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Tail Buffet Alleviation Through the Use
of Wing–Strake Fillet Shapes

Terence A. Ghee,¤ Hugo A. Gonzalez,† and David B. Findlay‡

U.S. Naval Air Systems Command, Patuxent River, Maryland 20670-1906

Various � llet shapes at the strake–wing juncture of a 76/40 deg double-delta wing model were experimentally
investigated to gauge the effect of the � llet in alleviating adverse vortex/tail interaction. The vertical tails were
instrumented with 28 fast-response pressure transducers. Pressure time histories and frequency power spectral
densities were analyzed for four wing–strake � llet con� gurations and at three spanwise tail locations. Angle of
attack was varied from ¡ 2 to 40 deg, tunnel dynamic pressure was 26.74 psf (1280 pascals), and Reynolds number
was 1.3 £ £ 106. The results show that the � llet geometry can increase or decrease tail buffet in comparison to the
baseline, no � llet case. Linear and parabolic � llet shapes were found to increase tail buffet above the baseline case.
A diamond � llet shape was found to alleviate tail buffet and shift the tail buffet to a higher frequency. The use of
such a shape on � ight vehicles may result in a longer fatigue life of the vertical tails.

Nomenclature
A = constant, b=V1 , 0.0091/s
AR = aspect ratio, 2.41
a1 = speed of sound, 1155 ft/s, 352 m/s
b = span, 1.36 ft, 0.414 m
C = coherence
CP = pressure coef� cient, p ¡ p1=q1
c = chord, ft, m
cR = root chord, 1.33 ft, 0.405 m
cRtail = tail root chord, 0.38 ft, 0.116 m
ct = tip chord, 0.21 ft, 0.064 m
ct tail = tail tip chord, 0.13 ft, 0.040 m
f = frequency, Hz
G = ampli� er gain
Iraw = raw integer value (digital)
M1 = freestream Mach number, V1=a1 , 0.13
P = pressure, psf
Pref = reference pressure, psf
q1 = tunnel dynamic pressure, 26.74 psf, 1280 pascals
Re = Reynolds number, (½1V1CR /=¹1 , 1.3E6
S = wing area, 0.768 ft2, 0.071 m2

Se = transducer sensitivity, V/psf
Sr = Strouhal number, (b f /=V1
Stail = tail area, 0.093 ft2 , 0.009 m2

t = time, s
tmax = model maximum thickness, 0.0313 ft, 0.001 m
V = excitation voltage, 10 V
V1 = tunnel freestream velocity, 150 ft/s, 46.7 m/s
® = geometric angle of attack, deg
¸ = taper ratio, 0.16
¸tail = tail taper ratio, 0.33
¹1 = viscosity, 3.7373E¡7, slug/(ft ¢ s),

1:7894E¡5 kg/(m ¢ s)
¿ = nondimensional time, (ta1/=cR
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Introduction

M ODERN � ghter/attackair vehiclesrely on vortex lift to allow
the vehicle to achieve high-angle-of-attack � ight. Typically,

a leading-edgeextension (LEX) is combined with a modi� ed delta
wing. The LEX surface creates a pair of vortices that generate sig-
ni� cant lift. However, the use of vortex lift is not without a down-
side. Impingement of the burst LEX vortices on the vertical tail of
a modern � ghter/attack air vehicle was found to cause fatigue and
premature replacement of the vertical tails. It is thought that the
breakdown of the LEX vortex impinged on the vertical tails at a
frequency close to a structural vibratory mode. Many researchers
in recent years have focused on quantifying the effect of the LEX
vortex on vertical tails.1¡5

Wing–strake � llets on double-deltawings have been investigated
by variousU.S. Navy researchersto determine � llet effect on forces
and moments and � ow� eld structure.6¡11 As part of a continuing
effort into the effects of � llet shapes on vertical tail buffet, a wind-
tunnel test was conductedusing a 76/40 deg double-deltawing with
instrumentedvertical tails. In addition,the vertical tails were moved
spanwise. Pressure time historieswere recordedand analyzed in the
time and frequency domains to quantify the response sensed on the
vertical tails to the vortex forcing.

Experimental Apparatus
The tests were conducted in the U.S. Naval Aerodynamic Test

Facility (NATF). The NATF is a 4 ft £ 4 ft (1.2 m £ 1.2 m) closed
test section, open-return wind tunnel. The facility incorporates a
200-hp motor that drives a variable pitch fan and delivers a max-
imum velocity of 205 ft/s (62.5 m/s). In addition, the facility has
honeycomb and three sets of � ow conditioning screens. Figure 1
shows the 76/40 deg double-deltawing in the NATF.

