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Abstract

A method to predict fin buffet aerodynamic loads using
only flowfield characteristics, namely fluctuating velocity, is
developed. The model tested is a high performance single-
finned delta~canard configuration. Time—dependent veloci-
ties are measured in the fin region resulting in a detailed
description of the properties of the buffeting-inducing flow-
field associated with the bursting of the leading-edge vor-
tices. In order to determine the unsteady fin surface pres-

sure a modified lifting surface method is used. The input-

comnsists of fluctuating local incidence at a given set of collo-
cation points calculated from the measured velocities. For a
large number of discrete frequencies the amplitude value is
derived from the incidence spectra. The prediction method
provides root-mean-square and power spectral density dis-
tributions of fluctuating surface pressure as well as of fluc-
tuating normal force. It is shown that unsteady surface
pressure increases significantly with increasing angle of at-
tack. The power spectral density of the buffet loads exhibit
a strong narrow—band peak. It is related to quasi~periodic
fluctuations present in the flow of the wing/canard vortex
sheets approaching the midsection. The results obtained
agree very well with direct measurements of the fin un-
steady surface pressure. This gives strong evidence that fin
buffet loads can be determined with adequate accuracy by
that approach.

Nomenclature
Symbols:
Aj; finite Fourier transform at f;
Aq, By coefficients of finite Fourier series
cN normal force coefficient
Cr wing root chord
Cprms rms value of pressure coefficient

frequency, Hz

fu sampling frequency, Hz
I~ Nyquist frequency, Hz
fr low-pass filter frequency, Hz
h distance of sampled values, 1/fum
I mod. Bessel function of 2nd kind, 1st order
K Kernel function of lifting surface method
K, mod. Bessel function of 1st kind, 1st order
k reduced frequency, fl./Us
K reduced frequency, fcrsina/Ug
ke lifting surface red. frequency, 27 fsr/U
I modified Struve function of 1st order
I wing mean aerodynamic chord

Mac freestream Mach number

N number of sampled values

nyf number of frequency intervalls

P surface pressure

Joo freestream dynamic pressure

Re Reynolds number, Ul /v

Sen power spectral density of ¢y

Sor power spectral density of v’

Sar, power spectral densities of a’p

Sac, power spectral density of Acp

8 wing half span

SF fin span

T sampling time, sec

U freestream velocity

u, v, W streamwise, lateral and vertical velocity
components (wind tunnel-axis system)

u', v, w fluctuation part of u,v,w

Urms rms lateral velocity, ﬁ

XY fin nondimensionalized coordinates,
referred to local chord and fin span

z,Y, 2 streamwise, lateral and vertical
coordinates of the wind tunnel-axis
system; lifting surface coordinates

TR, ZF fin coordinates

o aircraft angle of attack

ar fin local incidence

ap mean value of afF

a'’p fluctuating part of ar

& amplitude of harmonically fluct. incidence

B aircraft angle of sideslip

B2 Prandtl factor, 1 — Ma%,

Acp coefficient of pressure difference between
both sides of the lifting surface, Ap/goo

ACpme rms value of Acp

ew wing leading-edge sweep

vc canard leading—edge sweep

@F fin leading—edge sweep

A AP wing aspect ratio, fin aspect ratio

A AR wing taper ratio, fin taper ratio

v kinematic viscosity

w angular frequency

Abbreviations:

rms root-mean-square

Introduction

For the generation of modern fighter aircraft fitted with
slender wing geometry and canard as well as conventional
aft control surfaces the capability of supermaneuvering has
been well demonstrated. It is associated with controlled
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flight at o near or exceeding maximum lift. However, in
the high-o flight regime the aircraft experience severe fin
buffeting which is attributed to the highly turbulent flow
caused by bursted leading-edge vortices.(! =% The induced
narrow-band aerodynamic loads may excite at the natu-
ral frequencies the fin structure. They constitute a threat
to the fin structural integrity and corrective actions may
be required to ensure both vibration—free control and long
fatigue lLife.(5-®)

In particular, at twin—tailed fighter aircraft (F/A-18, F-15)
the fin buffeting problem became a crucial issue. Compre-
hensive investigations have been conducted aimed at under-
standing and reducing the buffeting loads.("~**) The ma-
jority of data is related to small-scale wind tunnel tests.
The data base is complemented by results of some full-scale
model tests(!*) and flight test data.(**) The single~finned
X-29 and X-31 research vehicles were also affected by fin
buffeting.(*®) Furtheron, data on buffet loads were obtained
from small-scale tests on a high-speed slender—wing trans-
port aircraft.(17)

