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Investigation of the Buffet Characteristics
of Two Supercritical Airfoils

B. H. K. Lee,* F. A. Ellis,t and J. Bureau}
National Research Council, Ottawa, Ontario, Canada

The buffet characteristics of two supercritical airfoils were investigated at the high Reynolds number two-
dimensional test facility of the National Aeronautical Establishment. The design conditions of these two airfoils
were quite similar. The thickness-to-chord ratio differed from each other by approximately 35%. The buffet
onset boundaries were determined from the divergence of the unsteady balance normal force. They were com-
pared to show the effect of thickness-to-chord ratio on buffet onset. One of the airfoils was instrumented with
fast-response pressure transducers on the upper surface. Pressure intensities for shock-induced separation with
reattachment as well as fully separated flows were measured. For flow conditions where discrete-frequency
shock wave oscillations occurred, ensemble averaging of the unsteady pressure were carried out to determine the
propagation of the pressure wave induced by periodic shock motion. Spectral analyzes of the pressure and nor-
mal force fluctuations were carried out quite deep into the buffet regime. Broadband convection velocities of the

turbulent eddies were measured for fully separated flows.

Nomenclature

b =model span

CL =lift coefficient from balance measurement

Cr, =maximum lift coefficient

CLoz =local lift-curve slope

Cy = fluctuating normal-force coefficient from
balance measurement

Cy’ =rms value of normal-force coefficient

C, =pressure coefficient, p/q.,

C,,S = steady-state pressure coefficient

C,’ =rms value of pressure coefficient

C, = oscillatory pressure coefficient, from periodic
shock motion

C‘p =ensemble averaged pressure coefficient, C, + f?,,

c =chord length

M =Mach number

Nis =1ms value of normal force from balance
measurement

P =instantaneous pressure

DPrms =rms value of unsteady pressure

Go = freestream dynamic pressure

R(a,b,7) =cross correlation of functions @ and b

U, = freestream velocity

X = distance measured in flow direction from airfoil
leading edge

a = angle of incidence

o} =phase angle in degree

T =time delay

Introduction

NVESTIGATIONS of supercritical airfoils at the National
Aeronautical Establishment (NAE) have shown that they
possess favorable buffet characteristics compared with
conventional airfoils. A number of recent studies'-* provided
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important physical insight into the characteristics of buffeting
flows. Because of the complexities of the buffet phenomenon,
most of the existing methods*’ on estimating buffet loads
relied on experimental data derived from wing-tunnel tests.
This is especially true for supercritical airfoils. Further investi-
gations are needed to give a better understanding of transonic
shock-boundary-layer interactions and associated oscillatory
shock motions so that a better model describing wing buf-
feting can be formulated.

Two supercritical airfoils were recently investigated at the
NAE high Reynolds number two-dimensional test facility.?
The design conditions of the airfoils were quite similar. The
thickness-to-chord ratio differed from each other by approxi-
mately 35%. This paper describes some of the techniques used
in this study and presents results that are useful to the
understanding of the phenomenon of wing buffeting at tran-
sonic flows. Buffet intensities were determined from the bal-
ance normal-force measurements, and buffet onset bound-
aries were derived from the divergence of the fluctuating nor-
mal force. For flow conditions where buffet onset was primar-
ily due to trailing-edge separation, this technique® was shown
to give results in good agreement with those determined from
the criterion using the trailing-edge pressure divergence.!? The
effect of airfoil thickness on buffet onset was studied and
comparisons of the buffet boundaries for these two airfoils are
given.

Investigations of unsteady pressure fluctuations were car-
ried out using fast-response transducers flush mounted on the
upper surface of one of the airfoils. At various degrees of buf-
fet severity, the types of shock boundary-layer interaction
were identified from steady and unsteady pressure measure-
ments. The pressure waves generated by the periodic shock
motion were detected by ensemble averaging of the pressure-
transducer outputs. Spectral analyzes of the surface pressures
and normal forces were carried out quite deep inside the buffet
regime. At these conditions, the flow was fully separated.
Cross correlation of the pressure field was carried out to deter-
mine the broadband convection velocities of the turbulent ed-
dies.

