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Effects of Trailing-Edge Flap on Buffet Characteristics of a
Supercritical Airfoil

B. H. K. Lee*
National Research Council, Ottawa, Ontario, K1A 0OR6, Canada

The buffet characteristics of a 16% thickness-to-chord ratio supercritical airfoil were investigated in the
Institute for Aerospace Research (IAR) High Reynolds Number Two-Dimensional Test Facility. The trailing-
edge flap dimension was 13.5% chord and it was deflected at various angles to study the effect of modifying
the downstream pressure on controlling flow separation over the airfoil. The unsteady normal force was measured
and the buffet boundary was determined from the divergence of the fluctuating normal force. The investigation
was conducted quite deep into the buffet regime. Spectral analyses of the normal force were carried out and
the frequencies of shock-wave oscillations were measured. They were found to be Mach-number dependent and
varied between 50-80 Hz for M = 0.612 to 0.792. The effects of varying the flap angles on the shock-wave
position and drag of the airfoil were also investigated. Results for an off-design Mach number of 0.612 were

given in some detail.

Nomenclature

model span

drag coefficient from wake integration

lift coefficient from balance measurements
= maximum lift coefficient

fluctuating normal-force coefficient from balance
measurements

rms value of normal-force coefficient

= pressure coefficient

TE trailing-edge pressure coefficient

= chord length

Mach number

drag rise Mach number

design Mach number

freestream dynamic pressure

distance measured from airfoil leading-edge
shock-wave position

angle of incidence

flap angle, positive downwards
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I. Introduction

N performing maneuvers inside the subsonic and transonic

flight envelope, fighter aircraft often fly in the buffet re-
gime for a significant amount of time. The buffet loads due
to flow separation on the wing may cause serious fatigue
problems and have an important impact on the structural
integrity of the aircraft. In addition, maneuverability, per-
formance, and handling qualities are often degraded. Delay
of separation or increasing the airplane buffet onset normal-
force coefficient to as large a value as possible is highly de-
sirable.

Some early flight tests showed buffet could be alleviated or
reduced through deflections of leading- and trailing-edge flaps.
The results reported by Monaghan and Friend! were for the
F-8C aircraft having wing section designed for subsonic flows,
whereas the F-104 test aircraft used in Friend and Sefic’s
investigation has supersonic airfoil design. In both cases, the
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wing was fairly thin. The effectiveness of using leading- and
trailing-edge flaps for buffet alleviation were quite different
in the two aircraft configurations. The results showed that for
the F-8C leading-edge flaps were more effective, whereas for
the F-104 the use of trailing-edge flaps gave better improve-
ments in raising the buffet boundaries.

Aside from the two earlier studies with airfoils of conven-
tional design, it appears that little or no research has been
carried out on the use of flaps to control buffet of supercritical
airfoils. To gain better insight into the effects of flaps on buffet
intensities and delay of buffet onset at transonic conditions,
flight tests or wind-tunnel investigations of supercritical air-
foils with flaps are required. An understanding of the manner
in which a flap can modify flow separation over the airfoil is
useful in assessing effectiveness or feasibility of deploying a
flap as a passive means of buffet control.

An investigation on the effects of a trailing-edge flap on
buffet characteristics of a 16% thick supercritical airfoil was
carried out in the IAR High Reynolds Number Two-Dimen-
sional Test Facility. The airfoil was used in a previous joint
IAR-Boeing Canada (de Havilland Division) research and
development program in the study of airfoil design for drag
reduction.? The design conditions for this airfoil were for a
cruise Mach number of 0.72 and lift coefficient of 0.6. The
original airfoil was modified by replacing the rear section with
a trailing-edge flap of dimension approximately 13.5% chord.
The installation of a leading-edge flap was considered to be
much more complex and would alter the airfoil design char-
acteristics. To control separation, the simplest way is to change
the downstream pressure by use of a trailing-edge flap.

In an earlier paper,* some results from this investigation
were described. Buffet onset boundaries with different flap-
deflection angles were given. Most of the results on the char-
acteristics of the buffet flow were presented at the design
Mach number. In this paper, some further resuits are de-
scribed and behavior of the flow at an off-design Mach number
of 0.612 is discussed in some detail.