An extensive investigation on the fin flow environment
of a delta—wing model with canard stabilizer and a sin-
gle center-line fin was started at the Lehrstuhl fiir Fluid-
mechanik of the Technische Universitit Miinchen. The tur-
bulent 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 buffeting problem. Reference 1 shows results at
symmetric freestream. The flow properties at sideslip are
reported in Ref. 2. The behaviour of the flow quantities is
shown to be significant for the vortex breakdown flowfield.
An annular structure assigned to the remaining swirling
vortex sheet is the locus of maximum turbulence intensity.
There, the fluctuations are channeled into a narrow-band
arising from a helical mode instability. This was proved
studying both unsteady flowfield velocity and associated
surface pressure fluctuations on a slender delta wing when
fully developed as well as bursted leading-edge vortices are
present.(*®) For the development and validation of compu-
tational prediction methods the detailed flowfield surveys
are of distinct utility.

Within a numerical treatment of the buffeting problem the
features of the very complex vortical flowfield must be si-
mulated correctly. The methods used are typically based on
the Reynolds-averaged Navier-Stokes equations related to
finite difference techniques. Dealing with complete aircraft
configurations the flow calculation requires a tremendous
amount of computational time and storage capacity. The
Reynolds number has a strong bearing on the run—times,
because higher Reynolds number mean thinner shear lay-
ers and denser grids. The methods are quite succesful when
simulating the pre-burst vortex structure and burst loca-
tions even for complex geometries,(1°~21) byt quantitative
details within the burst region have proved elusive. In Ref-
erence 22 the computational demands for wholly theoreti-
cal response predictions are quantified. The conclusion was
drawn that the computational time must decrease three or-
ders of magnitude to bring such predictions down to feasible
size.

All response analysis to date have relied on experimen-
tal data for the pressure inputs.(>2%?%) The stress analysis

and fatigue estimates use data of fin aerodynamic loads
obtained by direct steady and unsteady pressure measure-
ments at sufficient points on the fin surface. Most of the
experiments were conducted on rigid 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 con-
ditions. Because of leading-edge flow separation and high
turbulence intensity within the breakdown flowfield the in-
fluence of Reynolds number is rather small. At the o of in-
terest, maneuvering aircraft would experience large normal
loads, how most flight is limited to lower Mach numbers.(®)
Thus, compressibility effects, although present, are not of
primary issue. In this context it was shown that buffet spec-
tra could be extrapolated over large ranges of velocity, and
model size, and that they could be used to predict flight
loads.(*%)

Present Scope and Objectives

The present investigation focus on the prediction of fin
buffet aerodynamic loads. The buffeting excitation input
is well defined by the lateral turbulence intensity and re-
lated power spectral density distributions. A modified lif-
ting surface method is used to evaluate unsteady fin sur-
face pressure. Hence, the predicition method is based only
on features of the flowfield which are dependent on the
aircraft configuration and aerodynamic conditions such as
Mach number, angle of attack and angle of sideslip. As
any aircraft model can be used this results in a signifi-
cant reduction of model costs. It leads also to a downgrade
of priority for expensive fin models instrumented with a
large number of pressure transducers. Those models have
to be constructed in a preliminary design stage and can-
not be adapted, in general, to design modifications. Only
limited high-speed wind tunnel data and some flight data
are necessary to be used as check points, to predict the
fin-buffeting full-scale flight environment.

Measurement Technique and
Test Program

Description of Model and Facility

The wind-tunnel model used represents a high—agility air-
craft of canard-delta wing type. The geometry is shown
in Fig. 1. Major parts of the model are: nose section;
front fuselage including rotatable canards and a single
place canopy; center fuselage with delta-wing section and a
through—-flow double air intake underneath; and rear fuse-
lage including nozzle section. All pieces are made of stain-
less steel. They are designed with close tolerance fits and
are doweled and screwed together. The single fin is part of
a steel insert that is bolted to the rear fuselage. Leading-
and trailing-edge flaps are fastened to the wings by lap
elements. Their bolt pins assure accurate adjustment. The
canard setting angle may be changed via integral shafts
that are linked to a self-locking computer controlled gear
mechanism installed in a cavity under the canopy. Within
the tests, the leading— and trailing edge flap deflections as
well as the canard setting angle were set at 0 deg. Engine
ducts and flow passages were not blocked.
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Fig. 1 Geometry of delta—canard model.