Models, Instrumentation, and Data Processing
The first airfoil investigated was designed by deHavilland
Aircraft Company of Canada and designated as WTEA 1II.
The airfoil was used in a previous joint NAE-deHavilland
research and development program aimed at improvements in
design that would reduce wing-section drag. The design condi-
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tions were for a cruise Mach number of 0.72 and a lift coeffi-
cient of 0.6. The detailed profile of the airfoil is given in Ref.
9. It was made of aluminum with 12-in. chord and a 15-in.
span, The maximum thickness-to-chord ratio was 16%. The
original airfoil was modified in the studies carried out in Ref.
9 by the addition of a flap. The length of the flap was approxi-
mately 14% chord and the trailing-edge thickness was 0.1%
chord. The flap angle was set at 0 deg for this investigation.
There were 79 pressure orifices on the model surface for static
pressure measurements; 43 of them were located on the airfoil
upper surface and 23 on the lower surface. There were 13
pressure orifices on the flap with six on either surface and one
at the trailing edge.

The second model tested was the Bauer-Garabedian-Korn
(BGK) No. 1 airfoil.2 The chord of the airfoil was 10 in. and
the span was 15 in. The thickness-to-chord ratio was 11.8%. A
detailed sketch of the profile and locations of orifices for
static pressure measurements is given in Ref. 11. There were 50
pressure orifices on the upper surface and 20 on the lower sur-
face. The design M and C; were 0.75 and 0.63, respectively. A
modification to the original airfoil was made and involved
milling off a 0.75-in. wide, 8-in. long groove from the upper
surface, 2.5 in. from the centerline. A replacement insert was
made and 16 25-psid miniature Kulite differential pressure
transducers with a 0.062-in. diam were installed. The locations
of the transducers are shown on the top of Fig. 6. The second
transducer F, located at 2.5 in. from the airfoil leading edge,
was defective and was not used in the tests. The intensities of
the fluctuating pressure are expressed in coefficient form as

Cp’ =prms/Qco @

The lift and pitching moment of the airfoil were determined
by use of a side-wall balance. In addition to the steady-state
values of the balance force, the fluctuating components were
also measured. The rms values of the normal force are pre-
sented in coefficient form by

CN,=Nrms/qoobc (2)

Spectral analyses of the transducers and balance outputs
were performed. The signals were sampled at 1.6 kHz and
analyzed digitally on a computer using the IEEE routine
PMPSE=2 to give power spectra. A fast Fourier transform
(FFT) block size of 256 and a signal duration of 2 s were cho-
sen for the analyzes. For cross-correlation studies, the IEEE
routine CMPSE!? was used. The pressure signals were re-
corded on an FM tape recorder at 60 in./s and analyzed at a
reduced speed of 3.75 in./s. Sampling speed was also 1.6 kHz
and an FFT block sizﬁe of 1024 was used. Signal durations of
approximately 10 s were analyzed.

The force balance was very stiff and both the lowest fre-
quencies of rigid-body airfoil heave and fixed-fixed wing
bending were much larger than the peak excitation frequencies
observed under buffet conditions. These frequencies were due
to shock oscillations and increased from approximately 50 Hz
at M=0.612 to 80 Hz at M=0.792 for the WTEA 11 airfoil.
For the BGK No. 1 airfoil, the buffet excitation frequencies
were 70-80 Hz for M between 0.688 and 0.796. In wind-off

tests, the balance with the WTEA II airfoil installed was sub-

jected to impulse excitation. The response was measured and
four natural frequencies were detected at 140, 215, 320, and
360 Hz. They were all greater than the buffet excitation fre-
quencies. No wind-off tests were conducted using the BGK
No. 1 airfoil, but the force-balance characteristics should be
similar to the WTEA I tests.

A fast-response pressure transducer was installed on the side
wall of the wind tunnel during the BGK No. 1 airfoil tests to
measure the unsteady tunnel pressure. It was located approxi-
mately 26 in. upstream of the airfoil leading edge. A discrete
frequency of approximately 420 Hz was detected. The magni-
tude of this pressure oscillation depended on M and « of the
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Fig. 1 Normal-force fluctuations vs lift coefficients for WTEA 11
airfoil.

airfoil. The origin of this flow disturbance so far has not been
identified from the NAE wind tunnel.