The model used in the present investigation consisted of a
76/40 deg double-delta wing with vertical tails mounted on booms
aft of the wing. Manufactured of stainless steel, the model featured
a � at upper surface with sharp, 20-deg beveled edges (see Fig. 2).

Four sets of � llets (shown in Fig. 3) were used in the present
investigation: a baseline (no � llet, F1), linear (F2), diamond (F3),
and parabolic (F4). Each � llet planform area was 1% of total wing
planform area. Thus, starboardand port � llets combined to total 2%
of the wing planform area. Details of the � llet geometry, design,
and effect on aerodynamic performance may be found in Refs. 6
and 7.

The rigid vertical tails were attached to booms that were then
mounted to the underside of the wing. The booms were positioned
at three spanwise locations (see Fig. 4). The tails were instru-
mented with 28 Kulite® fast-response, differential-gauge pressure
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Fig. 1 Double-delta 76/40 deg wing in NATF.

Fig. 2 Schematic of 76/40 deg double-delta wing.

Fig. 3 Fillet geometry.

transducers: The starboard tail had 12 transducers on the inboard
and outboard side (see Fig. 5). The port tail had transducers lo-
cated equivalent to transducers 9, 10, 13, and 14 on the starboard
tail. These port tail transducer locations proved unfortunate as the
strongest response was seen along the leading edge of the vertical
tails. The tails were positioned normal to the wing surface and had
an 18.43-deg leading- and trailing-edgesweep angle. A cover plate
spanned the area between the tails and mitigated the effect of the
� ow on the under surface from the � ow on the upper surface.

A short sting assembly attached to the facility pitch strut sup-
ported the model. Because of an error in mounting the support
system turntable, a ¡1.344-deg sideslip angle was introduced. In

Fig. 4 Vertical tail location.

Fig. 5 Transducer location on vertical tails.

Transducers 1, 3, 5, and 7

Transducers 2, 4, 6, and 8

Fig. 6 Cp (standard deviation) vs ®, F1T2.
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recent tests in the NATF, the cross� ow angle was determined to be
¡0.09 deg. Thus, the error in sideslip was ¡1.254 deg. Also, the
supportsystemwas constrainedvertically;themodelmoved off cen-
terline with changing angle of attack. However, velocity surveys of
the tunnel test section have shown the difference in � ow uniformity
to be less than 1%.

The data were acquired using a Sheldon SI-100 16-bit, 32-input
data-acquisitionsystem connectedto a personal computer.This sys-
tem sampled the data in a multiplex fashion.Thus, data coincidence
was not possible with this system. However, the time shift between
data takenat a subsequentchannelwas 2.0 ¹s. The worst case would
be the differencein time betweenchannel1 and32 andcorresponded
to 64 ¹s, but was still almost double the data sampling rate.

Procedure and Data Reduction
The tests were conductedat a constant tunnel velocity of 150 ft/s

(45.7 m/s) [q1 D 26:74 psf (1280 pascals) and Reynolds number of
1.3 £ 106 based on root chord]. Model incidence was varied from
¡2 to 40 deg, more speci� cally, ¡2, 0, 2, 10, 16, 18, 20, 22, 24, 26,
28, 30, 32, 36, and 40 deg. Before tunnel startup, 5 s of wind-off-
zero data were acquired. The transducers were then nulled, and the
tunnelwas driven to 150ft/s. After test conditionssteadied,unsteady
pressure data were acquired. Unsteady tail pressures were sampled
at 8192 samples/s for 30 s. A Bessel � lter provideda low-passcutoff
frequency of 2212 Hz. Following tunnel shutdown, wind-off-zero
data were acquired for comparisonto the pretestwind-off-zerodata.
The tails were tested at the most forward location on the booms at
three spanwise locations (T1, T2, and T4 in Fig. 4) for each � llet
and the baseline con� guration.

The data were � rst analyzed to cull the vast amount of data to a
workable amount. A custom Labview software routine was used to

Transducers 1, 3, 5, and 7

Transducers 2, 4, 6, and 8

Fig. 7 Cp (standard deviation) vs ®, F2T2.

look at all of the data and choose those con� gurationswhere signi� -
cant tail/vortex interactionsoccurred.In this manner, approximately
120 con� gurations were perused and reduced to 35 con� gurations
to be analyzed. For each of the 35 con� gurations, all 28 transducers
were evaluated to determine the time history and power spectral
density (PSD) characteristics.