The model was sting mounted on its lower surface from a
moving support strut (Fig. 2). This arrangement enables
flowfield measurements to a great extent free from inter-
ference. The computer controlled model support provides
an incidence range from 0 to 31.5 deg and models may be
yawed and rolled 360 deg.

Up—

Fig. 2 Model mounted in the test section.

Nozzle diam. 1.50 m
Length of test section 3.00 m
Maximum power 85 kW
Maximum usable velocity 55 m/s
Turbulence intensity 0.3% - 0.4%

Table 1 Operational data of wind tunnel facility.
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The experiments were conducted in a low-speed wind tun-
nel facility of the Lehrstuhl fiir Fluidmechanik of the Tech-
nische Universitat Miinchen. The wind tunnel is of the
Gottingen type, the test section is open. Operational data
are collected in Table 1.

The wind tunnel data acquisition and control system is
based on a personal computer with a high-speed board
(DT 2821-F16-SE). This enables automated data sampling
of hot-wire, pressure and temperature signals as well as the
control of the wind tunnel, the 3—axis probe—traversing sys-
tem and the 3—axis model support. Wind tunnel reference
data are taken to ensure that the experiment is progress-
ing properly. Data acquisition software has been developed
which allows fully automated surveys of flowfields around
models of arbitrary geometrical shape. A local network pro-
vides online data transfer and communication with host
computers, namely a CONVEX C1 and a CRAY Y-MP,
which are required for data reduction and processing by
statistical means.

Measurement of time-dependent velocity

Dual-sensor hot-wire probes (DISA 55P61) were used to
measure the fluctuating velocity components. The sensors
consist of 5-pm-diam. platinum-plated tungsten wires gi-
ving a length/diam. ratio of 250. The wires form a measur-
ing volume of approximately 0.8 mm in diam. and 0.5 mm
in height. A sensor angle of 45 deg was chosen assuming
that the best angular resolution will be obtained with pairs
of perpendicular wires.

The probes were operated by a multi-channel constant-
temperature anemometer system (DISA C). By means of
its signal conditioner modules, bridge output voltages were
low—pass filtered at 1000 Hz before digitization and ampli-
fied for optimal signal level. The signals were then digi-
tized with 12-bit precision through the sixteen—channel
simultaneous—sampling A/D converter installed on the PC
high-speed board. The sampling rate fas for each chan-
nel was set to 3000 Hz giving a Nyquist frequency fn of
1500 Hz. The sampling time T is 38.4 sec. Thus each sam-
ple block N contains 115200 points in the time domain,
producing 57600 points in the complex frequency domain.
The sampling parameters were arrived at by preliminary
tests to ensure that all significant flowfield phenomena are
detected. Statistical accuracy of the calculated quantities
was considered as well. The sampling parameters are re-
lated to an statistical error of 0.2, 1 and 3% for the mean
and standard deviation and spectral density estimation, re-
spectively.

The use of a cross-wire configuration generally assumes
some knowledge of the flowfield, such as a known flow di-
rection to which the probe must be aligned. The nature
of the vortex-dominated flow precludes any knowledge on
the direction of the velocity vector everywhere in the field,
save for the axial component which is assumed to be al-
ways in the positive x—direction. In order to determine all
three velocity components (u, v, w) the probe has to be ro-
tated around its axis by 90 deg to adjust the wire plane once
horizontal and once vertical against the main flow direction
(quadrupel-probe). Thus, two triggered traverse sweeps are
necessary to obtain the streamwise (u), lateral (v) and ver-
tical (w) components, respectively. Each digitized and tem-



perature corrected voltage-pair of the corresponding probe
positions was converted to evaluate the time-dependent ve-
locity vector. The numerical method used is based on look-
up tables derived from the full velocity- and flow angle
calibration of the sensors. A detailed description is given in
Refs. 25 and 26.