II. Model, Instrumentation, and Data Processing

The airfoil was made of aluminum having a chord of 12 in.
and a span of 15 in. The thickness-to-chord ratio was 16%.
The flap dimension was approximately 13.5% chord, and the
trailing-edge thickness was 0.1% chord. There were 79 pres-
sure orifices on the model surface for static pressure mea-
surements: 43 of them were located on the airfoil upper sur-
face and 23 on the lower surface. On the flap, there were 13
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pressure orifices with six on either side and one at the trailing
edge. Their locations on the airfoil are shown in Fig. 1. The
drag of the airfoil was obtained using a traversing wake rake
with pitot probes at four spanwise locations that were ap-
proximately 18 in. downstream of the airfoil trailing edge. In
this experiment, only the two centrally located probes were
used and their average was taken for drag measurements.

The lift and pitching moment were determined from a side-
wall balance. In addition to the steady-state values of the
balance outputs, the fluctuating quantities were also mea-
sured. The rms value of the normal force is presented in
nondimensional form given by

Cy = Nmi/q.bc 1)

Spectral analyses of the balance outputs were also per-
formed. The signal was sampled at 1.6 kHz and analyzed
digitally on a computer using the IEEE routine Periodgram
Method for Power Spectrum Estimation (PMPSE)’ to give
power spectra and autocorrelation functions. A fast Fourier
transform (FFT) block size of 256 and signal duration of 2 s
were chosen in all of the analyses. A few longer duration runs
of 10 s were performed and an FFT block size of 1024 was
used.

As reported in Ref. 4, windoff tests on the response of the
force balance to impulse excitation were carried out and four
natural frequencies were detected at about 140, 215, 320, and
360 Hz. These were much larger than the peak excitation
frequencies observed under buffet conditions that varied from
approximately 50 Hz at M = 0.612 to 80 Hz at M = 0.792.

Distributed suction was applied through porous plates to
regions 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.

All of the tests were performed at a chord Reynolds number
of approximately 20 X 10° with free transition. At design
conditions, flow visualization using a thin film of oil containing
a dye that fluoresced in ultraviolet light showed transition to
occur on the upper surface at less than 5% chord from the
leading edge. The Mach numbers in this investigation varied
between 0.612-0.792 and the flap angle settings were 6 = 0,
4,8,14, —~4,and — 8 deg. The standard convention of positive
flap deflection in the downward position and negative in the
upward position was adopted. The maximum value of the
angle of incidence was 10 deg.

III. Results and Discussions

A. Lift and Normal-Force Fluctuations from Balance
Measurements

For this supercritical airfoil, it is noted from the C, vs a
curves that up to moderate angles of attack and M greater
than the drag rise value M), (determined from the criterion
dCp/dM = 0.1) at design conditions, C, does not usually
reach a maximum. However, below M, a value of C, . is
detected. The C, vs a curves at My, are shown in Fig. 2 for
different 8. A C, .., is detected in all cases and the effect of
the flap is to shift the curves either upwards to the left or
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Fig. 1 Schematic of 16% thickness-to-chord ratio supercritical air-
foil.
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downwards to the right depending on the sign of the flap
angles. The value of a where C, ., occurs decreases as &
changes from negative to positive values. It varies from ap-
proximately 4.8 deg at § = —8 10 2.4 deg at & = 14 deg. The
increase in lift for positive flap angles is quite significant. This
is also true for Mach numbers below and above its design
value as discussed in Ref. 6. At higher M, a C,,,, is usually
not detected and the C, vs a curves are similar to those shown
in Fig. 3 for M = 0.772.

The effects of changing flap angles on the fluctuating normal
force were also given in Ref. 6 where results of C}, variations
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Fig. 10 Shock positions at buffet onset vs M for various flap angles.

with C, for different M were shown. When C} is plotted
against «, it is found that for M less than M, = 0.75; Cj
reaches a maximum and then decreases with further increase
in «. For larger M, the curves of C increase monotonically
with « with much smaller magnitudes.