The large size of the data array (245,760 samples per transducer
per run) necessitated the data be analyzed on a high-performance
computer system. MATLAB® software was used to determine
the pressure time history and pressure PSD using an SGI Power
Challenge Array located at the U.S. Army Research Laboratory
(ARL).

The data were converted to engineeringunits using the following:

P ¡ Pref D [.Iraw £ V /=65,535]
G £ Se

(1)

in poundsper square foot. The assumption was made that the wind-
off-zero pressure was total pressure. At the time of the test, a baro-
metricpressuredevicewas not available.Thus, tunnelstaticpressure
was determinedby subtractingthe tunneldynamicpressurefrom the
wind-off-zero (or total) pressure. Pressure coef� cient data were de-
termined by the following:

C D f[.Pmeasured ¡ Pref/ ¡ .Pwind-off zero ¡ Pref/] ¡ q1g=q1 (2)

The coherentacousticnoisepresent in the freestreamdata was re-
moved from the tail pressuremeasurementsby assuming the model
oriented at 0-deg incidence measured freestream noise. Although
the use of zero-angle-of-attack data to remove the acoustic noise
content is not true coherence, an unsteady static pressure probe

Transducers 1, 3, 5, and 7

Transducers 2, 4, 6, and 8

Fig. 8 Cp (standard deviation) vs ®, F3T2.
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was unavailable for the present study. However, use of zero-angle-
of-attack data at least allowed the removal of the wind-tunnel fan
contamination. The coherence was a function of the power spec-
trum of the freestream noise (determined when the model was at
zero incidence) and the power spectrum of the data at an arbitrary
angle of attack and the cross spectrum of the freestream noise and
the data at the arbitrary angle of attack (see Refs. 1 and 12). Thus,
the coherence was found by

C D .PSDzero;meas/
2

.PSDzero;zero/ £ .PSDmeas;meas/
(3)

The PSD of the measured data is then

PSDmeas D .1 ¡ C/ £ PSDmeas;uncorrected (4)

(rms2).
The algorithm to determine the PSD was based on the method

by Welch.13 The data were segmented into windows to allow 30
averages and corresponded to a frequency resolution of 1 Hz. No
data overlappingwas employed, and a Hanning � lter was used with
a window length the same size as the data segments. The mean was
eliminated from the PSD and coherence calculations, and a 95%
con� dence criterion was used to gauge the PSD assessment.

The surface pressure excitation spectra are presented as a nondi-
mensional rms pressure � uctuationas recommended for buffet tests
by Mabey14:

.Sr £ PSD/0:5 or .A £ f £ PSD/0:5 (5)

Transducers 1, 3, 5, and 7

Transducers 2, 4, 6, and 8

Fig. 9 Cp (standard deviation) vs ®, F4T2.

Thus, the amplitude of the PSD is weighted by multiplying the
incremental frequency to the corresponding PSD amplitude. This
method reduced PSD amplitudes occurring at low frequencies.

An uncertainty estimate of the data was undertaken to gauge the
accuracy of the test results. The unsteady pressure measurement
accuracy was driven by the quoted instrumentation repeatability of
0.1%. The effect of the accuracy of the A/D system and power sup-
ply was evaluated and found to have limited impact on the data
accuracy (the effect, however, was incorporated in the error analy-
sis). As noted earlier, the tunnel velocity varied in the test section
by approximately1% and � uctuatedby approximately0.75% at the
tested tunnel velocity. When a method outlined by Rae and Pope15

was used, the uncertaintyin pressurecoef� cient was estimated to be
0.027.The highestand lowest resolvablefrequencieswere 2212and

a) Tail position 1

b) Tail position 2

c) Tail position 4

Fig. 10 Cp (standard deviation) vs ®, transducer 1.
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0.03 Hz, respectively, based on the sample rate, � lters employed,
and dwell time. However, the frequency resolution of the PSD, as
quoted earlier was 1 Hz.

Results
Buffet Standard Deviation

The pressure time histories were analyzed to determine the stan-
dard deviation from the mean as a gauge of the relative strength

Baseline � llet

Linear � llet

Diamond � llet

Parabolic � llet

Fig. 11 Cp (standard deviation) vs ®, transducer 1.