Distributed suction was applied through porous plates to re-
gions of the tunnel side walls in the vicinity of the model. The
amount of suction was selected so as to minimize any three-
dimensional effects.® The tests were performed at chord
Reynolds number of 20 x 10° for both airfoils with free transi-
tion on the models. At design conditions, flow visualization
on the WTEA 1II airfoil using a thin film of oil containing a
dye, which fluoresced in ultraviolet light, showed transition to
occur on the upper surface at less than 5% chord from the
leading edge. For the BGK No. 1 airfoil, previous tests have
estimated transition to be in the neighborhood of 10% chord
from the leading edge. The Mach number in this investigation
varied between 0.612 and 0.792 for the WTEA II and between
0.5 and 0.818 for the BGK No. 1 airfoil.

Results and Discussion

Buffet Boundaries

The rms values of the normal-force fluctuations Cy’ are
plotted vs C, in Fig. 1 for the WTEA 1I airfoil. For super-
critical airfoils, the curve for M'=0.712 is typical of the behav-
ior of Cy” with C, whena C;__ in the lift vs & curve is pres-
ent. At higher M, usually a C; __ is not observed even when o

‘far exceeded the buffet onset value. The Cy’ vary with C; ina

manner shown by the curve for M=0.772. To determine the
C; at buffet onset, the procedure is to obtain a smooth Cy’ vs
C; curve either by the use of a spline or fitting manually. C;,
at buffet is then determined by noting the point on the curve
with a slope of dCy’/dC; =0.1. This value is arbitrarily cho-
sen. When buffet onset is primarily due to trailing-edge sepa-
ration, the results are found to be consistent with those
derived using the trailing-edge pressure divergence criterion.
This has been demonstrated in Ref. 9 where the values of « at
buffet onset determined from both methods were found to be
very close. Instead of C,, « is sometimes used to define the
buffet onset boundary. In this case, « is determined from the
Cx’ vs a curve at a point where the slope is

dCy'/da=0.1C; €)

Experience at NAE in testing supercritical airfoils shows that
it is more convenient to use the fluctuating normal force from
a balance to determine buffet onset. Installation of a pressure
orifice close to or at the trailing edge to measure pressure di-
vergence is cumbersome and often not feasible for airfoils
with thin trailing edge. Also, it is often necessary to obtain
trailing-edge pressure data over a wide range of incidence
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Fig. 2 Buffet boundaries for WIEA 1I and BGK No. 1 airfoils.
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Fig. 3 Variations of normal-force power spectra with « at M=0.672
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below buffet onset in order to define a baseline to locate o
when trailing-edge pressure divergence occurs.

Figure 2 shows the buffet boundaries for the WTEA II and
BGK No. 1 airfoils. For M<0.71, the two boundaries are very
close and nearly coincide with each other. When M exceeds
0.71, the WTEA 11 airfoil shows buffet to occur at C, smaller
than those for the thinner BGK, No. 1 airfoil. The differences
in buffet onset C; are quite large at the higher values of M. In-
creasing the airfoil thickness usually results in larger unsteady
normal forces detected inside the buffet regime.

Power Spectra of Normal Forces from Balance Measurements

Figures 3 and 4 show the effect of varying « on the normal-
force power spectra at M=0.672 and 0.752, respectively, for
the WTEA II airfoil. On the upper right-hand corner of the
figures, the buffet boundary (a vs M) is plotted for reference.
The peaks in these figures at approximately 140, 215, 320, and
360 Hz correspond to the natural frequencies of the force bal-
ance.’ The disturbance at 420 Hz is from the wind tunnel. The
peaks having frequencies of 55 Hz at M=0.672 and 75 Hz at
M=0.752 are from shock wave oscillations on the upper sur-
face of the airfoil. In a study'? on the periodic shock motion
caused by transonic-shock boundary-layer interaction, a
model for the self-sustained shock oscillations was proposed.
The propagation velocity of the pressure disturbance due to
the shock motion was measured experimentally for the BGK
No. 1 airfoil. Using this velocity, the oscillating shock fre-
quencies were calculated. They were found to be close to the
measured values of 70-80 Hz for M between 0.688 and 0.746.
The shock oscillation frequencies for the WTEA 1I airfoil
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Fig. 4 Variations of normal-force power spectra with o at M =0.752
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Fig. 5 Steady pressure distributions on upper surface of BGK No. 1
airfoil at various «. .

derived from normal-force spectra are 50-80 Hz for M be-
tween 0.612 and 0.792.

