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Tail Buffet of F/A-18 at High Incidence
with Sideslip and Roll (Part 1)

S. Tavoularis* and S. Marineau-Mes’
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and
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The unsteady pressure was measured simultaneously at 24 locations on both sides of a vertical fin of a rigid, 6%
scale model of the F/A-18 aircraft in a wind tunnel. This pressure was integrated over the entire fin surface and
over time to provide the mean and rms normal force, bending moment, and torsional moment on the fin in order
to determine its buffet loading. Results are available for Mach numbers M = 0.25, 0.60, and 0.80; angles of attack
a=25,30, and 32.5 deg; and a sideslip angle — 15 deg < 3 < 15 deg or a roll angle — 30 deg < ¢ < 30 deg. At zero
roll and sideslip the mean force and moment coefficients generally increased with increasing angle of attack; but
as the sideslip or roll angles increased some coefficients changed sign, and their relationships to o became more
complex. A measurable trend of the mean force coefficient to decrease with increasing Mach number was also
observed. The rms normal force coefficient increased significantly as o increased from 25 to 32.5 deg, but showed
no appreciable trends as the Mach number increased from 0.25 to 0.80. The wind-tunnel tests are complemented
by a flow-visualization study of the leading-edge extensions vortices of a 1:48 scale model of the F/A-18 in a water
tunnel, showing the vortex burst locations at different aircraft orientations. Part 2 of this study presents statistical

results of the forces and moments.

Nomenclature

total fin area
area of jth panel on fin surface
= aircraft span (distance between wing-tip missile
launchers)
Cp = instantaneousbending moment coefficient about
the fin root
Cy = instantaneousnormal force coefficient
Cr = torsion moment coefficient about the quarter-chordline
c = wing mean aerodynamic chord (210 mm for the 6%
model and 72.9 mm for the 1:48 model)
cr = fin mean aerodynamic chord (128 mm for the 6%
model and 44.4 mm for the 1:48 model)
= distance of normal force on fin from quarter-chordline
distance of transducer from quarter-chordline
distance of normal force on fin from fin root
distance of transducer from fin root
vertical fin height from waterline to fin tip
aircraft length from nose to engine exhaust
freestream Mach number
pressure on fin outboard surface at jth panel
pressure on fin inboard surface at jth panel
dynamic pressure
Reynolds number based on ¢
distance from the nose along the axis of the aircraft
distance from the plane of symmetry of the aircraft
angle of attack
sideslip angle
roll angle
) rms value
-++) = mean value
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Introduction

IKE other high-performance modern fighter aircraft, the

F/A-18 was designed to operate under wide ranges of speeds
and orientations. It can generate high lift and achieve superior ma-
neuverabilityat high angles of attack, largely because of its leading-
edge extensions (LEX), which are credited with increasing the max-
imum lift of the aircraft' by more than 22% and delaying the angle
of maximum lift to as high as 40 deg. These effects have been as-
sociated with the pair of LEX vortices, which, at sufficiently large
angles of attack, roll up at the LEX edges and are convected down-
stream. Despite their usefulness, the LEX vortices have also caused
concern because they are largely responsible for fatigue failure of
the aircraft’s aft structures. In particular, at angles of attack above
20 deg the LEX vortices burstupstream of the tail resulting in an un-
steady loading of the vertical fins, exciting an aeroelasticresponse,
known as buffeting. Because of the structural damage it causes to
the aircraft, buffeting has been the subject of numerous investiga-
tions, which include wind-tunnel and water-tunnel studies as well
as flight tests. =% An extensive experimental research program has
been undertakenby the Institute for Aerospace Research (IAR), us-
ing an instrumented, rigid, 6% scale model of the F/A-18 aircraftin
IAR’s trisonic blowdown wind tunnel. Previously reported results
of this program include the pressure fluctuation fields on the LEX
and the vertical fin,’~® the velocity field in the near wake of the
fin,!° the peak buffet loading of the fin,!! and the effect of pitch os-
cillations on vortex bursting and fin buffet® Although the previous
publications have documented in detail the interaction between the
LEX vortex and the F/A-18’s vertical fins and have discussed the
effects of Mach number in the subsonic and transonic ranges and
the angle of attack, they have not addressed the effect of changing
orientation of the aircraft, other than in the pitch direction. This ef-
fectis of particularinterestbecause the F/A-18 performs maneuvers
with nonzero sideslip and roll angles (see Fig. 1 for angle defini-
tions), although it is known that such orientations substantially alter
the aerodynamics of the aircraft and have a significant impact on
the LEX vortex structure and path, and, hence, on the vertical fin
buffeting.? Furthermore, an asymmetric orientation of the aircraft
introduces asymmetries in the spanwise flows over the two main
wings and differential forces on the vertical tails, which may have
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Fig. 1 Definitions of the angle of attack «, the sideslip angle 3, and
the roll angle .