Description of Tests

Flowfield measurements were performed at discrete points
in the fin region, corresponding to lifting surface colloca-
tion points (Fig. 3). The fin section was removed to en-
counter only the flowfield input. The tests were made at
five angles of attack, namely 20, 25, 28, 30, and 31.5 deg,
and at sideslip § = 0, and 5 deg. The freestream refe-
rence velocity [/o, was hold constant at 40 m/s correspond-
ing to Mao, = 0.12. This gives a Reynolds number of
Re = 0.97 x10° based on the wing mean aerodynamic chord
for all the results presented. Further test section conditions
were ambient static pressure and temperature. At all tests
turbulent boundary layers were present at wing and con-
trol surfaces proved by shear-stress sensitive liquid crystal

measnrements (27}

Ues

b) 6 x 15 points

Fig. 3 Measurement stations in the fin region and
fin collocation points, respectively.

Buffeting-Inducing Flowfield

In order to quantify the buffeting excitation level the flow-
field is carefully described by the velocity fluctuations.
They are related to random ergodic (stationary) timeseries.
For a single fin mainly the lateral velocity 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,m. provide a mea-
sure of the intensity of the fluctuating input. They are typi-
cally nondimensionalized by the freestream velocity U« to
present the relative turbulence intensity in terms of percent
of freestream.
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A-A Vortex structures in a plane normal to the fin
surface at rp/s = 0.54 (95% fin root chord).
view from behind; Ref. 1

WLV~ Wing leading-edge vortex

CLV Canard leading-edge vortex

CTV  Canard trailing—edge vortex

¢} a= 30 deg

Fig. 4 rms velocity contours vrms/U. at o« = 20,
25, and 30 deg and 4 = 0 deg; (Values in percent).

Figure 4 depicts rms velocity contours for symmetric flow
conditions at @ = 20, 25, and 30 deg. The rms velocity
fluctuations at @ = 20 deg are relatively low. They are cha-
racterized by a homogeneous distribution over the whole fin
section (Fig. 4a). At this « the fin flow environment is only
little affected by the wing or canard vortex systems. With
increasing incidence the bursted wing leading-edge vortices
expand and move inboard and upwards. Through wing in-
fluence the canard vortex system is shifted inwards and
downwards. Thus, the canard leading-edge vortices merge
completely with the inboard part of the wing leading-edge
vortex sheets while the canard trailing-edge vortices are de-
tached upwards.!) Because of this, the fin flowfield takes
on a dramatically different character at o = 25 deg, which
is evident by considerably increased rms values (Fig. 4b).



A-A Vortex structures in a plane normal to the fin
surface at /s = 0.54 (95% fin root chord),
view from behind; Ref. 2

WLV~ Wing leading-edge vortex

CLV  Canard leading-edge vortex

CTV  Canard trailing-edge vortex

CAV  Canopy vortex system

. Poriside | Starboard side )
: 1

ety | CTV  wy

CL
CLV

b) o = 25 deg

A—A: Poriside . Starboard side

c} o= 30 deg

Fig. 5 rms velocity contours vrms/U. at o = 20,
25, and 30 deg and 3 = 5 deg; (Values in percent).

Maximum values in v,,,. are found at the root of the
fin close to its leading—edge and at 65% span close to its
trailing-edge. The first arises from the canard leading-edge
vortices, the second from the canard trailing-edge vortices.
At o = 30 deg, the process of vortex interaction described
above continues. [t results in maximum rms values near the
tip of the fin (Fig. 4c).

At sideslip 3 = 5 deg, the starboard wing and canard vortex
systems are shifted inboard dominating the flow behaviour
in the midsection.?) Contours of vym. are shown in Fig. 5.
At o = 20 deg, the rms values have increased to three times
the level of symmetric flow conditions (Fig. 5a). A vortex
pair shed at the canopy evoke a rms maximum at the root
of the fin. A second rms maximum located near the mid-
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span close to the trailing—edge is caused by the canard vor-
tex system. The pattern in lateral turbulence intensity is
shown to be very different at o = 25 deg, where the rms
values are the largest in a region at 60% span covering a
small area from the leading- to the trailing-edge (Fig. 5b).
Values of vy decreas towards the root and the tip of the
fin. The region of maximum rms values is related to the
starboard wing leading-edge vortex sheet approaching the
midsection, in particular, to that part where the canard
leading—edge vortex is embedded. At o = 30 deg, the re-
gion of maximum lateral turbulence intensity has grown
both in size and strength (Fig. 5¢). It is placed closer to
the fin tip due to the starboard wing leading-edge vortex
which moves upwards and becomes enlarged.