To show the behavior of C}, with M for different flap angles,
results are given in Fig. 4 at @ = 4 deg. Similar curves can
be obtained for different «. For a given 8, Cy increases with
M and reaches a maximum. Its magnitude increases with pos-
itive 8 and decreases with negative 8. Also, changing 6 from
negative to positive angles results in a smaller value of M
where the maximum of C}, occurs.

B. Buffet Boundaries

To determine the C, at buffet onset, the procedure used
is to obtain a smooth Cj 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 dC}/dC, = 0.1.*
This value is arbitrarily chosen. When buffet onset is primarily
due to trailing-edge separation, the results are found to be
consistent with those derived using the trailing-edge pressure
divergence criterion. Experience at IAR in testing supercrit-
ical airfoils shows that it is more convenient to use this tech-
nique to determine buffet onset. Installation of a pressure
orifice close to or at the trailing edge to measure pressure
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Fig. 11 C,1¢ vs M at a = 4 deg for various flap angles,

divergence 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
below buffet onset in order to define a baseline to locate «
when trailing-edge pressure divergence occurs.

For conventional airfoils, it is often possible to designate
in the C, vs M plot regions of mild, moderate, or heavy
buffeting. For supercritical airfoils such as the one investi-
gated in this paper, buffet onset occurs so close to C, ., for
M near or less than Mpgg that it is not too meaningful to
assign a degree of severity in the C, — M buffet plot, except
when M is greater than some value, for example, M, for this
particular airfoil. Figure 5 shows the buffet onset boundary
at different values of & together with curves for two buffet
intensities expressed in terms of constant C. At § = 0 deg,
the curves lie below the buffet onset boundary at Mach num-
bers less than 0.72 and 0.75 for C) = 0.05 and 0.1, respec-
tively. This is due to the behavior of the C} variations with
C,, where for M < 0.75 a decrease in C, is detected when
Cyincreases above its value at buffet onset.* For higher Mach
numbers, the curves lie above the buffet onset boundary since
Cy increases with C, monotonically. Also shown in Fig. 5
are the values of C, ., for those values of M where a maxi-
mum in C, can be detected. For positive 8, the curves for
Cy = 0.05 and 0.1 cross the buffet boundary at M near 0.72,
while for negative & the value of M is close to 0.75.

It is seen that the buffet boundary curves can be raised
appreciably and there are large increments in lift with positive
changes in 8. C, at buffet onset decreases rapidly for M >
Mpgs. At M = 0.75, which corresponds to the drag rise Mach
number M, at design C,, this airfoil shows small gains in the
buffet boundary by the use of flaps. Further increase in Mach
number again shows an increase in the lift before encountering
buffet. The drag-rise curves are also included in these figures
and they are described in Sec. HIE.

Spectral analyses’ of the balance normal force have shown
shock oscillations at frequencies 5080 Hz for M = 0.612 to
0.792. They have been identified in a related study® on pe-
riodic shock motion as due to shock-boundary-layer inter-
action. In that investigation, a model of the self-sustained
shock oscillations for the Bauer-Garabedian-Korn (BGK) No.
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1 supercritical airfoil was proposed. The propagation velocity
of the pressure disturbance due to the shock motion was mea-
sured experimentally. Using this velocity, the oscillating shock
frequencies were calculated and they were found to be in good
agreement with the measured values.

The normal-force power spectra’ show that beyond the buf-
fet onset boundary, the shock wave strengthens as « is in-
creased. For a given M, there is an « above which the shock
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starts to weaken. A maximum value of « can be found where
periodic shock motion is not detected. The flow conditions
when shock oscillations occur are shown in Fig. 6 for § = —4
deg. The variations of C} with « for this § are given in Fig.
7 for three Mach numbers, and they show that the value of
a where C}j, is a maximum decreases with increasing M. The
locations inside the shock oscillation region when Cj reaches
a maximum are shown in Fig. 6. Results for other values of
& show similar behavior.