instrumented fin

LEX fence

(@]
o

&i}

==

LEX

L/
oS
I

stabilators

L
o
3

l.eflaps t.e.flaps

Fig. 2 Sketch of the aircraft model, also showing the positive orienta-
tions of the normal force, bending moment, and torsion moment coeffi-
cients.

an effecton the lateral and directional stability characteristicsof the
aircraft. A survey of the available literature revealed only few refer-
ences that addressed, to a limited extent, the sideslip effect,® 512716
and, to the best of the authors’ knowledge, no references addressed
systematically the roll effect. The present research consists mainly
of a wind-tunnel study, using the same 6% F/A-18 model, but which
was specifically carried out to investigate the effect of sideslip and
roll angles on tail buffet at large angles of attack and for different
Mach numbers. The present paperis Part 1 of a two-part series, pre-
senting and discussing the high-speed wind-tunnel measurements.
It focuses on the mean and rms forces and moments on the verti-
cal fin, whereas Part 2 (Ref. 17) presents a statistical analysis of
the pressure distribution on the fin, including two-point correlations
and coherence functions between the local pressure and the fin load
and spectra of the load. The present paper also reports some flow-
visualization results showing the F/A-18 LEX vortex trajectories
and burst locations for different values of the angle of attack, the
sideslip angle, and the roll angle. These results were obtained us-
ing a 1:48 scale model of the F/A-18 in the University of Ottawa
water-tunnel facility. Although at a much lower Reynolds number
and entirely in the incompressible flow regime, the water-tunnel
patterns represent fairly well the actual LEX vortex trajectory and
burst locations®#!8 and could therefore be useful in interpreting
the wind-tunnelresults on the loading of the verticalfins at different
aircraft orientations.

Experimental Facilities and Measuring Procedures
Wind-Tunnel Tests

These tests were performed in the trisonic blowdown wind tunnel
atIAR. A hydraulicallydriven control system maintained the Mach
number constant within £0.003 while the stagnation pressure was
held constant within £140 Pa. The rigid 6% scale model (Fig. 2) of
the F/A-18 aircraftusedin this study’ was fitted with AIM-9 missiles
on its wing tips. Its leading-edge and trailing-edge flaps were set at
34 and 0 deg, respectively,and its horizontal stabilators were set at
—9 deg, corresponding to the F/A-18 auto flaps-up mode schedule
settings at high angles of attack. Boundary-layer transition trips,
using rows of epoxy cylinders with diameters of 1.1 mm, separated
by 2.5 mm, axis to axis, and 0.05 mm high, were installed 10.1 mm

Panel
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L

Fig. 3 Locations of pressure transducers on the instrumented fin and
area panels used in the computation of the load.

Transducer

behind the leading edges of the LEX, wings, intakes, vertical tails,
and horizontal stabilators on both surfaces.” In addition, a ring of
the same cylinders was applied around the nose, 10.1 mm behind the
tip, and a longitudinalrow was fixed on the underfuselagecenterline
from the nose to the intakes’ station.” The vertical fins were inclined
slightly such that the chord lines formed angles of 1.02 deg with the
symmetry plane (with the trailing edges pointing inboard) while
the fin centerplanes were tilted (with the tips pointing outboard) by
19.54 deg. Each side of the starboard fin was instrumented with
24 absolute pressure transducers (EndevCO 8515B, 350 kPa full
range), embedded under the surface, at the locationsshown in Fig. 3.
Pressure was sensed via taps, with 0.5 mm diameters and lengths
varying from 0.35 to 0.63 mm. Calibration of the transducers was
affectedby fitting a gas-tight “glove” over the entire fin on the model
and subjectingall transducersto a common pressure from a nitrogen
supply.* The transducersignals were digitized and recorded at a rate
of 38,400 samples/s.