Character of the Spectral Content

Velocity spectra are shown in Fig. 6 for o = 25, and 30
deg and f = 0, and 5 deg at station A17 (X =0.611,Y =
0.831). The power spectral density is evaluated with 512
band-averaged and hanning-windowed frequency intervals.
For the Nyquist frequency of 1500 Hz as given above, the
frequency resolution is 2.93 Hz corresponding to a Ak of
0.026.

After the rapid expansion of the vortex core due to burst
the flow changes to a highly turbulent swirling state where
large narrow-band velocity fluctuations occur.(*?) In the
midsection, a narrow-band concentration of kinetic turbu-
lent energy is detected the first time at o = 25 deg (Figs.
6a and 6b). As substantiated in Ref. 1, the distinct fre-
quency peak centered around ¥ = 0.9 coincides with the
sharp peaks detected in the shear layer velocity spectra of
the bursted wing leading—edge vortices. In Reference 18 it
is pointed out that the vortex breakdown flow is subject to
a helical mode instability producing quasi—periodic velocity
fluctuations that in turn gives rise to coherent pressure fluc-
tnations. At o = 30 deg, the fin flow encounters more exten-
sively the vortex breakdown flow resulting in pronounced
frequency peaks of k = 0.6 — 0.8 (Fig. 6c). The spectra de-
pict 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 frequen-
cies are present. At sideslip, the fin flow comes in strong
contact with the vortex core flow, how the spectra becomes
widened and the overall level of turbulent kinetic energy
increases (Fig. 6d).

Evaluation of Buffeting-Induced Fin Surface Pressure

As shown in the previous section the statistical properties of
the buffeting-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 lifting surface
method is applied which is based on unsteady subsonic po-
tential flow. Fundamentals are given by B. Laschka.(?®)

Integral Equation

The Kiissner integral equation reflects the relation between
the angle-of-attack and pressure distributions of harmoni-

cally oscillatihg lifting surfaces.

s zp(y’)
1
a(z,y) = =

—s zy(y’)
x K(z,y;2',y')de' dy'

Acp(zl’y,) X (1)

Related coordinates and dimensions are defined in Fig. 7.
Eq. (1) can as well be used for a static surface (fin) in
a flowfield, where the normalwash as function of £ and y
changes harmonically. .

Fig. 7 Coordinates and dimensions of lifting sur-
face method.

The unknown quantity is the pressure distribution Acp. It
denotes the pressure difference between the both sides of
the surface Ap referred to freestream dynamic pressure ¢oo:

A )
p(z,y) ACp(z,y) elwt (2)
doo
Due to harmonic motions the amplitude of the angle-of-
attack distribution &(z,y) yields:
a(z,y,t) = é(z,y) et (3)
According to References 28 and 29, the Kernel function
K(z,y;3',y') was reduced into a form suitable for numeri-
cal and analytical solutions:

Do e—tks(=¢") ,
K(z,y;¢",y) = =Sr———— ¢ —keln—17]

s2(n — n')?

n—1)

[Kl(ksan o+ 2 (e

~La(kln =) — i
UB

— T iken—'lrg 4
z/ \/1_:-—736 7‘] (4)
0

_ £-¢

VE=E)2 + B2 (n—n')?

o (6=€ ~Mace(e=€)7+57(n=n")?

§—¢ — Maso\/(E =€) +B2(n —n')?

ith UB =
b In —n'} B2
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The dimensionless coordinates ¢,¢’,7,7' and the reduced
frequency k. are referred to the semi-span s. I; and K are
modified Bessel functions of first and of second kind and of
first order; L1 denotes a modified Struve function of first
order.

The unknown pressure distribution Acp(z,y) is approxi-
mated by means of adequate functions in chordwise and
spanwise direction. After introducing those functions into
the integral equation, Eq. (1), a system of linear equations
results. The normalwash condition may be fullfilled in a
number of collocation points (X,Y) which correspond to
the number of functions. Modifications were made to con-
sider high frequency input and an arbitrary number of col-
location points in chord direction. The course of solution is
described in detail in Ref. 30.

Buffeting Excitation Input

The local time-dependent incidences o’»(X,Y) responsible
for fin buffeting can be easily calculated from the measured
fluctuating velocities acting in a plane perpendicular to the
fin surface. This is shown in Fig. 8 with respect to a single
center-line fin as well as to a twin—fin with dihedral.

Vgff = - V' CO8 v
+w sinv

a) Center-line fin b) Fin with dihedral (v)
o = tan(v'/u’) ap = tan(vye/u')

Fig. 8 Local time—-dependent fin incidence oz'F.