Beyond the buffet onset boundary, the shock wave strength-
ens as « is increased. For a given M, there is a maximum «
above which the shock starts to weaken and a periodic shock
motion is not detected. At M=0.672 and a=9 deg, it can be
seen from the normal-force spectra shown in Fig. 3 that the
shock has weakened considerably. A slight decrease in the
shock strength is noticeable in Fig. 4 at M=0.752 and
o =15.546 deg. The WTEA 11 airfoil was not tested at suffi-
ciently large « to show the region in the « vs M plot where dis-
crete shock oscillations ceased to exist. However, results for
the BGK No. 1 airfoil illustrating this behavior of shock wave
oscillation with « is given in Ref. 13.

Pressure Measurements on Airfoil Upper Surface

Figures 5 and 6 show results for the steady and unsteady
pressure distributions on the upper surface of the BKG No. 1
airfoil at M=0.71. At o= —0.316 deg, Fig. 5 shows the flow
on the upper surface to be subcritical. The corresponding C,’
(Fig. 6) is quite small and reverts to the value measured by the
wind-tunnel side-wall transducer designated as ‘‘tunnel level”’
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Fig. 7 Power spectra of unsteady pressure on upper surface of BGK
No. 1 airfoil at M=0.71 and o =4.905 deg.

as the trailing edge is approached. At oo=1.396 deg, a weak
shock is formed and the turbulent boundary layer thickens
near the interaction region but without separating. There is a
small increase in pressure intensity behind the shock. Increas-
ing o to 3.017 deg results in a large rise in C,’ behind the
shock at x/c=0.4. The fluctuating pressure is limited to a
small region near the shock. For the three values of a con-
sidered so far, C,,” at the last measuring position are very close
to the tunnel level. This indicates that trailing-edge separation
has not occurred, or at least it has not reached the position of
the last pressure transducer at x/c=0.87. The normal-force
spectra do not show any peaks in the neighborhood of 75 Hz,
thus indicating the absence of any noticeable shock oscilla-
tions.
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Fig. 8 Power spectra of unsteady pressure on upper surface of BGK
No. 1 airfoil at M=0.71 and o =6.97 deg.

At «=4.905 deg, the steady pressure results show the for-
mation of a stronger shock, which causes the flow to separate
and reattaches to form a bubble. The intensities of the
pressure fluctuations are practically constant in the reattached
region, which starts from x/c approximately 0.6 and continues
to the last measuring point at x/c=0.87. Rather than termi-
nating at the last transducer location, this region probably ex-
tends further downstream towards the trailing edge. C,’
measured at the last transducer is slightly higher than the tun-
nel level. The steady-state CPs distributions show a small
“hump’’ at x/c between 0.45 to 0.6. This ‘“‘hump”’ in the
steady-state pressure distribution is usually attributed to a sep-
aration bubble. The large ‘‘bulge’ in the C,’ distributions
shown in Fig. 6 is more accurate in determining the dimen-
sions of the separation bubble behind the shock. The peak
pressure intensity inside the bubble is located at x/c approxi-
mately 0.5.

When a is increased to 6.97 deg, the flow becomes fully sep-
arated. The pressure intensities are large behind the shock but
decrease rapidly and reach a nearly constant value of about
0.1 from x/c=0.4 to 0.87. This value of C,’ is significantly
higher than the tunnel level of 0.004. This value of the tunnel
intensity is an average value at M =0.71 for « between —0.316
and 6.97 deg.