The instantaneousnormal force coefficient (considered to be pos-
itive if the force points in the outboard direction), the instantaneous
bending moment coefficient about the fin root (considered to be pos-
itive if it deflects the fin tip outboard), and the instantaneoustorsion
moment coefficient about the quarter-chord line (considered to be
positive if it twists the leading edge outboard) were estimated from
the following expressions,respectively:

24
(Plj - POj)Aj
Cy = _— 1
=2 ” )
j=1
(pIJ pOJ)A er
Cp = (2)
IX_; qAcy
Z (PIJ pO_])A dc (3)
qAcy

j=1

where the instantaneous(unsteady) pressuresmeasured by the trans-
ducers on the inboard and outboard sides of the fin (Fig. 3) were
assumed to be uniform over the corresponding panels. Time series
for the instantaneous force and moment coefficients were obtained
from the corresponding pressure signals and then processed to pro-
vide the mean and rms values. The measured mean force and mo-
ment coefficients at zero roll and sideslip were in good agreement
with strain gauge measurements of these coefficients on the port
fin.® Their uncertainty has been discussed in Refs. 8 and 16.

Water-Tunnel Tests

These were performed at the University of Ottawa water tunnel,
whichisaclosedcircuit, recirculatingflow facility with a test section
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0.50 m wide, 0.75 m high, and 4 m long. The plastic model (Revell
MonogramF-18C Hornet) was scaled at 1:48. Its leading-edgeflaps
were set at an angle of 34 deg, whereas the trailing-edge flaps and
the horizontal stabilators were kept undeflected at 0 deg. The model
was equipped with LEX fences and replicas of AIM 9 wing-tip
missiles. Water suction was applied to tubes inserted through the
engine exhausts to simulate engine inlet flow, at a speed equal to
the freestreamvelocity. Custom designed mechanisms permitted the
pitching, yawing, and rolling of the model, while maintaining the
point at x// =0.33 along the model axis fixed, at a position very
close to the center of the water-tunnel cross section. Typical uncer-
tainties in the settings of the different angles were about 0.5 deg.
Methyl violet dye was injected through hypodermic tubes, having
a 0.39-mm inner diameter and positioned with their tips near the
junction of the LEX with the forebody, such that the dye streaks
were entrained directly into the LEX vortex core. The dye flow rate
was normally adjusted to match the freestream speed of the water,
except when enhanced visualization of the tail region was desired,
in which case the dye flow rate was doubled. Injection of excess
dye appeared to have no noticeable effect on the location of the
vortex bursting. Images were recorded using a Sony digital video
camcorder. Both plan and side views were taken sequentially at
each model orientation. The digital video clips were downloaded
onto a PC where they were later manipulated and still images were
extracted. The water speed was measured with a two-component,
fiber-optic, laser-Doppler velocimeter.

Flow-Visualization Results

General Observations

The reportedresults were mostly obtained at a freestream velocity
0f0.054m/s, which providedoptimum flow visualizationof the LEX
vortex core. The Reynolds number, based on this velocity and the
mean aerodynamicchord ¢ of the model wing, was Re =2.66 x 10°.
Sample tests at two angles of attack and zero sideslip or roll, con-
ducted at Re =2.66 x 10%,4.04 x 10°, 5.43 x 10°, and 8.39 x 10°,
showed variations of the location of vortex bursting by less than
5% of the aircraft length, which is comparable to the uncertainty
of observation. Video records of both the plan and side views were
obtained for the following model orientations: with the roll angle
set at zero, the angle of attack was set at 20, 25, 30, 32.5, or 40 deg;
and the sideslip angle was varied between —15 and 15 deg, at steps
of 3 deg, for each «; then the sideslip angle was set at zero, the
angle of attack was set at 25, 30, or 32.5 deg, and the roll angle
was varied between —30 and 30 deg, at steps of 5 deg. Figure 4 is
a sample still image, taken from a video clip corresponding to the
case with « =30 deg, B =0 deg, and ¢ = —30 deg; it clearly shows
the locations and patterns of LEX vortex bursting for this particular
orientation of the model: the leeward vortex remained tight over
much of the aircraft’s length and burst just before approaching the
tail the wing, while the windward vortex burst close to the LEX
leading edge. The recorded video clips for different orientations
were analyzed by inspection,and the most likely locations of vortex
bursting were identified and tabulated. In the absence of sideslip and
roll, the two LEX vortices were approximately symmetrical about
the model plane of symmetry, whereas introduction of sideslip or
roll resulted in asymmetric shifting of both the mean vortex axes
and the vortex burst locations. The axial, spanwise, and vertical
coordinates of the nominal bursting location, nondimensionalized
by the aircraft length / (namely, the distance between the nose and
the engine exhaust), half-span b/2 (namely, the distance between
the plane of symmetry and the wing-tip missile launcher), and fin
height & (namely, the distance of the fin tip from the plane contain-
ing the nose and the exhaust exit centers “waterline”), respectively,
for varying sideslip and varyingroll, have been presentedin Ref. 19.
The presently found streamwise burstlocations for zero sideslip and
roll at different o compared favorably with corresponding data in
water tunnels, wind tunnels,and flight tests,? particularlyif one con-
siders the appreciable scatter, up to 10% of /, displayed by different
tests. Compared to those found in previous water-tunnel tests, the
present burst locations, for fixed « and zero sideslip and roll, were