(Sr ££ PSD)0.5 vs frequency Cp vs ¿

Fig. 12 Transducer 1 (inboard), ® = 32 deg, F4T2.

of the tail buffet. Note, the notation F number T number is used to
describe the � llet shape and tail position. For example, F1T2, is the
baseline � llet with the tails in position 2 (see Figs. 3 and 4 for the
other � llet and tail notations).

As shown in Figs. 6–9, tail pressure buffet response standard
deviation, in coef� cient form, is plotted vs angle of attack for trans-
ducers along the leading edge of the starboard tail. Maximum stan-
dard deviation from the mean pressure generally occurred at the in-
board root leading edge. In fact, quite often the pressurescalculated
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for the other transducer locations were quite insigni�cant by com-
parison. Therefore, the port tail transducers, which were located
along the tail centerline proved to sense rather low levels of tail
buffet.

In general,maximumbuffetpressureresponseoccurredon the in-
board side of the tail leading edge for the various� llet shapes tested.
The outboard leading-edgepressure transducer locations were seen
to have buffet peaks at angles of attack signi� cantly lower than the
inboard leading-edge pressure transducer locations (16–22 deg for
the outboard locations as opposed to 32–36 deg for the inboard
transducers, c.f., Fig. 9). The mean pressure was analyzed on the
tails and was noted to vary little with transducer location.

Figure 10 is a comparisonof the effect of � llet shapes on tail buf-
fet pressure responseat the inboard root leading edge (transducer1)
for different tail positions.The parabolic � llet was seen to generate
the maximum tail buffet, followed by the linear � llet. The diamond
� llet was seen to generate the least amount of tail buffet. In addition
to the reduced tail buffet pressure signature of the diamond � llet,
in Ref. 6, the use of diamond � llets (as well as the other � llets) is
reported to increase signi� cantly the maximum lift coef� cient by

Table 1 Maximum amplitude with corresponding frequency

Sr Amplitude (Sr £ PSD)0:5 Transducer ®

F1T2
1.1244 2.5731 1 30
1.0876 2.9825 1 32
1.0876 3.3041 1 36

F2T2
1.6590 4.9708 1 32
1.5115 7.0468 1 36

F3T2
1.8433 3.2164 4 16
1.7512 2.1345 1 30
1.7512 2.2807 1 32

F4T2
1.8986 7.3392 4 22
1.7143 9.1452(C) 3 30
1.7143 6.9006 1 32

F1T1
1.5115 5.1170 6 22
1.4009 2.3099 1 30
1.3088 2.8363 3 32
1.2719 3.3918 3 36

F2T1
2.3410 1.9006 3 22
2.5806 2.8070 3 24
1.5668 4.4444 1 32
1.3641 4.6199 3 36

F3T1
1.6037 2.1637 3 30
1.6221 3.3041 1 32

F4T1
1.4931 7.0468 6 30
1.3273 7.1930 8 32

F1T4
1.6221 2.4561 7 24
1.1244 2.3977 1 32
1.0691 2.2515 1 36
1.2166 3.0944 1 40

F2T4
1.4009 2.4854 1 32
1.3641 3.7427 1 36

F3T4
1.5115 1.8713 8 20
1,6959 1.6959 1 32
1.4931 1.3743 1 36

F4T4
1.7880 8.5673(C) 1 26
1.2535 7.6023(C) 1 32
1.2535 7.1053 1 36

18%. The diamond � llet may also have the advantage of reduced
low observable (LO) characteristics. However, these results must
be viewed with caution, because the con� guration did not utilize a
fuselage. A recent report has shown the effect of � llets on a rep-
resentative modern � ghter/attack vehicle to have little effect on the
aerodynamic lift.11

As seen in Fig. 10c, the parabolic � llet exhibited substantially
more tail buffet for the tails positionedfarthest outboard. It is due to
the manner that the vortex is formed that explains this difference. In
Refs. 6 and 7 computational� uid dynamics(CFD)streamlinesof the
� ow over the wing are presented. It was found that the strake vortex
smoothly combined with the wing vortex into essentially one large
vortex system. This parabolic � llet vortex system appeared to be
more outboard of the vortices generated by the other � llets. Also,
because there were no wing–strake leading-edge discontinuities,
the vortex system was stronger. The diamond � llet, by comparison,
creates a number of vortices from each leading-edge discontinuity
(see Refs. 6–8). Thus, it is not surprising that the parabolic � llet
provides the strongest tail buffet pressure responseand the diamond
� llet provides the weakest tail buffet pressure response. Note that
similar trends of the effect on � llet shape on tail buffet were seen at
other transducer locations.

