digitized with 12-bit precision. The sampling rate for
each channel was 6250 Hz, providing 8000 samples within
1.28 s. The comparison between pressure and flowfield mea-
surements is limited by the fact that test configurations of the
model slightly differ. At pressure measurements wing leading-
and trailing-edge flap deflections were set to —20, and 20 deg,
respectively, and the canard setting angle was set to —10 deg.
At flowfield measurements all settings were 0 deg.

For the lifting surface method, values of ¢, _related to one
side of the fin are obtained by ¢, = 34c, . This is based on
the conservative assumption thdt the dmplltude functions of
fluctuating pressure at stations opposite each other act with the
same mode. Both measured and calculated ¢, _ are averaged
for one side and plotted together as a function of angle of
attack (Fig. 10). For averaging c, panels are used (Figs. 2
and 10), assuming that rms pressures are constant throughout
the panels

o = E i (12)

For the calculated ¢, , a vertical bar represents the scope
of the respective minimum and maximum, whereas the gray-

a)

b)

c)

Fig. 9 Contours of Ac,, at o =a) 20, b) 25, and c) 30 deg and
B =5 deg. 6 X 15 collocation points.

colored area reflects the range of minimum and maximum
measured values. At symmetric freestream there is an excellent
agreement between measured and calculated values of Coe As
concluded from the contour plots the magnitude of pressure
fluctuations increases significantly above a = 25 deg.

At B = 5 deg, the values of ¢, obtained with the lifting
surface code corresponds to the measured values of the port
(leeward) side (Fig. 11). The calculations are based on flow-
field measurements performed with the fin section removed,
where the starboard vortex systems mainly dominate the fin
flow without any surface interference. For the fin-on case it
seems that interference effects resultin increased pressure fluc-
tuations on the port (suction) side. However, the amplitudes of
fluctuating fin local incidence found for the fin region at fin-
off and fin-on do not show significant differences.” Conse-
quently, the calculated values of ¢, match at moderate a with
the measured ones of the port side. At high «, the averaged
values of calculated c,, show higher levels than those gained
from the measurements, but they are below the maximum mea-
sured values.

Spectral Content of Calculated Buffet Loads

Figure 12 depicts power spectral densities of fluctuating dif-
ferential pressure at station A 17 for all angles of attack in-
vestigated and 3 = 0 deg. A plot of spanwise spectra at X =
0.44 is shown for a = 28 and B = 0 deg (Fig. 13). In all cases
the frequency resolution is 1.95 Hz. At o = 25 deg, the spectra
exhibit dominant frequencies varying with angle of attack. Be-
cause of the linear relationship between the oscillations of local
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Fig. 10 Calculated compared with direct measured rms fin sur-
face pressure as a function of angle of attack at § = 0 deg. 3 X 8
collocation points.
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Fig. 11 Calculated compared with direct measured rms fin sur-
face pressure as a function of angle of attack at § = 5 deg. 3 X 8
collocation points.

incidence and pressure, the peaks in pressure spectral densities
coincide with the frequency peaks detected in the velocity
spectra. At a fixed angle of attack the center frequency of the
peaks changes slightly with the different stations, whereas the
content of turbulent kinetic energy differs significantly (Fig.
13).

From the discussion of the pressure field and the related
spectra it is seen that for a detailed description of the buffet
loads a large number of surface positions must be summed.
The lifting surface method provides total buffet loads from
pressure integration. For various a and 3 = 0 deg, the normal-
force coefficient spectra show that the pressure field contains
energy over a moderately wide frequency range (Fig. 14). A
peak can be detected at the same value of reduced frequency
as in the pressure spectra.

Dominant Frequency

The variation of the buffet load dominant frequency with
angle of attack is summarized in Fig. 15. The dominant fre-
quency decreases with o from k = 0.8 at « = 25 deg to k =
0.61 at o = 31.5 deg. To scale for angle of attack a reduced
frequency k' is used, based on the wing root chord and the

Dominant
peaks

10744

107°%

SAcp [I/HZ]

1078

0.5 1.0 1.5 2.0 2.5 3.0
Reduced Frequency, k

Fig. 12 Spectra of S, at collocation point A 17 (X =0.611,Y =
0.831) for various angles of attack at B = 0 deg.
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Fig. 13 Spectra of S, for various spanwise stations at X = 0.44,
and o = 28 and B = 0 deg.

sinus of a. For different o, the values of k match at k" = 0.48.
Regarding a survey normal to freestream™’ the volume of the
burst leading-edge vortex increases with angle of attack, and
so the frequency of the related quasiperiodic fluctuations de-
crease.

An excellent agreement can be shown again when compar-
ing the values of k' based on the calculation with those ob-
tained from the pressure measurements™ (Fig. 16). For a flex-
ible aircraft, a large structural response could result from the
peak in the buffet load spectra, which varies with frequency,
dynamic pressure, and angle of attack. This occurs when the
pronounced frequency of the buffet loads coincides approxi-
mately with one of the fin natural frequencies. If the buffet
load dominant frequencies are well known at an early design
stage, the structural properties can be chosen in a way that
tuning of the peak in the buffet load spectra with any of the
natural frequencies of the fin is avoided.



814 BREITSAMTER AND LASCHKA

107

1078

0.2 0.4 0.8 0.8 1.0 1.2
Reduced Frequency, k
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Fig. 15 Dominant reduced frequency of fin buffet load as func-
tion of angle of attack at B = 0 deg.
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Fig. 16 Dominant reduced frequency of fin buffet load obtained
from calculation and pressure measurements as function of angle
of attack and freestream velocity at B = 0 deg.

Conclusions

A prediction method for fin buffet aerodynamic loads was
presented to evaluate unsteady fin surface pressure on a single-
finned, delta-canard configuration in the range of a = 20 to
31.5 deg and at B = 0 and 5 deg. The method is based on
fluctuating flowfield velocity using a modified lifting surface
code. The buffet excitation input was shown to be character-
ized by increased turbulence intensity with peaked velocity
spectra. From the lifting surface method, rms values and spec-
tra of fluctuating pressure and normal force were obtained. It
was clearly shown that with increasing incidence there is an
evident increase in unsteady pressure. The pattern of intensity
of the pressure fluctuations changes strongly with o, depending

mainly on the development and interaction of the wing and
CLV systems. Normal force spectra exhibit a distinct narrow-
band peak that varies with the angle of attack corresponding
to that of the velocity spectra. A correlation of the peak re-
duced frequency with the sinus of a gives a value of 0.48.
The calculated rms pressures were compared with those of
pressure measurements. At symmetric freestream an excellent
agreement was shown for all a investigated. At sideslip and
moderate angle of attack, the calculated fin buffet loads
matches with those measured on the leeward side. At high o,
averaged fin buffet loads would be overestimated but are be-
low the level of maximum measured values. It is thought that
the method presented will be able to predict buffet load char-
acteristics already at an early design stage.
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