Fig. 4 Water-tunnel flow visualization of the F/A-18 LEX vortices at
a =30deg, 3 =0deg, and p = — 30 deg.

-0.0 - - o
- ise windward side =30

01 o go

0.2
03

04| B=0°
| | |

~15°

leeward side

0.0 | windward side a=25°
0.1

0.2

y/(b/2)

0.3

0470 ﬁ;0° - leeward side
| | ! | | |

00 20°
I windward side o=

01 15 Y _age
6 48

-0.2 [~

0.3 [T~ sandiin and Ramirez'*
JHoe Del Frate et al.? S
-0. | | —o— present results B=0'°

.
355

leeward side
1 | L 1 L 1 L | ! | !

.5
025 035 045 055 065 075 0.85
x/1
Fig. 5 Variation of the LEX vortex burst location with sideslip an-

gle, based on present and previous»'* water-tunnel flow-visualization
results.

up to 5% of I downstream of Del Frate et al.’s results® and up to
7% of | upstream of Sandlin and Ramirez’s results.' The latter two
referencesreport LEX vortex burstlocationsfor varyingsideslip (al-
though for much narrower ranges than those in the present study),
although there is no available source reporting similar results for
varying roll. It is reminded, however, that any aircraft orientation
with respect to the freestream obtained by pitching and rolling is
identical to an orientationobtained by pitching and yawing® so that
itis possibleto obtain results with the aircraftin roll by interpolating
corresponding results with the aircraft in sideslip.!”

Effect of Sideslip on Burst Location

The LEX vortex burst locations, on the aircraft planform, for three
angles of attack and varying sideslip angle have been summarized
in Fig. 5, together with similar results from two other references.
The locationscorresponding,at leastnominally, to the same orienta-
tions vary from one experimentto the other, with the presentresults
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being closer to those by Del Frate et al.> than those by Sandlin and
Ramirez.!* Besides possiblesystematicdifferencesin the definitions
and determination procedures of the burst locations, discrepancies
may have been introduced by small differencesin the aircraft model
shapes and engine flows, by water-tunnel blockage effects, and by
parallax,among others. What is positive, however, when comparing
the three sets of results is that one can observe similar trends, as far
as the effect of sideslip is concerned: increasing sideslip moved the
burst location of the windward vortex toward the LEX apex and the
burst location of the leeward vortex toward the tail and away from
the plane of symmetry. The present experiments are the only ones
for which the sideslip angle extended beyond the £6-deg range, up
to £15 deg. As shown in Ref. 19, when 8 > 10 deg the vortex burst
very close to the apex for all five values of o considered, whereas
when B < —10 deg the vortex burst far downstream, near the leading
edge of the vertical fin for 20 deg < o < 32.5 deg or just upstream
of the wing leading edge for @ =40 deg. With respect to spanwise
direction, the burst location on the starboard side remained close
to the main wing root for all positive 8 and moved outboard with
increasingly negative 8, well surpassing the vertical fin plane; an
exception to the latter behavior was the @ = 40° case, in which the
vortex burst occurred close to the LEX apex for all orientations.
The vertical burst location was close to the aircraft’s surface at large
positive 8 but remained at a level comparable to the mid-height of
the vertical fin at zero and negative 8 (Ref. 19). In summary, at
large positive B, the starboard LEX vortex burst far upstream of the
starboard vertical fin, so that the fin was immersed in large-scale,
turbulent flow, while, at large negative B, the burst occurred in the
vicinity of the fin, towards its outboard side, thus increasing the pos-
sibility of large unsteady pressure fluctuations on the fin, especially
on its outboard surface.

