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Computational and Experimental

Research on Buffet Phenomena of Transonic Airfoils*

Naoki HIROSE ** and Hitoshi MIWA **

ABSTRACT

Buffet phenomena on supercritical airfoils were investigated both experimentally
and numerically. The experiment was done for NACA0012 and KORN 75-06-12 airfoils
using a high-speed Schlieren VTR and pressure transducers. The analysis shows significant
effects of the geometries and the Reynolds number. A 2-D N-S code was used to predict
these phenomena. The result shows the macro-scale effects of airfoil geometry, Reynolds
number and transition. A fine structure of the motion such as the periodic trailing edge
pressure history was captured. The basic frequency of the buffet motion agrees well with

the experiment.
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I. INTRODUCTION

Buffet phenomena in transonic flow are
characterized by very complicated flow regime
with shock wave oscillation, shock wave-induced
boundary layer separation and separated vortex
shedding behind the shock wave. This unsteady

*Received 2, August, 1988
**The Aircraft Aerodynamics Division

aerodynamic oscillation produces large unsteady
aerodynamic forces which are not desirable.
Therefore the prediction and the investigation of
this phenomena in detail are quite important.
Experimental investigation is very difficult,
because heavy unsteady load to the model and
support during the wind blow is dangerous, and
high quality measurements of unsteady pressure
and flow field are required but they are hardly
realized due to various adverse circumstances in
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facility and instrumentation. A few number of
researches are reported in the past. McDevitt,
Levy and Deiwert'™ made biconvex circular-arc
airfoil experiment and compared its buffet
behavior with Navier-Stokes computation. By
the way, Deiwert’s computation was the first
Navier-Stokes analysis for practical subject at
high Reynolds numberand computed on ILLIAC-
IV. Levy and Bailey! then computed buffet
boundaries for NACA65-213 and Garabedian-
Korn airfoils. Roos® made buffet experiment for
Whitcomb and NACAO0012 airfoils and investi-
gated unsteady pressure field.

In Japan, since the construction of High-
Reynolds Number 2-D Wind Tunnel (HR2DWT)
in 1978, supercritical airfoils have been tested in
this wind tunnel.® Also, a2 Navier-Stokes code
was developed and code verification was made
for NACA0012 and several supercritical airfoils.’
For one practical purpose-airfoil, buffet bound-
ary as well as static force data showed good
agreement with each other.® Computation gave
buffet frequency of 45Hz while the energy
power spectra measured in the wind tunnel
showed a distinct peak at about 60 Hz nearly
equal to the computed result,

In the present paper, a further investigation
was made both experimentally and computation-

AIR FLOW

[\

Fig. 1

ally to the buffet phenomena of NACA0012 and
GARABEDIAN-KORN 75-06-12 airfoils. The
latter abridged as KORN airfoil is a well-known
supercritical airfoil and its design point is lift
coefficient of 0.6 at Mach number of 0.75 with
shockless pressure distribution. In the experi-
ment, effects of Reynolds number on conven-
tional and supercritical airfoils were examined.
In computations, effects of Reynolds number,
angle of attack, transition models on buffet
mode were examined. Also comparison with
experiment was made for KORN airfoil.

2. EXPERIMENTAL RESEARCH

2.1 Wind Tunnel and Procedures

Experiments' were conducted in the NAL
HR2DWT, a blow-down flow facility for airfoil
testing. The test section is 30cm wide and
100cm high. A 25cm-chord airfoil model is
installed between the optical windows and
supported by the rigid steel blocks outside the
flow passage (Fig. 1.). The wind tunnel provides
maximum Reynolds number 40 x 10® (atM =
0.8). Mach number range, 0.2 to 1.15, and run-
ning time, 9 to 100 sec.

Airfoil sections used were NACAQ012 and
KORN airfoils. Mach number range was 0.5 to

"?’5‘?5 RSE
SYSTEM

SCHLIEREN WINDOW

HR2DWT schematics

This document is provided by JAXA.



