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Introduction

B ECAUSE the � ight envelope of transonic aircraft is restricted
when a certain degree of buffet occurs, the prediction of the

buffet onset boundary is quite important.To predict the buffet onset
boundary, several wind-tunnel test methods1 have been developed.
However, they are not suitablefor the � rst step in designof transonic
aircraft due to high expenditure of time and cost. For this reason,
to predict the buffet onset theoretically,several methods1 have been
developed instead of wind-tunnel tests.

As a � rst step, it is useful to examine the case of airfoil � ow mod-
els to analyze the dominant physical features of transonic buffet.
Such � ow models were suggested by Pearcey et al.2 and were clas-
si� ed into two broad categories,as models A and B. Model A is for
conventionalairfoils,which have a tendencytoward separationbub-
ble formationdue to the shock. Model B is for supercriticalairfoils,
which have tendency toward rear boundary-layerseparation due to
the shock.To predict the transonicbuffetonset for both model A and
B airfoils, generally, two different theoreticalapproacheshave been
considered. One approach is a steady approaching method based
on the boundary-layer theory. The other approach is an unsteady
approachingmethod based on Navier–Stokes solver.The steady ap-
proaching method was suggestedby Thomas3 and has successfully
been used to predict the transonic buffet onset for model B airfoils
(see Ref. 4). In this � ow model, the � ow is assumed to be steady for
the buffet onset. Because Thomas’s method3 is based on boundary-
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layer theory, it is only applicable for the case of airfoils with rear
separation (model B airfoils). On the other hand, in the case of
airfoils with shock-induced separation bubble (model A airfoils),
the buffet onset cannot be predicted by Thomas’s method because
the boundary-layer assumption is no longer valid in the separation
bubble. Thus, so far no theoretical steady approachingmethod has
been developed to predict the buffet onset for model A airfoils.
To predict the transonic buffet onset for model A airfoils, a new
steady approaching method is proposed in this Note. The basis of
the new method is to apply the method of kink analysis to the curve
plots calculated from a steady Navier–Stokes solver. This kink is
caused by the shock-induced separation bubble and can be identi-
� ed as buffet onset.5 The accuracy of present method is veri� ed in
this Note by comparison with results of two-dimensional transonic
buffet wind-tunnel test.

Approach
The steady Navier–Stokes solver based on the DADI6 scheme

computation is performed on the conventional NACA 0012 airfoil
(model A) with the assumption of steady � ow for the buffet onset
as suggested by Thomas.3 The Baldwin–Lomax7 algebraic turbu-
lence model is used here.A C-type grid of 275 £ 65 points covering
the computational domain that extends to 10 chord lengths from
the airfoil is used. Flow conditions are Mach number 0.7–0.8, an-
gle of attack 0–5 deg, and Reynolds number based on chord length
6:0 £ 106. Local time stepping was used in the steady calculation
to accelerate convergence to steady state, which is reached when
the lift coef� cient is 0.1% of its � nal value with at least four orders
of magnitude of residual reduction. To predict the transonic buffet
onset for the NACA 0012 airfoil from the calculatedcurve plots, the
method of kink analysis in the various aerodynamiccurves is exam-
ined. In addition, an existing unsteady approachingmethod8 based
on unsteady Navier–Stokes solver has been examined to verify the
accuracy of the present method. In this calculation, a second-order
time-accurate computation was used with time steps of 0.0005.

Results and Discussion
The accuracy of numerical method based on the steady Navier–

Stokes solver with the Baldwin–Lomax turbulence model has been
examined by other researchers,for example, in Ref. 9. In this Note,
results from one test case are presented and compared with ex-
perimental data.10 Figure 1a shows the surface pressure coef� cient
distributionsfor this case along with experimentaldata. The overall
agreement is good except near the shock. The location of shock is
predictedslightly downstreamof the experimentallyobserved loca-
tion of shock. This discrepancyis due to the limitationsof Baldwin–
Lomax turbulence model in the shock–boundary-layer interaction.
As notedby Holst,9 the normal shockbehaviorin the transonic� ows
is quite sensitive to the choice of turbulencemodel. However, when
the known sensitivity of other turbulence models is considered, the
overallqualityof the results is believedto be acceptablefor this mild
shock-induced separation. However, for the cases with a large re-
gion of shock-inducedseparation, the locationof shock is predicted
farther downstream of the experimentally observed shock location,
with a correspondingunderpredictionof displacementthicknessbe-
hind shock. Such cases are beyond the scope of predictionof buffet
onset because only steady states with attached � ow or mild separa-
tion bubble are considered in this study.
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Fig. 1a Surface pressure coef� cient distribution, Mach = 0.778,
Re = 6.0 ££ 106, and angle of attack = 2.03 deg.

Fig. 1b Upper surface skin friction coef� cient distribution,
Mach = 0.76 and Re = 6.0 ££ 106 .

Because the present method is based on kink analysis, the most
important factor required is whether the separation bubble, which
causes the kink in the particular aerodynamic curves, exists in the
NACA 0012 airfoil � ow at given � ow conditions.The effect of the
separationbubbleis clearlyseen in the skin-frictioncoef� cientcurve
in Fig. 1b. The validity of these calculations has not been quantita-
tively examined in this Note because no experimental skin-friction
data are available to compare with the computed results. The pur-
pose of the presentation of Fig. 1b is to show that the NACA 0012
airfoil is model A-type airfoil at given � ow conditions. In these cal-
culations, shock-induced separation bubble formation is noticed at
1.5-deg angle of attack. Also, the shock is seen to move rearward
with extension of bubble length as angle of attack increases. As
shown in Fig. 1b, observe that separation bubble burst occurs sud-
denlyat around 3.25-degangle of attack.This suggestsbuffetonset,
but cannot be veri� ed by Thomas’s 90% chord criterion.4 Thus, it is
apparent that, for the case of the airfoil with separationbubble dom-
inant, buffet onset prediction is not possible by Thomas’s method.