Effect of Roll on Burst Location

The LEX vortex burst locations, on the aircraft planform, for dif-
ferentangles of attack and varyingroll angle have been summarized
inFig. 6. Increasingtherollangle from —30 to 30 deg monotonically
shifted the axial location of the starboard LEX vortex burst upstream
for all three angles of attack examined. In contrast, the spanwise lo-
cation changed very little for positive ¢ and moved outboard for
negative ¢, while the vertical location moved upward with dimin-
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Fig. 6 Variationof the LEX vortex burstlocation with roll angle,based
on present water-tunnel flow-visualization results.

ishing positive ¢ and was nearly constant for negative ¢ (Ref. 19).
A comparison with the corresponding plots with sideslip reveals a
prominent similarity in the bursting locations of the LEX vortex un-
derroll with those under sideslip.In both situationsarelatively large
anglecausedthe windward vortex to burstnear the LEX leadingedge
and the leeward vortex to burst further downstream. The loci of the
burst locations for varying roll show trends comparable to those for
varying sideslip, for all three angles of attack for which there are
sufficient data. The similarity between the effects of roll and sideslip
on the LEX vortex can be attributed to the fact that nonzero roll or
sideslip effectively decrease the sweep angle of the windward LEX,
while increasing the sweep angle of the leeward LEX, which in both
cases results in the same type of asymmetric LEX vortex paths and
bursts. These results are to be expected from the equivalence of ori-
entations with pitch and roll and corresponding orientations with
pitch and sideslip.'*=2? For example, application of the trigonomet-
ricrelationshipsderivedin Refs. 19 and 20 shows that the orientation
with o« =30 deg, p =0 deg, and ¢ =20 deg is precisely equivalent
to the orientation with o« =28.48 deg, # =9.85 deg, and ¢ =0 deg,
which, for the presentrough purposes,can be taken as essentially the
same as the orientationwith « =30 deg, 8 = 10 deg, and ¢ =0 deg.
Within the same approximation one can compare the entire o =
30-deg curve for varying sideslip (Fig. 5) with the « = 30-deg curve
for varying roll (Fig. 6) and see that they are essentially the same,
if one uses ¢ =2, which is close to the precise values determined
from the equivalence relationship.

The interpretationof the preceding results should be viewed with
some caution, in consideration of possible interactions of the LEX
vortices with forebody vortices.?*?* Reference 14 has shown that,
for the F/A-18, strong forebody and wing/LEX vortex interactions
occur at angles of attack, sideslip, and roll comparable to the ranges
used in the present investigation of LEX vortex breakdown. The
more powerful LEX vortex attracts the weaker forebody vortex,
which is drawn underneath the LEX vortex system. With sideslip
the forebody-LEX vortex interactions are such that the windward
body vortex is not coupled with the LEX-wing flowfield as strongly
as its leeward counterpart (see discussion in the recent review by
Lee®).

— . a=25° ,
Cy 0=30° Cy
u a=325°
0.4 ™i; 015
0.3 oty -
0.2 * . Eny
> 0.10 4 L]
o1l o fallt
28'? S e 0.05 A XL
-0.2
-0.3 0.00
M=0.25
0.4 Ty 0.15
03|° es.3u3 .,
0.2 et 0.10 EE ¢
0.1 Teln i a, l:llA
0.0 ——— T+ - .
0.1 Lot 0.05 0...0"0""
-0.2 T *e
-0.3 * 0.00
M=0.6
0.4 0.15
0.3 . T
02|* efeVey am_ |
o1 . -.'ll- 0.10|® ‘: .:!
-0.0 f——+— At daflmmmg,
0.1 1 Ce* 0.05 cesefere’
-0.2 T
-0.3 0.00 - -
-16 -8 [0} 8 16 -16 -8 0 8 16
M=0.8

B B
Fig. 7 Effect of angle of attack on the mean and rms normal force
coefficients for different Mach numbers and sideslip angles.



14 TAVOULARIS ET AL.

_ o M=025 i
Cx A M=06 Cy
= M=08
0417 . 0.15
0.3 Al A:
a
0217 =uulfy, 0.10{2 u -
0.1 .y
0F—+—— ——— s
-0.1 Byn 0.05 A.i::ﬁ:ll"
0.2 “a
03 = 0.00
a=25°
04 T 015
0.3 aalgl
- am?
02 TR, 010 & _ee44%
ot =t 14, iediaia
-0.1 + 0.05
0.2 T
-0.3 0.00
o=30°
gg Y T . 0.15
. aly b 4 . a
0.2 ':[.'. 040 'i‘:‘lng
o1l " iz
-0.1 T 0.0
-0.2 T
0.3 0.00 . -
16 -8 0 8 16 -6 8 0 8 16
0=32.5°

() B ()
Fig. 8 Effect of Mach number on the mean and rms normal force
coefficients for different angles of attack and sideslip angles.