C. Shock-Wave Positions

When the shock wave is oscillating its locations determined
from C, plots falls within the range of positions that occur
during one pressure scan cycle of approximately 2.5 s. At
severe buffet conditions locating the shock position is difficult.
The manner in which shock position is measured in Ref. 9 is
followed in this study and there is a certain degree of arbi-
trariness in this definition for large oscillating shock motion.
However, the results using Ref. 9 definition of the shock
position are consistent and measurements are relatively easy
to carry out.

The effects of § on shock position x /c are shown in Fig. 8
for three values of M. Except for the highest M tested at
0.792, which shows x,/c to decrease with «, it is seen from the
results for the other two M values that x/c increases with «
initially and reaches a maximum before decreasing slowly.
Except for large M, the effect of a trailing-edge flap is to
move the shock position further downstream for positive &
and upstream for negative 8 by varying the pressure behind
the shock wave. The shock position is difficult to measure for
high M. Only data for three values of 6 at M = 0.792 are
shown. The results for other § indicate the shock position is
quite similar for all positive 8, while for negative & the shock
occurs further downstream in contrast to an upstream move-
ment for the lower M cases.

The variations of x,/c with M is illustrated in Fig. 9 for «
= 3 deg. The curves show the shock position to move down-
stream with increasing M until a maximum x/c is reached.
From then onwards it moves gradually upstream. Similar trends
are observed when the shock locations at buffet onset are
plotted against M for various flap angles as shown in Fig. 10.
At higher M (e.g., 0.792), the measurements of the shock
location become difficult and are not very accurate.

D. Trailing-Edge Pressure Measurements

In this investigation, the trailing-edge pressure was mea-
sured as the airfoil incidence was increased to fairly large
values beyond the buffet onset value. Some of the results
presented in Ref. 6 are replotted here in the form of C,g vs
M as shown in Fig. 11. The incidence « is fixed at 4 deg, and
the effect of varying 8 is illustrated. Similar curves are ob-
tained for other values of a. The value of M where divergence
of C,r at a given « can be determined from this type of plot.

From the trailing-edge pressure coefficient vs o or C; plots,
buffet severity can be represented by AC, . This is obtained
by noting the value of the trailing-edge pressure C,rgq, When
divergence occurs (onset of buffet). As the airfoil moves deeper
into the buffet regime, buffet severity can be measured in
terms of C,p as

ACpTE = CpTE - CpTEdiv (2)

The buffet intensity from normal—force fluctuation mea-
surements is denoted in terms of Cy as

ACy = Cy — Chp (3)
where Cj; denotes the value of Cj at buffet onset. Figure

12 shows the relationship between ACy and AC,1 for three
values of M, namely, at My and two values of M above and

 below Mypgs. Only data using three values of 6 are shown in

order that the figure will not be unduly crowded. There is a
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Fig. 14 C, distributions at M = 0.612 for various flap angles.

maximum in AC for the lower values of M tested, and this
is due to an easily detectable Cj maximum in the graphs
plotted against C, or a. At higher M, C}, maximum is difficult
to locate. From observing the results for other M values tested,
it was noted that in the neighborhood of My much larger
changes in AC}, with AC,; occur than at M lower or higher
than Mpgs. In the range of M near Mg, the effects of flaps
result in larger ACy changes with AC,g. The results for M
smaller or greater than My do not show any particular trend
of the effect of the flaps on AC,.

E. Drag Measurements

The drag polar was determined from wake measurements
and at the design C,, M, (using a criterion based on a value
of dC,/dM = 0.1) was 0.75.

At the design C, of 0.6, C,, vs M is plotted in Fig. 13. Below
M, small flap angles (6 = *+4 deg) do not increase the drag
significantly. However, the drag of the airfoil with 8- and 14-
deg flaps shows a fairly large increase above that for 6 = 0
deg. For off-design conditions at C, = 0.4, the increase in
drag for the 8- and 14-deg flaps are quite large. At C, = 0.8,
drag increase for negative flap angles is much larger than for
positive angles of the same magnitude.