Computational and Experimental Reserarch on Buffet Phenomena of Transonic Airfoils 3

PRESSURE TRANSDUCER

INSTALLATION

ADAPTER

PRESSURE TRANSDUCER
(KULITE XCQ-080)

Fig. 2

0.85. Reynolds numbers were 6, 15 and 30 X
10%. Pressure fluctuations at every 10% chord
station were measured by small pressure trans-
ducers (KULITE XCQ-080) connected by adapter
to the pneumatic connector located side of the
model. Static pressure holes of diameter 0.6 mm
were utilized for this purpose. Total of 10 points
were measured (Fig. 2). The outputs of trans-
ducer signals were recorded by 14 channel ana-
log data recorder. Pressure fluctuation at one
wake point and one side-wall point above trailing
edge and strain at model support section were
also measured. Frequency response between the
pressure hole and the transducer was checked
beforehand. Maximum frequency of 200Hz can
be measured within 90% of accuracy.R.M.S.
level of the pressure fluctuation normalized to
the dynamic pressure of the free stream, power
spectra, and cross-correlations with trailing edge
as the reference point were computed to see the
time-space correlation of the separated vortices.

"~ _PRESSURE HOLE

% ]
;\ \OGm m

Model and pressure transducer installation

A high-speed camera and high-speed Video
Tape Recorder (200 frames/sec) were also used
to obtain optical measurement of shock wave
movement and flow separaton patterns.

2.2 Results and Discussion
[SHOCK WAVE LOCATION]

Shock wave location obtained from VTR
images is plotted against angle of attack with
Mach number M as parameter for NACA0012
and KORN airfoils respectively in Figs. 3(a) and
(b). Solid line is for Reynolds number, Re =
30 x 10% and dashed line for Re = 6 X 108.
The shaded area shows unsteady shock wave
oscillation, i.e. buffet area. At full buffet point,
the amplitude of the shock wave movement in-
creases with Reynolds number for both airfoils.
The increment is greater for NACAOO12 than
KORN airfoil. Mach number dependency differs
between two. airfoils. In NACAQO12 case, the
amplitude of oscillation increases with Mach
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Fig. 3  Shock wave locations
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number while it decreases in KORN airfoil case.
The largest oscillation occurs at M = 0.7 of
supercritical airfoil case.

Shock wave is located rearward at high
Reynolds number for both of airfoils when
angle of attack is below buffet onset point but
the situation reverses when buffet starts in
NACAO0012 case (Fig. 4 (2) and (b)).

[STRAIN AND TRAILING EDGE PRESSURE
FLUCTUATION]

Strain at model support section and trailing
edge fluctuation Cpyg’ are closely related. The
start of model vibration, i.e. buffet onset, corre-
sponds with the start of Cprg’. Significant
buffet exists for all range of Mach number in
NACAOQO12 case but it almost disappears when
Mach number is increased to 0.85 in KORN case.

[FLUCTUATION PRESSURE ON AIRFOIL
SURFACE]

Figure 5 shows pressure fluctuation distribu-
tion at Re = 30 x 10® with angle of attack as a
parameter for both airfoils. Shock wave location
is also shown. Pressure fluctuation peak point

Mach =0 70, 0L9= 6deg

Cp N NACA 0012

- _ \

15 ! Re=6.5x105 C1=0.754
1.0 \, Re=29.5x108C(=0.717

-0.5

1.0

0.0 0.2 0.4 0.6 0.8 1.0
X/C
(a) NACAO0012 airfoil, M =0.70, a = 6°
Fig. 4

and shock location should coincide but it differs
at angle of attack for buffet onset point. This
was caused by that shock wave location was
optically measured along line 10 mm above sur-
face. Local minimum point of fluctuation can be
observed just behind the shock wave which in-
dicates the existence of separation bubble.

For low Reynolds number, pressure fluctua-
tion is larger in KORN case than in NACAQO12
case. As Reynolds number increases, pressure
fluctuation decreases more in KORN case. This
can be clarified by trailing edge pressure fluctua-
tion Cprg’ shown in Fig. 6. Distinctive differ-
ence between the two airfoils are observed.

[POWER SPECTRA AND CROSS-CORRELA-
TIONS]

Figure 7 shows power spectra and cross-
correlations at M = 0.70, « = 6°, Re = 15 x 10°
of NACAOQO012 airfoil. Atlow Reynolds number,
peak of the power spectra lies at very low fre-
quency (2.5 Hz). As Reynolds number increases,
the peak position moves rearward and the peak
frequency increases to 62.5Hz. The spectra
becomes broadband with various frequency

c Mach=0.75 SK7 537

P A = 4deg L 5-06- ]

B Re=6.3x108

Cl1=0.892

-1.0 ¢ Re = 29.5x1 06
Cl1=0.889

-0.5 <

0.0

0.5

1ol

( 1 | I ! ]
00 0.2 04 06 08 1.0
X/C

(b) KORN airfoil, M = 0.75, a = 4°

Surface pressure distributions at buffet range

This document is provided by JAXA.



TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-996T

o
4
%, T
10° :/ | NACAQO1 2
y ! Mach=0.75
g - i /T Re = 29.3x10%
t |
Cp N | RUN No=4187,4188
6 - . J ' i
E \ o :
4 A TN /—\
2 - e 12X
T A
0 A ] ‘ , ) ,-;[ 1 0.975
8 ’ = 0.8
7 e 06 %7
6 - ’/ o 05
>, 03 7x/C
Agdeg 3 : 502
(a) NACAO0012 airfoil
10’1’ GK75-06-12
Mach=0.75
g | Re=29.3x10°
Cp RUN No =4253.4 254
6 N
AR
2 _
0 - ' 0918

>y

(Xg deq ‘ 0.4 X/C

(b) KORN airfoil

Fig. 5 Pressure fluctuation distributions
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components which means that various size of
vortices exist. The Lag-time of the peak position
of cross-correleation is negative. This indicates
separated vortices from the foot of shoch wave
moves streamwise. Correlation is high for high

Power spectra and cross-correlations for
KORN airfoil is shown in Fig. 8 at M = 0.75,
a =4°, Re =30Xx 10%. At low Reynolds number,
peak of the power spectra lies at very low fre-
quency (5Hz) as in NACAOO012 case but with

Reynolds number. broad band both in frequency and space. As

Chre NACAQ012
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(b) KORN airfoil, M = 0.75

Fig. 6 Trailing edge pressure fluctuations
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Fig. 7 Power spectra and cross-correlations
NACA0012 airfoil, M = 0.70, a=6°, Re = 15 x 10°
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Fig. 9 Time history of pressure fluctuation
KORN airfoil, M = 0.70, a = 6°
Reynolds number increases, sharp peak of mono-
fL Ipp
n= _U:o GK75-06-12 frequency (60Hz) is observed and periodic
cross-correlation is obtained as shown in the
0.1 1 X Mach=0.70 figure. Time history of pressure fluctuation in
1 o 0.75 Fig. 9 shows that periodic organized separated
0.08 - X 7deg vortices are formed behind the shock wave when
\O\o dg=5deg Reynolds number is high. Figure 10 shows this
O\ 4 votex shedding Strouhal number n based upon
0.06 R 6 de deg chord length and free stream velocity is about
. 5 Sdz 0.06 ~ 0.08 depending on angle of attack and is
0.04 - 059 nearly independent of Reynolds number.
0.02 3. COMPUTATIONAL RESEARCH
]' " é ' :; ' ; ' ;TTO 3.1 Navier-Stokes Code
Rex10 7 Two-dimensional code based on Implicit Ap-
proximate Factorization scheme for time-averaged
Fig. 10 Strouhal number of separated vortices thin-layer Navier-Stokes equations was used in

KORN airfoil

the computational research.” The turbulence
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model applied is conventional Baldwin-Lomax
algebraic model.” The details of numeric scheme
and turbulence model can be found in the refer-
ences. For computation of flow with laminar to
turbulent
flow’), Baldwin’s criterion of transition; max.

transition (terms as ‘transitional

uy < Cyqutm = 14, was employed. A ‘fully
turbulent’ computation was made assuming flow
was turbulent from leading edge both sides. A
relaxation model of eddy viscosity is also em-

ployed in the wake region.

3.2 Computing and Flow Conditions

Computations were made for NACA0012
airfoil to see the effects of Reynolds number,
angle of attack, transition models on buffet. A
C-type mesh of 133 X 49 points covering the
computing region size of 10 chord length from
airfoil in each direction was used. 93 points lie
over the airfoil. The minimum normal size of
mesh is 1 x 107, streamwise size at the leading
edge is 0.007 where length scale is normalized to
chord length. In the following discussion, time
scale is normalized using chord length and free
stream velocity.

Flow conditions were M = 0.75, a = 0 ~ 6°,
Re = 1, 10, 50 x 10%. Fully turbulent flow and
transitional flow were compared.

KORN airfoil computations were made using
similar mesh with leading edge streamwise width
0.0025 to cover the subtle geometry of the
supercritical airfoil. Flows at Re =6 x 10° and
transitional model were computed for M =
0.60 ~ 0.95 and angles of attack to cover buffet
region.