—_ . 0=25° ,
Cy N 0=30° Cqy
n a=325"°
0.2 0.08
0.1 ouz 006 . ]
R . ) X
'0!!._ 0.05 L
0.0——+——+141 0.04 b P
. 0.03 eevw e,
0.1 * 0.02 ot
0.01 T+
0.2 0.00
M=0.25
0.2 0.08
. . 0.07 e, T
0.1 [y 0.06 . amy
RS P 0051  “., fag 4
0.0 — eaay 0.04 T .'e.
0.1 +oe 00| ®eeect
-0. R e
°e o 0.01 T
0.2 0.00
M=0.6
0.2 0.08
0.07 ™ T
0.1|s mTe T o.osle *T .1
Riidd I T 0.05 LPUPR | N
0.0 =+ I T P 0.04 feadge
01 roet | IEEETTLT S
0.01 T
0.2 0.00
16 -8 0 8 16 16 -8 0 8 16
M=0.8

Q) B
Fig. 9 Variation of the mean and rms bending moment coefficients
with sideslip angle.

Wind-Tunnel Measurements

The wind-tunnel measurements are summarized in Figs. 7-11.
These measurements include mean and rms values of the normal
force coefficient (Figs. 7 and 8), the bending moment coefficient
(Fig. 9), and the torsion moment coefficient (Fig. 10) at zero roll
and with varying sideslip, for three Mach numbers (0.25, 0.60, and
0.80), and three angles of attack (25, 30, and 32.5 deg), and values of
these coefficients at zero sideslip and varying roll for the preceding
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Fig. 11 Variation of the mean and rms force and moment coefficients
with roll angle for zero sideslip and o = 30 deg.

three Mach numbers but at the single angle of attack of 30 deg
(Fig. 11).

Reference Case of Zero Sideslip and Roll

Earlier measurements’ of Cy at M =0.60, for a wide range of
o and zero sideslip and roll, show negative loads for o <20 deg
and positive loads for « > 20 deg, with a maximum value at about
o = 32.5 deg. The present measurements at symmetric orientations
(Fig. 7) are in agreement with the preceding and further show that
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for the Mach numbers and angles of attack considered the mean
normal force was positive, namely pointing outboard. Total pres-
sure measurements’!? of the flowfield just downstream of the fin at
o =30 deg have revealed a low pressure, vortical-typeregion, out-
board of the fin. This is clearly caused by the LEX vortex, which,
althoughburst well upstream of the tail at this orientation, it retained
an identifiable structure. It has been pointed out?® that downstream
of a spiral vortex breakdown there is a helical flow structure that
still generates significant suction, which is not lost entirely until
breakdown has reached the apex. Water-tunnel flow visualization
at o« =40 deg, not achieved in the present wind-tunnel tests, shows
that the axes of both vortices passed inboard of the vertical fins®;
this implies that at sufficiently large o a reversal of the mean force
direction can occur. The effect of Mach number on the normal force
is shown in Fig. 8. The results follow trends that depend on both M
and « but are difficult to generalize. For example, in the M =0.25
tests (Fig. 7) Cy increased for « increasing from 25 to 32.5 deg; in
the M =0.60 tests Cy increased for « increasing from 25 to 30 deg,
but was essentially the same for o« =30 and 32.5 deg, whereas in
the M = 0.80 tests Cy was nearly the same for the three angles con-
sidered. In general, the M = 0.60 results are closer to the M =0.25
ones than to the M = 0.80 results. Previous literature has identified
transonic effects on the LEX vortex at M = 0.80: Erickson et al.
reported noticeable changes of the shape and position of the LEX
vortex, compared to those at lower M, whereas at least for moderate
angles of attack there is some evidence for the formation of shock
waves over the wing® at M = 0.80. Therefore, the M = 0.80 results
should be treated as distinct from those at the lower M. Consistently
with the direction of the normal force, the mean bending moment
(Fig. 9) about the fin root was also positive, tending to bend the tip
outboard. The line of applicationof this force on the fin can be found
by considering that its dimensionless distance from the fin root is
given by

d,/csz_'B/C_'N (4)

The presentresultsshow a typicalline of applicationof the normal
force at a position, which is about 20% of the fin’s height above the
root, namely near the boundary between the lowest and the second
rows of panels (Fig. 3). The mean torsion moment was negative,
tending to twist the leading edge outboard. This means that the
mean load applies at a point upstream of the quarter-chordline. The
distance of the line of action from the quarter-chordline, found from
the expression

dC/Cf =éT/éN (5)

was typically 16% of c;.