The pressure power spectra are shown in Fig. 7 at « =4.905
deg for the G, I, K and T tranducers. These locations are cho-
sen to illustrate the behavior of the pressure fluctuations in the
regions of interest associated with shock boundary-layer inter-
action. At transducer G upstream of the shock, the pressure
level is usually very low and close to the tunnel level. Behind
the shock (transducer I), there is a large increase in pressure
fluctuations over a wide frequency range. In this study, the
highest frequency used in computing the spectra is 800 Hz. A
broad peak at about 75 Hz is observed in the pressure spectra
for transducer I and K. This is due to the presence of a weak
oscillating shock wave. The pressure field decays very rapidly
and the magnitude is very small at transducer location M, as
shown in Fig. 6. There are some noticeable differences in the
spectra between transducers K and T in the low-frequency
range below 200 Hz. The spectra for transducers M to S,
which are not shown here, are very similar to that at T closest
to the trailing edge. The spectra for transducer U, located 26
in. upstream of the airfoil leading edge, is included in the
figure to show the tunnel-wall pressure fluctuations. The verti-
cal scale is displaced 20 db downwards in Fig. 7 to avoid over-
lapping with the T transducer spectra. The 420-Hz peak is very
dominant.

At a=6.97 deg, the flow is fully separated. The pressure
power spectra for transducers E, I, and T are shown in Fig. 8.
The large peaks at approximately 75 Hz are due to strong
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shock oscillations. The pressure power spectra for transducers
Ito T are very similar.

Pressure-Time Histories Due to Shock Oscillations

The unsteady pressure fluctuations behind the periodic
shock wave have contributions from two sources; namely, a
random component associated with the turbulent motion in
the separated flow region and a deterministic part (C,) from
the pressure field as a result of shock wave oscillation. The
magnitude of C, is usually small compared to that from tur-
bulent fluctuations. To determine the oscillatory pressure
wave component, the periodic shock frequency was first ob-
tained from the balance normal-force spectra. The balance
output was then passed through a bandpass filter. The band-
width was 20 Hz and the center frequency corresponded to the
shock oscillation frequency. The zero crossings of the filtered
balance signal were detected. Approximately 175 ensembie av-
erages of the pressure signals were performed. Each ensemble,
which was synchronized to the zero crossings, had 32 samples.
A Fourier analysis was then performeéd on the ensemble-
averaged C time histories to obtain the fundamental and har-
monics of the oscillatory pressure field.

In Fig. 9, the ensemble-averaged C, time histories are
shown for M=0.71 and the values of o are the same as those
used to obtain Figs. 5 and 6. At = —0.316 deg, Fig. 5 shows
the flow to be subcritical. At o:=1.396 deg, the shock is weak
and the pressure fluctuations are very small, as indicated in
Fig. 6. The C time histories for these two values of a are
practically hnes of constant magnitude having the steady-state
c, v values. At a=3.017 deg, small pressure oscillations are
observed at transducer 1. The pressure field decays rapidly and
fluctuations are hardly noticeable at transducer J, which is
only 0.5 in. away. As « is increased to 4.905 deg, large
pressure oscillations at transducer I are detected. Inside the
separation bubble, the pressure fluctuations are quite uniform
as shown in the C traces for transducers J, K, and L. At
transducer locatlon M, which corresponds to the last point of
the “‘bulge” in the C,’ curve shown in Fig. 6, the pressure
fluctuations are very small. Downstream of transducer M, the
pressure field shows a small growth in amplitude for decreas-
ing distances from the trailing edge. For fully separated flows
(@ =6.97 deg), the first transducer is behind the shock wave.
The pressure amplitude decreases up to the position where
transducer I is located. From then onwards, the pressure oscil-
lates with a nearly constant amplitude as far as the last meas-
uring point at x/c=0.87. .

The magnitudes of the fundamental component of C ob-
tained from Fourier analysis of the ensemble averaged Cp are
shown in Fig. 10 for «=3.017, 4,905, and 6.907 deg. The
higher harmonics are quite small and are not considered in this
paper. The corresponding phase angles are given in Fig. 11. It
is seen at a=3.017 deg the pressure fluctuations behind the

x/c

Fig. 10 Magnitude of pressure wave propagating downstream of the
shock at M=0.71 and various o.
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Fig. 11 Phase angle of pressure wave propagating downstream of the
shock at M =0.71 and various «.

shock decay rapidly. From transducer K onwards, there is a
more gradual decrease towards the trailing edge. In this slowly
decaying pressure field, the phase angles remain practically
unchanged. This indicates the whole region to be oscillating in
phase. At «=4.905 deg, there is a sharp phase change across
the stiock. In the separated flow region, the phase angles for
transducers I to L are nearly constant. There is a sharp jump
in phase across the reattachment point. This is followed by a
gradual phase increase towards the trailing edge. ,

For fully separated flow, the phase variation downstream of
the shock is quite linéar and an average pressure wave propa-
gation velocity can be computed. For the particular example
given in the figure, the pressure wave velocity due to the shock
oscillation is 0.12 U, .