3.3 Results and Discussion

3.3.1 NACAO0012 analysis
[LIFT CHARACTERISTICS]

Transition point at low Reynolds number is
located in front of shock wave at midchord and
this strongly affects pressure and friction force
distributions and lift characteristics compared

Cir
0.8}
//, Vi
0.7 ///Y s
rd //
d ;r
//
7’
0.6} v
\
\
VA
\
0.5+ ‘\ \
\
AN
LAY
\\ \\
0.4t
\
VR
\
\ AN
0.3} \\ \\
\
Lo.-1
0.2+
O fullyturbulent
0.1}
& transitional
X 1 1 A 1 i 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0
a [deg]

Fig. 11 C; vs. .
NACAO0012 airfoil, Re =1 x 10°

O fully turbulent
A transitional

with fully turbulent case. Figure 11 shows C, vs.
a at Re = 1 x 10%. Transitional flow (A) gives
higher lift at nonlinear range, a > 2°, than fully
turbulent flow (O). Buffet onset point is the
same at a = 5°, but the range of C, oscillation
differs. Figure 12 compares Mach number con-
tours at fully turbulent (a) and transitional (b)
cases at « = 4°. The difference in boundary layer
development and shock position can easily be
seen. At Re = 10 x 10%, the transition point
locates before 0.04 C. Therefore, the boundary
layer development differs little from fully tur-
bulent case. C; vs. a curve almost coincides
with each other. Buffet onset point is 6°.

[UNSTEADY FORCE CHARACTERISTICS]
Unsteady aerodynamic forces were plotted
against time in Fig. 13. Symbols O, O and A
represent C;, C4 and C,, respectively. (a) is
the case: a = 5°, fully turbulent, Re = 1 x 108,
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(a) fully turbulent (b) transitional

Fig. 12 Mach number contours, NACA0012, a=4°, Re = 1 x 10®
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(c) fully turbulent, Re = 50 x 108 (d) a=6°, transitional, Re = 1 X 10°

Fig. 13 Unsteady force characteristics vs. time
O:Cy, O:Cq4, A:Cpy
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Only one parameter was changed in the other
cases. (b): transitional, (c): Re = 50 x 10%,
(d): a = 6°, transitional. As opposed to the
speculation from the previous result,® it was
found that the periodic oscillation curves are not
simple sinusoidal. At low Reynolds number
where transition effect is significant, curve is
complicated.

Although more detailed study is required, the
obtained result roughly shows that:

as Re increases = Tp increases (Tp: basic

period)

fully turb. - trans. = T, increases
as a increases = Tp decreases
as Re increases = Qpuffet onset INCreases

and

AC,,ACq decreases

fully turb. = trans. = AC,, ACq decreases
Typical Tp = 22 (a= 5°, fully turb.)
to, 31 (= 5°, trans.)
4—5 times longer than supercritical
airfoil case (Tp = 5.54)°

[PRESSURE FLUCTUATION CAUSED BY
TRANSITION]

When transition point locates mid-chord in
low Reynolds number flow, pressure fluctuation
starts to appear at a = 4° before buffet onset and
can be observed as small C, oscillation. At high
Reynolds number flow, it disappears. To con-
firm this is physical, and not numerical oscilla-
tion, transition point X¢;, Cprg, Cq4, and C,, at
Xiower = 0.19, and Xypper, Xiower = 0.75 were
plotted against time-step number in Fig. 14 (a =
4°, transitional). X on lower surface moves

Cr lower

i 1 i

1.00 -
O
~
>
0.75
&=
Z
o
s
Z
C
=
(%2
2
e 0251
=
0.00 L
5000 5500

6000 6500 7000
STEP

(a) transition point Xiy

Fig. 14 Unsteady fluctuations vs. time
NACA0012, M=0.75,Re=1 X 10% a= 4°, transitional
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Fig. 14 (Continued)
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Fig. 14 (Continued)
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from 0.40 to 0.56 C with period pghort = 0.47.
Cpre and Cq synchronously oscillate with the
same period. Cp at Xjower = 0.19 where is laminar
and Cp at Xjpwer = 0.75 where is turbulent are
also synchronized and amplitudes show large
difference. Cy, also has long period mode oscilla-
tion of pjong = 2.89. Such unsteadiness appears
on the subcritical lower surface at a > 1° and

—0.9r
~0.8}
-0.7F
-0.6F
-0.5F

-0.4}1

-03f

0.2+

5000 5500

0.2

(a) fully turbulent

-0.40 |

—0.50 -

-0.10 '

cannot be found in the supercritical upper
surface and high Reynolds number flow in which
transition occurs near the leading edge.