F. Results at Off-Design Mach Number

In Ref. 4, some results on the characteristics of this airfoil
at the design Mach number were given. In this paper, the
behavior of the airfoil at off-design conditions are discussed
and the Mach number chosen is 0.612.

The static pressures are shown in the form of C, plots given
in Fig. 14. The profiles are taken from pressure scans close
to @ = 6.5 deg. The pressure irregularity at x/c = 0.087 was
due to a partially blocked orifice. The shape of the pressure
profile between x/c 0.2-0.4 for positive & is typical for airfoils
when shock-induced separation with reattachment occurred.
This type of flow separation for supercritical airfoils was stud-
ied and discussed in Ref. 10.

The trailing-edge pressure variations with « as the buffet
regime is penetrated is shown in Fig. 15. The values of the «
indicated in Fig. 14 are marked in Fig. 15 as “a,” “b,”. . .
“f.” 1t is seen that at 8 = —8 deg, the airfoil is not experi-
encing buffet and at § = —4 deg, the value of « is very close
to that at buffet onset. For the other values of & the airfoil is
operating inside the buffet regime.

The corresponding variations of Cj, with « is shown in Fig.
16. The curves are displaced by 0.02 of an unit upwards to
avoid overlapping. Using the divergence of Cy as the buffet
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onset criterion, it can be seen from this figure that the airfoil
is operating at buffet conditions for 8 equal or greater than
0 deg. The peak in Cy is a characteristic behavior when a
Crumax 1S present.

The corresponding power spectra of the balance normal
force are shown in Fig. 17. They are obtained using an FFT
block size of 256 and a signal duration of 2 s. The curves are
displaced 10 db downwards so that they will not overlap. The
appearance of a shock wave with frequency of approximately
50 Hz begins at a value of § = 0 deg and the intensity of this
shock increases with increasing J.
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Fig. 17 Power spectra of balance normal force at M = 0.612 and
« approximately 6.5 deg for various flap angles.

IV. Conclusions

A 16% thick supercritical airfoil with a trailing-edge flap
was investigated in the JAR High Reynolds Number Two-
Dimensional Test Facility at a chord Reynolds number of
approximately 20 x. 10%. The investigation was carried out
quite deep into the buffet regime and the effects of flap de-
flection on lift increment and buffet severity were analyzed.
The results can be summarized as follows:

1) Buffet boundaries can be raised appreciably by positive
deflections of the trailing-edge flap. The buffet onset bound-
aries for this supercritical airfoil occur very close to and in
some cases correspond to C; .., when M < My¢. To identify
regions of different degree of severity in the C, vs M plot,
such as mild, moderate, and heavy buffeting as in coventional
airfoils is not too meaningful.

2) The shock positions are determined from the steady-
state C, measurements. For Mach numbers near or less than
the design value, the shock initially moves downstream with
increasing angle of incidence to a maximum downstream po-
sition before moving slowly back upstream. For higher Mach
numbers, only upstream motion of the shock is detected. At
the lower Mach numbers, positive flap angles cause the shock
to move further downstream while the opposite is true for
negative flap deflections. ;

3) Spectral analyses of the balance normal-force outputs
show shock oscillations at about 50-80 Hz between M =
0.612 and 0.792 inside the buffet regime. The magnitudes of
the fluctuating normal force have quite large values near the
“elbow” of the buffet onset curve. As the Mach number in-
creases to higher values, the fluctuations in normal force de-
crease and the shock waves become more steady.

4) Excursion into the buffet regime and the resulting buffet
severity can be represented either by the decrease in trailing-
edge pressure AC, g or increase in magnitude of the fluc-
tuating normal force AC .. For Mach numbers near the design
value, much larger changes in AC, with AC ;5 are observed
than for other values of M. Whereas C,g decreases contin-
uously with a, C, reaches a maximum and then decreases as
the incidence is further increased except for high M where a
maximum value in Cy, is difficult to determine. C, is a more
accurate indicator of buffet severity.
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5) At the design C,, small flap angles do not increase the
drag significantly for M << M,,. For off-design conditions (C,
= 0.8), the drag rise is much larger for negative flap angles
than for positive angles of the same magnitude.
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