In conclusion, it was found that at zero sideslip and roll the normal
force applied at a point near the root and the leading edge of the fin,
roughly at the boundary between panels 1 and 6, as shown in Fig. 3.
Although fin buffeting depends mainly on the load fluctuations, it
is reminded that static deformation, caused by steady loading, can
also have an effect on the fin’s dynamic response, because of the
self-induced aerodynamic loads.?’

The rms force and moment coefficients were all relatively large,
with orders of magnitude comparable to those of the corresponding
mean coefficients. All valuesincreasedsignificantly with increasing
a. The value of C}. at @ =32.5 deg was twice that at o = 25 deg.
Shah’s® measurementsof the rms bendingmomenton the verticalfin
in essentially incompressibleflow also show a sharp increase of this
parameter as « increases from about 20 to 38 deg, beyond which
it decreased again. The rms load coefficients were only slightly
dependent on the Mach number, with the M = 0.80 results being
somewhat lower than those at lower M. The presentresults confirm
previous findings pointing to the significance of unsteady loading
of the vertical fin at large «.

Effect of Sideslip

The sideslip angle was varied by different amounts for each test
with a maximum range from —15 to 15 deg. Negative sideslip (see

Fig. 1) correspondsto the instrumented fin being on the leeward side,
whereas positive sideslip corresponds to the fin being on the wind-
ward side. A number of observationscan be based on these results,
althoughit is generally clear that the introductionof sideslip greatly
complicated the aerodynamic loading of the vertical fin, which, in
addition, depended on the angle of attack and the Mach number.
The mean normal force and the mean bending moment coefficient
decreased almost linearly in the range —4 deg < 8 <4 deg, for all
angles of attack and Mach numbers examined. For larger sideslip
angles the trends followed by these parameters depended also on o
and M. For example, for M = 0.60 (Fig. 7) Cy reached a maximum
at B~ —6 deg when o = 30 deg, but it kept increasing with decreas-
ing B within the examined negative sideslip ranges for the other two
values of «. Although not always observed within the examined
ranges, it is reasonable to postulate that, with increasingly negative
B, the mean normal force on the fin would reach a positive peak
at some negative 8 for all « and M. As § increased toward positive
values, Cy decreased, and, for those tests that contain sufficiently
large B results, it crossed zero at a positive B, which seemed to be
insensitive to the Mach number (Fig. 8) but increased quite rapidly
with increasing « (Fig. 7). Typically, C crossed zero at 8 ~ 4 deg
fora ~25deg, at 8 ~ 7.5 degfora & 30 deg, and (by extrapolation)
at B~ 10 deg for o ~32.5 deg. At relatively large 8 of either sign,
the normal force magnitude reached maxima, and then it decreased
again. It is possible that extensive flow separation over the fin is
responsible for this decrease. ~

The mean bending moment coefficient Cg had variationswith M,
B, and o, which were quite similar to those of Cy. The values of
this coefficient can be used, together with the corresponding values
of the load, to estimate the distance of the point of application of
the fin load from the fin root, for different sideslip angles. Unfor-
tunately, this procedure becomes increasingly uncertain as the load
changes sign, in which case d, becomes proportional to the ratio of
two small numbers. Inspection of the reliable results did not reveal
any significant trends, as the distance of the normal force line of
action from the fin’s root did not seem to shift significantly away
from its zero sideslip value. The mean torsion moment coefficient
Cr had a variation that was quite distinct from those of the other two
coefficients, at all examined Mach numbers and angles of attack: it
reached a negative minimum at a small negative 8 (around 2 deg),
and it increased to positive values as f deviated from that value.
For this coefficient the effect of Mach number appeared to be sec-
ondary, whereas the effect of angle of attack was quite measurable
with the o =30- and 32.5-deg results being much closer to each
other than to the o =25-deg results. Once more, if one excludes
the results with near zero load because of their high relative uncer-
tainty, it appears that the point of application of the mean normal
force remained between the fin’s leading edge and its quarter-chord
line throughoutthe presenttests, despite the fact that the directionof
the torsion moment changed sign. For a conclusiveinterpretationof
the fin loading patterns, one requires the detailed knowledge of the
velocity field around the fin, but, unfortunately, this is not available.
Furthermore, flow visualization shows that, under all orientations
of present concern, the LEX vortex that interacts with the fin would
burst upstream of the fin so that its impact on the fin would be dif-
ficult to localize. Consideration, however, of the effective angle of
attack of the vertical fin for different sideslip angles makes it clear
that moderately negative sideslip would tend to further increase the
positive normal force on the starboard fin, whereas positive sideslip
would tend to decrease it. For a particular « there is a positive 8 at
which the mean normal force would vanish and beyond which this
force would become negative, i.e., inboard. The fact that the zero-
force sideslip increases with increasing o while the low-pressure
LEX vortex region moves inboard as o increases>® implies that the
fin loading depends on the relative position of the LEX vortex axis
with respect to the fin for these orientations.