Due to the concept of small disturbances in linear potential
theory one can infer that the magnitude of the fluctua-
ting incidences are in the vicinity of 6 deg or less. This is
substantiated by a representative plot of the o p~timeseries

(Fig. 9).

5
e
B 0 i i
3
. AL ,
i !
j 1ir
-5
0 10 20 30

t [sec]
Fig. 9 Timeseries of fin local incidence at station
A1l7 at o = 31.5 deg and § = 0 deg.

The mean incidence @r of the fin(s) at zero sideslip is
known to be quite small. Regarded as a source of ”inter-
ference” airloads the turbulence seems therefore unlikely
to cause flow separation. For the tested center-line fin this
is proved by lyquid crystal measurements.(?”) However, the
highly turbulent breakdown flowfield transfers its unsteadi-
ness by induction effects to the attached flow on the fin. At
sideslip or at twin—fin stations, the turbulence intensity be-
comes strongly increased. As documented in Ref. 31, the in-
board and outboard surfaces of F/A-18 twin—fins at high-«
enveloped by the wake of the bursted LEX—vortices show
regions of highly unsteady and even totally separated flow.

Adopting the lifting surface method the local incidences
o'=(t) may be expressed as a series of superimposed har-
monically oscillations derived from fourier analysis of dis-
crete values.*® The sample record as(t) (zero mean) is of
finite length T, the fundamental period of the data. The
record is sampled at an even mumber of N equally spaced
points a distance h apart; 7' = Nh.

am, = ap(rh) n=12,...,N (5)

For a finite version of a Fourier series which will pass
through these N data values holds:

< 2rgn wes 2mqn
o, = Zchos( ]3 )+ Z B,,sin( 1\?)
g=1 g=1
(6)
Ay = % 5 ab cos(2—’1'\,m), g=1,2,. ,%’——1
n=1
N
B, = %3 of sm(-zl;{‘}ﬁ), g=12...,%-1
n=1

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

fi = 3/T j=0,1,...,N—1
A(f5,T) =, —i(2mjn/N)
A] = i = E aFne (7)
n=0

where h 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 since the Nyquist cutoff fre-
quency fn occurs at this point. The power spectral den-
sity SaIF (X,Y) and the cross spectral density between a
reference point (Xr, Yr) and the considered station (X,Y)
Sat, {Xg,Yr; X,Y) becomes

2h
Sa;‘(X>Y;fJ) = F]AJ(X7Y)|2 . (8)
2h .
SQIF(XR,YR;X,Y;f]') = —]VAJ'(XR,YR)A,'(X,Y)

(9)
where A*(f;) is the complex conjugate of A(f;).

In order to reduce the amount of considered discrete fre-
quencies the relevant frequency range of the incidence spec-
tra 0 < f < fr is divided into ny = 512 intervals Af. For
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each centered discrete frequency

. (2041) fr

fi l=0.1,.... ng—1
2nyg
the amplitude &'~( f1) is determined from the power spectral

density S}, (fi)
htaff2

aR(f) = 2 / Sar () df (10)

F

fi=af/2

carried out at all collocation points (.X,Y"). This implies the
conservative assumption of 100% spatial correlation. From
further measurements with two hot-wire probes, one hold
fixed at the reference point (X g, Yg), cross spectra of local
incidence give information about phase shift.

Hence, the input quantities of the lifting surface code con-
sist of reduced frequency k., the related amplitude of lo-
cal incidence &'%%(X,Y, ke, ), and freestream Mach number
Ma... The code provides the unsteady fin surface pressure
distribution Acy(X,Y, k). From this, the power spectral
density Sa.,(X,Y) and the rms of the pressure fluctuations
Acp,,..(X,Y) are obtained. Integrating the unsteady pres-
sure distribution the power spectral density of the normal
force coefficient S., is gained.

Results and Discussion

Intensity of Calculated Pressure Fluctuations

The rms values of the fluctuations in fin surface pressure
difference Acy,,,,, are shown in Figs. 10 and 11 refering to
the conditions of Figs. 4 and 5. The pattern of the intensity
of the unsteady pressure fluctuations corresponds to that of
fluctuating lateral velocity. This is caused by the linear rela-
tionship between the amplitude functions of local incidence
and pressure, Eq. (1). At @ = 20 deg and # = 0 deg the
pressure fluctuations are very low as the bursted leading-
edge vortices are less expanded and located outwards (Fig.
10a). At a = 25 deg the inboard shift of the wing leading-
edge and the canard vortices, both strongly connected by
their shear layers, accounts for the two regions of maxi-
mum rms values (Fig. 10b). The pattern of Acy,,., is sig-
nificantly changed at o = 30 deg (Fig. 10c). The fin encoun-
ters high pressure fluctuations 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 wing leading-edge vortex sheet
touching the midsection.