Figure 2a shows the lift curves. As angle of attack increases be-
yond the linear range, the shock moves backward and becomes
strong enough to cause the separation bubble. When the separation
bubble extends rapidly from the shock to the trailing edge, the slope
of lift curve is drastically reduced. This is recognized as buffet on-
set. Pearcey and Holder5 showed experimentally that the distinct
slope change (or kink) in the lift curve coincided with buffet on-
set as measured with a strain gauge on a two-dimensionalairfoil. In
these curves, the distinctslope changescan be found at higherMach
number, as shown in Fig. 2a. However, the distinct slope changes
are not shown clearly at relatively low Mach numbers because the
effects of weak shock movement represent a small variation of lift

Fig. 2a Lift coef� cient curve, Re = 6.0 ££ 106.

Fig. 2b Pitching moment coef� cient curve, Re = 6.0 ££ 106 .

Fig. 2c Center of pressure variation curve, Re = 6.0 ££ 106.

curve, in general. It is dif� cult to predict the buffet onset by kink
analysis in the lift curves at a certain � ow conditions.Thus, alterna-
tive methods are required, which correspond to the method of kink
analysis in the lift curves, to � nd the points of more distinct slope
change in the particular aerodynamic curves. The pitching moment
and center of pressure variation curves are considered in this study
as alternative methods. In the lift curves, some cases show a slight
oscillation (within 0.5–1% of mean value) at the higher angle of at-
tack after the kink. Because only steady states are considered in this
study, these small oscillationsafter the kinks are not of primary con-
cern. Furthermore, these kinks do not affect the trend in the curves
for kink analysis.From the engineeringapplicationviewpoint these
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Fig. 3 Comparison of buffet onset, Re = 6.0 ££ 106 .

oscillations are small enough so that steady state may be assumed
to estimate the mean value.

As an alternativemethod, a frequentlyused method is analysisof
pitchingmoment curve deviation6 as shown in Fig. 2b. The pitching
moment is referenced at the leading edge. Figure 2b shows more
obviousslope changes in the curves than those in the lift curves.The
variation of pitching moment is sensitive due to the length between
the reference point and the point in the separated region. As the
separated region moves aft with movement of the shock, this effect
is accentuated.

The movementof the shockwave with variation in angleof attack
causes changes in the position of the center of pressure. Note that
the center of pressure curves show noticeable kinks, as shown in
Fig. 2c, compared with other curves. This occurs because the effect
of shock movement causes a relativelysmall variationof lift in gen-
eral, but it causes drastic variation on position of center of pressure.
Furthermore, this effect is accentuatedwhen shock-inducedsepara-
tion exists. These kink points coincidedwith those in the lift curves
and pitching moment curves, as shown in Figs. 2a–2c. Therefore,
the kink points in the center of pressure curves can be recognized
as buffet onset points.

The predictedresultsof transonicbuffetonset for the NACA 0012
airfoil are shown in Fig. 3 along with those of two-dimensionalbuf-
fet wind-tunnel test.10 Figure 3 shows that the predicted results of
the present method are very close to the experimental predictions,
except for results at the higher mach number. These discrepancies
at higher Mach number are due to the differencebetween the shock
locations predicted by experiments and computations. A more ad-
vanced turbulencemodel may alleviate this problem. Unsteady pre-
diction is carried out for the cases of Mach numbers 0.76 and 0.80.
Buffet onset is predictedalmostexactlyas shown in Fig. 3. However,
thispredictionrequiresvery long computingtime and largememory.

Conclusions
The new theoreticalsteadyapproachingmethoddevelopedis use-

ful to predict the buffet onset for an airfoil with shock-induced
separation bubble (model A airfoil) when compared with the two-
dimensional buffet wind-tunnel test. Among the various aerody-
namic curves, the center of pressure curve shows the most distinct
kink point even at relatively low Mach number with high angle of
attack and good agreement with unsteady wind-tunnel test results.
Therefore, it can be suggested that the kink of the center of pressure
vs angle-of-attack curve can be used as a reliable indicator of buf-
fet onset on a model A airfoil for the steady experimental method.
In addition, in comparison with the results of unsteady prediction
method, which requires more computational time and memory, the
present method is shown to be accurate for transonic buffet onset
prediction from the engineeringapplicationviewpoint.Because the
present method applies the kink analysis method to curves calcu-
lated from steady Navier–Stokes solver, it can be applicable even to
the three-dimensionalfull con� guration of aircraft.
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Nomenclature
C p = pressure coef� cient, (pw ¡ p1/=q1
M1 = freestream Mach number
p = static pressure
q1 = dynamic pressure
x = coordinate along the surface of the corner
x¤ = x=±0

x¤
u , x¤

d = normalized upstream and downstream
in� uence region

® = concave-cornerangle, deg
±0 = incoming boundary-layerthickness
´ = convex-cornerangle, deg
» = interaction region, (x¤

d ¡ x¤
u )

Introduction

IMPROVEMENT of aircraft performance is always one of the
major goals for the aerodynamists.1 Bolonki and Gilyard2 have

indicated that the de� ected control surfacescould be used in combi-
nation to provide the variable camber control within the operational
� ightenvelope.The activemodi� cationof the control surfacescould
potentially play a role in performance optimization for an aircraft.
At transonic speeds the bene� ts of variable camber using a sim-
ple trailing-edge control surface system can approach more than
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