The effect of tail positionon buffet pressure response, for a given
� llet, failed to provide a consistent pattern, as seen in Fig. 11. In
general, for a given � llet, the curves exhibited the same general
shape.

(Sr ££ PSD)0.5 vs frequency

Cp vs ¿

Fig. 13 Transducer 2 (outboard), ® = 32 deg, F4T2.
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PSD and Time History Plots
Table 1 is a summary of the location of the maximum weighted

PSD amplitude, .Sr £ PSD)0:5 , and corresponding frequency for
a given con� guration. That is, for a given con� guration (angle of
attack, � llet shape,etc.) all transducerswere analyzedto � nd a single
maximum weighted value for PSD amplitude and corresponding
frequency. Amplitude data annotated with a C in Table 1 indicate
that the data were clipped (the signal was overdriven).

Analysis of the location of the maximum peak of weighted PSD
amplitude frequencies showed the peak to occur along the leading
edgeof theverticaltails.A majorityof the frequencieswere shownto
occur at the inboard root leading edge (transducer 1). Furthermore,
analysis showed that the frequency of the maximum amplitude var-
ied with � llet shape, tail location, transducer location, and angle of
attack.Signi� cantamplitudevaluesexistedon the tail at frequencies
different than those reported in Table 1. For example, it was noted
that the frequencies along the tail tip were often different from the
frequencymeasuredalong the root leadingedge.The frequencyalso
varied inboardvs outboard.Therefore, quantifyingthe frequencyof
the buffet pressure response does not easily lend itself to a single
value.

Figures12 and 13 showthe differencein a buffet responseinboard
vs outboard at the root leading edge for a parabolic � llet for tail
location2 at 32-degangleof attack.The inboardtransducerrecorded

F1T2 (baseline)

F2T2 (linear)

F3T2 (diamond)

F4T2 (parabolic)

Fig. 14 (Sr £ £ PSD)0:5 vs frequency; transducer 1, ® = 32 deg.

a higher buffet value, perhaps as a result of the rotationof the vortex
system. It may also be in� uenced by vortices associated with the
vertical tail itself. In Fig. 12, the peak frequencies correspond well
inboard vs outboard. However, this trend was not always followed.

As notedearlier, the parabolic � llet was seen to producethe great-
est amount of tail buffet,and the diamondwas seen to experiencethe
least amount of tail buffet.This trend is borneout in Fig. 14 by view-
ing the peak weighted PSD amplitude for each con� guration. The
data presented in Fig. 14 are located on the starboard tail, inboard
root leading edge (transducer 1) for an angle of attack of 32 deg
and tail position 2 and are representative of the frequency-domain
database.In additionto the diminishedamplitudeof the diamond� l-
let con� guration, the characteristicfrequencywas seen to be higher
than the baseline con� guration characteristicfrequency.Such a fre-
quency increase could be bene� cial by shifting the characteristic
frequency of the vortex system away from the natural frequency of
the tails. Thus, buffet alleviation can occur by reducing the ampli-
tude or moving the characteristic frequency of the vortex system
away from the tail natural frequency.

The corresponding nondimensional time history plots for this
con� gurationare presented in Fig. 15 and represents1 s of data.The
diamond � llet was seen to have the lowest values of peak-to-peak
amplitude,whereas the parabolic� llet had the greatestpeak-to-peak
amplitude.
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F1T2 (baseline) F3T2 (diamond)

F2T2 (linear) F4T2 (parabolic)

Fig. 15 Cp vs ¿ , transducer 1, ® = 32 deg.

Conclusions
A test was conducted to determine the effect of LEX vortex buf-

fet response on a set of pressure-instrumented tails mounted on a
76/40 deg double-delta wing model. Spanwise tail position, angle
of attack, and LEX/wing juncture � llet shape were varied para-
metrically and found to have an effect on the buffet pressure re-
sponse on the rigid vertical tails. Measured pressure time histories
and PSDs were evaluated for each transducer for 35 con� gurations.
Buffet pressure responsewas seen to vary with angle of attack. Buf-
fet frequency depended on transducer location on the vertical tail
as well as � llet shape, spanwise tail location, and angle of attack.
The diamond � llet caused the buffet pressureamplitude to decrease
and the characteristicfrequency to increase. Such a frequency shift
may further alleviate tail buffet by moving the characteristic fre-
quency away from the vertical tail natural frequency.Therefore, the
diamond � llet shape is a strong candidate for use to alleviate tail
buffet.
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