At 3 = 5 deg and a = 20 deg, the behaviour in Ac,, ., ,
is such that two regions of increased pressure fluctuations
are present (Fig. 11a). One maximum is located at the root
near the leading-edge. Upwards a local minimum at 16%
span the rms values increase in span direction to form a
second maximum at the midspan trailing-edge. Up to the
fin tip a strong decrease in rms is observed. The pattern
of Acp, ., is completely different at o = 25 deg (Fig 11b).
There, the largest rms values are in a region above 50%
span which covers the whole local chord. With increasing o
this region is shifted upwards being extended at the same
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a) o= 20 deg

b) o = 25 deg

¢) a= 30 deg

Fig. 10 rms pressure contours Acpy,,s at a = 20,
25, and 30 deg and 4 = 0 deg.

time. At o = 30 deg, the peak values reach levels up to
32% (Fig. 11c). The type of behaviour in the pressure fluc-
tuations can be subjected again to the development and
interaction of the wing and canard vortex systems as it
was shown within the flowfield discussion.

In order to verify the results of the lifting surface method
the calculated pressure fluctuation intensity cy,,., is com-
pared to that of unsteady pressure measurements.*®) The
standard fin was replaced by an extensively instrumented
fin, equipped with 24 Kulite XCQ-062-1.7 bar A absolute
pressure transducers. Thereby, unsteady pressure signals
were sampled at 12 positions directly opposite to each other
on each surface. Test conditions refer to Mao. = 0.5, go. =
14.9 kPa and Re = 3.0 x 10°. Leading- and trailing-edge
flap deflections were set to —20, and 20 deg, respectively,
the canard setting angle was set to —10 deg. Pressure sig-
nals were amplified, band-pass filtered with low cutoff fre-
quency of 5 Hz, high cutoff frequency of 1000 Hz, and digi-
tized with a 12 bit ADC. The sampling rate for each channel
was 6250 Hz providing 8000 samples within 1.28 sec.



c¢) o= 30 deg

Fig. 10 rms pressure contours Acppms at o = 20,
25, and 30 deg and # = 5 deg.

Within the lifting surface method values of ¢y, .. corre-
sponding to one side of the surface are obtained by
1
Cprme = 5 ACpn, (11)

This is based on the conservative assumption that the am-
plitude functions of fluctuating pressure at stations oppo-
site to each other act with the same mode. As depicted in
Fig. 12, both measured and calculated ¢, ., are averaged
for one side and plotted together as a function of angle of at-
tack. For the calculated ¢,,,,,, a vertical bar represents the
scope of the respective minimum and maximum whereas
the grey colored area reflects the range of minimum and
maximum measured values. At symmetric freestream there
is an excellent agreement between the measured and the
calculated values of ¢, . (Fig. 12a). As concluded from
the contour plots the magnitude of pressure fluctuations
increases upwards a = 20 deg where a significant rise starts
at a = 25 deg. The gradient in the ¢y, curve is well rep-
resented by the calculated values. At 7 = 5 deg, the values
of ¢p,,,. obtained with the lifting surface code corresponds
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Fig. 12 Comparison of calculated with direct mea-
sured unsteady fin surface pressure as a function of
angle of attack at 3= 0, and 5 deg.

more to the measured values of the leeward (port) side (Fig.
12b). The calculations are based on flowfield measurements
performed with the fin section removed where mainly the
starboard vortex systems dominate the fin flow without
any surface interference. For the fin-on case it seems that
interference effects result in increased pressure fluctuations
on the port (suction) side. At high-a the averaged values
of calculated c¢y,,,, show higher levels than those gained
from the measurements, but they are below the maximum
measured values. )