Although the mean loads show some identifiable sensitivity to
the dynamic and geometric parameters, the rms load trends are less
clear. A general observationis that the rms loads increase substan-
tially with increasing angle of attack at all tested M and S, consis-
tently with the previously documented tail fin buffeting behavior.
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The increase can be as high as two- to threefold as « increases from
25 to 32.5 deg. From Fig. 8 the sensitivity of all three coefficients
to the Mach number appears not to be strong.

Effect of Roll

All tests at different roll angles were conducted at an angle of
attack of 30 deg, zero sideslip, and three Mach numbers 0.25, 0.60,
and 0.80, respectively. The roll angle was varied from —30 to 30 deg
for the M =0.60 and 0.80 tests, but only from —15 to 15 deg for
the M =0.25 tests. Shown in Fig. 11 are the computed mean and
rms loads for these tests. As expected by the equivalence between
orientations with roll and sideslip, the results shown in Fig. 11 are
similar to those presented in the correspondingplots of Figs. 7-10.
The variationsof Cy and Cy are strongly asymmetric. In particular,
Cy increases with increasingly negative ¢ up to a maximum, which
occurred at approximately —5 deg for M =0.80, at —11 deg for
M =0.60,and atananglelessthan —15degfor M =0.25, and thenit
decreasesagain. At positiveroll the M = 0.60 results show a mono-
tonic decreaseup to ¢ =30 deg,in which case Cy ~ —0.25, whereas
the M =0.80resultsreacha plateauat about Cy =~ —0.05. Cy shows
a variationthat is almost identical to that of C . The variationof C
shows a rather weak dependenceon M and a relatively small degree
of asymmetry with respect to roll, for —15 deg < ¢ <15 deg, com-
pared to the variations of the other two coefficients. In particular,
Cr attains its largest, negative, magnitude at a slightly negative roll
angle, and then it increases as the roll magnitude increases toward
both negative and positive values. It crosses zero at about —15 and
15 deg, and then it attains positive values. The results show that for
roll angles in the range from —15 to 15 deg the torsional loading
of the vertical tail is such that its leading edge tends to be twisted
inward toward the centerplane of the aircraft, whereas for larger
roll angles the torsional load has the opposite sense. The general
conclusion based on these observationsis that the roll angle has a
significant effect on the mean loading of the vertical tail fins of the
F/A-18. On the other hand, Fig. 11 also shows that the rms val-
ues of Cy and Cp have a rather weak sensitivity to Mach number,
whereas the rms value of Cr has a stronger dependence on M for
—10deg <¢ <10 deg.

Conclusions

The present study has contributed new experimental results to
the sparse literature on the effects of sideslip and roll on the buffet
loads experiencedby the vertical fins of the F/A-18 at high angles of
attack. The loading patterns that were measured in the wind-tunnel
tests have been discussed in the context of new flow-visualization
results showing the paths and burst locations of the LEX vortices
for ranges of sideslip wider than those reported in previous studies
and, for the first time, for wide ranges of roll. Increasing sideslip
or roll resulted in a shifting of the burst location of the windward
LEX vortex toward the LEX apex and in a shifting of the burst
location of the leeward LEX vortex toward the tail and away from
the plane of symmetry. For the symmetric orientation of the aircraft,
the measured mean force, bending moment, and torsion moment
coefficients generallyincreased with angle of attack increasing from
25 to 32.5 deg and decreased with Mach number increasing from
0.25t00.80.The rms normalforce coefficientincreasedsignificantly
with increasing angle of attack but was rather insensitive to Mach-
number changes. Subjecting the aircraft to sideslip or roll further
increased the complexity of the dependence of the mean coefficients
upon o and M, in some cases even reversing the signs of these
coefficients for sufficiently large sideslip or roll.
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