When buffet starts, such small fluctuation is
overwhelmed by large scale votex shedding.
Trailing edge pressure, however, seems to retain
some influences. Figure 15 shows Cprg for fully
turbulent and transitional cases. High frequency
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(c) asupercritical airfoil®

Fig. 15 Trailing edge pressure Cprg vs. time
NACA0012,M=0.75,Re=1x 10°, a = 5°
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modes appears in latter case. Another super-
critical airfoil case is also shown for comparison.

[VORTEX SHEDDING PATTERN]

Time dependent vortex shedding was ex-
amined plotting velocity vectors and variable
contours at discretized phase angles. The scale of
vortex and pressure fluctuation were greater in
fully turbulent flow than in transitional flow.

The vortex at the foot of the shock wave
grows larger as the chock wave moves forward
until the separated region is large enough to stop
the shock wave movement. Just after the shock
wave stops and begins to move backward, vortex
leaves airfoil and floats down in the stream.
Cprg becomes minimum and oscillates at this
moment. After vortex is shedded, flow behind
the shock wave becomes attached and shock
wave is pulled down to backward. Cpyg regains
positive pressure.

3.3.2 KORN airfoil analysis
[LIFT CHARACTERISTICS]

Figure 16(a) shows lift characteristics vs. «
with Mach number as a parameter. At buffet
region, maximum and minimum C, are plotted
to represent the amplitude of buffet. This ampli-
tude nearly corresponds to the shock wave loca-

(a) lift characteristics vs. &

tion width because lift is mostly created by
supercritical region in front of shock wave.
The amplitude is larger at low Mach number and
almost deceases when M 2> 0.85. Buffet dis-
appears at M = 0.90. Buffet range in terms of
angle of attack is plotted against Mach number in
Fig. 16 (b). This result is in excellent agreement
with the experimental result.

[BUFFET PATTERNS]

Unsteady forces against time were plotted in
Fig. 17 with typical Mach number contours at
several Mach numbers. Buffet pattern and shock
wave shape are quite different as Mach number in-
creases. At low Mach numbers, buffet is similar
to the low speed stall phenomena. Large scale
vortices appear over the entire upper surface.
Turbulence model for separated region greatly
influences the solution and the present results
only give qualitative pattern of separation with
too large eddy viscosity. At M = 0.75, shock
wave locates in relatively flat midchord surface.
Shock-induced separation is not extended so
large. Oscillation is simply sinusoidal as was the
previous supercritical airfoil. For higher Mach
number, fish-tail shock wave locates near the
trailing edge and buffet deceases.

When compared in detail, shock wave loca-
tion width is greater in computation than in

(deg.)
a
1 O+4
o
]
o o
O O O
5 4 o] O
O O
(o]
o)
0 Sl . $ } 4
0.60 0:70 0. 80 0.90 M

(b) buffet range

Fig. 16 Buffet characteristics of KORN airfoil
Re =6 X 10°, transitional
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Fig. 17 Unsteady force characteristics vs. time and Mach number contours, KORN airfoil
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Fig. 17 (Continued)

experiment. Present computation has poor
resolution for shock wave. Turbulence model
has large effect. In experiment, finding extreme
edges of shock wave movement is difficult.
Transition point is not clear. Those and other
factors should be examined in future.

4. CONCLUDING REMARKS

Differences in various aspects were observed
between NACAOO12 and KORN airfoils in ex-
perimental research. Airfoil geometry and the
resultant pressure distribution are the reasons of

differences and supercritical airfoil gives more
favorable buffet characteristics than conven-
tional one. Computations revealed another
aspects of buffet phenomena. Marco scale
characteristics such as buffet boundary and
shock wave location agreed well with experi-
ment. Unsteady flow characteristics, however,
exhibit both of agreement and disagreement.
For example, Reynolds number effect on period-
icity in NACAQO12 is opposite. Two factors
influencing the computed result are: evaluation
of transition point and turbulence model for
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separated region. A refined model and fine mesh
analysis should be done in future. Advanced ex-
periment is scheduled to attain good'two-dimen-
sionality and direct pressure measurement at
surface.
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