Ensemble-Averaged Pressure Distributions

The erisemble-averaged C, distributions at different phase
angles during a shock oscillation cycle are shown in Fig. 12 for
the BGK No. 1 airfoil at M=0.732 and a=6.05 deg. Superim-
posed on these results are the time-averaged C, obtained from
the fast-responsé transducers using a signal duratlon of 2 s.
Also shown in Fig. 12 are the pressure distributions obtained
from scanivalve measurements. The duration of each scan is
approximately 2.5 s and the results are the average of 5 scans.
For the flow conditions used to obtain Fig. 12, the pressure
fluctuations are large. The mean pressure distributions from
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Fig. 13 Cross-correlation functions of pressure field for BGK No. 1
airfoil at M=0.747 and o =8.95 deg.

scanivdlve measurements are not accurate unless a large
number of scans are averaged. This requires a testing duration
longer than that available from the NAE high Reynolds
number two-dimensional test facility. The amplitude of shock
oscillation from the ensemble-averaged C, data is quite large.
The frequency of oscillation measured from the peak in the
normal-force spectra is about 75 Hz.

Broadbahd Convection Velociﬁés of Turbulent Eddies

To determine the convection velocities of the turbulent ed-
dies in fully separated flows, cross correlation of the pressure
signals was performed and analyzed digitally using the IEEE
routine CMPSE.!2 An example is given in Fig. 13 for
M=0.747 and o = 8.95 deg. The results are for the BGK No. 1
airfoil using the last transducer T signal as the reference.
Knowing the separation distance between the transducers and
the time delay r for the peaks of the cross-correlation func-
tions to pass over them, the convection velocity can be calcu-
lated. The broadband convection velocity derived from this
figure is 0.552 U, . It can be seen that the pressure remains co-
herent for quite large distances from the last transducer lo-
cated at x/c=0.87. The results of this study show the broad-
band convection velocity to be dependent on M and «. At
M=0.747 but lowering « to 4.55 deg, a convection velocity of
0.84 U_ was obtained. No narrow-band cross correlation was
carried out and, hence, comparisons with related studies! are
not possible.

Conclusions

1) The onset of buffet can be determined quite accurately
from plots of Cy’ vs C, at a value of C, where the slope of
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the curve is 0.1. In the low M range, the buffet boundaries for
the two airfoils tested are very close and nearly coincide with
each other. When M is greater than its design value, a much
more rapid decrease in C;, at buffet with M is observed for the
thicker airfoil.

2) Inside the buffet regime, spectral analyzes of the balance
normal-force outputs show shock oscillations of about 70-80
Hz for the BGK No. 1 airfoil at M between 0.688 and 0.796.
For the WTEA 1II airfoils, the frequency range is between
50-80 Hz for M=0.612 to 0.792. The magnitudes of the fluc-
tuating normal force have quite large values near the ‘‘elbow”
of the buffet onset boundaries. As the Mach number in-
creases, the normal-force fluctuations decrease and the shock
waves become more steady.

3) Unsteady pressure measurements show the intensities of
pressure fluctuations to be largest behind the shock. For fully’
separated flows, large-amplitude shock oscillations occur. A
periodic pressure field is generated and propagates down-
stream from the shock wave. Depending on the flow condi-
tions, the pressure amplitude either remains constant or
decays slowly towards the trailing edge. A fairly linear varia-
tion in phase angle is detected. The pressure wave propagation
velocity is small compared to the speed of acoustic waves. It is
usually in the neighborhood of 10% of the freestream velocity.

4) The ensemble-averaged C, distributions obtained at dif-
ferent phase angles of a shock oscillation cycle are useful in
defining the position and amplitude of the shock wave during
buffeting.
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