Spectral Content of Calculated Buffet Loads

Figure 13 depicts power spectral densities of the fluctua-
tions in surface pressure difference at station AIT (X =
0.611,Y = 0.831) for all angles of attack investigated and
for 3 = 0, and 5 deg. A staggered spectra plot with respect
to the span direction at X = 0.44 is shown in Fig. 14 for
a = 28 deg and 4 = 0 deg. In all cases the frequency reso-
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Fig. 13 Spectra of unsteady fin surface pressure
at station A17 (X = 0.611,Y = 0.831) for various
angles of attack at 8 = 0, and 5 deg.

lution is 1.95 Hz. At zero sideslip starting at o = 25 deg,
the spectra exhibit dominant frequencies varying with an-
gle of attack (Fig. 13a). At station A17 the dominant re-
duced frequency based on the mean areodynamic chord de-
creases with « in the range of k = 0.82 — 0.55. Due to
the linear relationship between the oscillations of local in-
cidence and pressure the peaks in pressure spectral density
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 (col-
location points) whereas the content of turbulent kinetic
energy differs significantly (Fig. 14). At 8 = 5 deg, the
spectra becomes widened (Fig. 13b), and turbulent energy
increases. The spectra of fluctuating pressure may be used
as input for structural analysis as described in Ref. 5.

From the discussion of the pressure field and the related
spectra (Figs. 10 and 11, and Figs. 13 and 14) it is seen that
an analysis based on the pressure spectra at one location is
not representative of the buffet load characteristics. In or-
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Fig. 14 Spectra of unsteady fin surface pressure at
X = 0.44 for various stations in span direction at
o = 28 deg and § = 0 deg.
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Fig. 15 Spectra of unsteady fin normal force coef-
ficient for various angles of attack at 8 = 0 deg.

der to describe the buffet loads accurately signals from a
large number of surface positions must be summed. The
lifting surface method provides total buffet loads from pres-
sure summation resulting in the power spectral density of
the normal force coefficient. For various o and f = 0 deg,
the normal force coefficient spectra are presented in Fig.
15. It is shown that the pressure field contains energy over
a moderately wide frequency range, where a peak can be
detected at the same value of reduced frequency as in the
pressure spectra. The behaviour in normal force fluctuation
is quite similar to that observed for F/A-18 twin~fins,(3")
however, the energy content is lower nearly one .order of
magnitude.
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Dominant Frequency

The variation of dominant reduced frequency with angle of
attack, taken from the normal force spectra, is summarized
in Fig. 16a. The dominant reduced frequency decreases with
o from k = 0.8 at o = 25 deg to k = 0.61 at o = 31.5 deg.
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Fig. 16 Dominant reduced frequency of fin buffet
load and flowfield velocity as function of angle of
attack at # = 0 deg.
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at § = 0 deg.

To scale for angle of attack a reduced frequency k' is used
based on the projection of the wing root chord normal to
the freestream. It is shown that for the different « a value of
k' = 0.48 matches with the values of k nearly at a straight
line. In a plane normal to the freestream the volume of the
bursted leading—edge vortex increases with angle of attack,
how the frequency of the related quasi-periodic fluctuations
decrease. Within a certain incidence range this may be h-
near. Figure 16b substantiates the similarity in dominant
reduced frequency of flowfield and normal force.

An excellent agreement can be detected again when com-
paring the computed values of k' with the results of Ref.
30 as shown in Fig. 17. For a flexible aircraft, a large struc-
tural 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 coincide approximately with one of the
fin natural frequencies. If the dominant frequencies of the
buffet loads are well known at an early design stage the
structural properties can be easier 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.

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
o = 20 to 31.5 deg and at # = 0, and 5 deg. The method is
based on fluctuating flowfield vélocity using a modified lif-
ting surface code. The buffeting excitation input was shown
to be characterized by increased turbulence intensity with
peaked velocity spectra. From the lifting surface method
rms values and spectra of fluctuating pressure and nor-
mal force were obtained. It was clearly shown that with
increasing angle of attack 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 canard
leading-edge vortex systems. Normal force spectra exhibit
a distinct narrow—band peak which varies with angle of at-
tack corresponding to that of the velocity spectra. If the
peak reduced frequency is based on the projection of the
wing root chord normal to freestream a value of 0.48 is
obtained which holds approximately for all the incidences
regarded. The results were compared to those of direct mea-
surements of fluctuating fin surface pressure. At symmetric
freestream an excellent agreement was shown for all « in-
vestigated. 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 for
one side would be overestimated, but are below the level of
maximum measured values. It is thought that the predic-
tion method shown herein will be useful for an estimation
of buffet load characteristics at an early design stage.
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