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Investigation of Flow Separation on a Supercritical Airfoil

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

Transonic shock/boundary-layer interaction on the upper surface of a supercritical airfoil was investigated in
the National Aeronautical Establishment High Reynolds Number Two-Dimensional Test Facility. Skin-friction
coefficient measurements on the airfoil surface were carried out using a Preston tube. At the lower Mach
number range of the experiments, shock-induced and trailing-edge separation regions were found to exist
simultaneously. Detailed experlmental measurements were carried out at M = 0.688 and various values ofato
mvestlgate the merging of the two separated-flow regions. Steady and unsteady pressure measurements were
made for various types of shock/boundary-layer intéraction. Pressure power spectra were computed to study the
characteristics of pressure fluctuatlons in the separated-flow regions. Fluctuating normal forces were measured
for different types of flow separation, and the behavior of the unsteady load expenenced by the airfoil was
presented. Broadband cross-correlations of the pressure field were carried out to determine the convection

velocities for attached and separated flows.

Nomenclature
b = model span
Cr = skin-friction coeff1c1ent
C = lift coefficient
Cy = ﬂuctuatmg normal-force coefficient from balance
measurement -
Ci = rms value of normal-force coefficient
c, = pressure coefficient, p/q.
Co, = steady-state pressure coefficient
(64 = rms value of pressure coefficient
c = chiord
M = Mach number
Nims = rms value of normal force from balance
measurement
D = Instantaneous pressure
Drms = rms value of unsteady pressure
do = freestream dynamic préssure
R(a,b, 7) = cross-correlation of functions a and »
U.. = broadband convection velocity
Uw = freestream velocity. -
X = distance measured in flow dlrectlon from airfoil
leading edge
o = angle of incidence
T = time delay -
Introduction

HE types of flow separation on conventional airfoils were

systematically classified by Pearcey et al.! from analysis of
steady pressure measurements on.the airfoil surface. Recently,
Mundell ‘and Mabey? presented some steady and unsteady
pressure . data on shock-induced separatlon of turbulent
boundary layers on a 12%-thick NACA 16 series airfoil. Their
résults supplemented the classification of the types of flow
separation described by Pearcey.!

The unsteady data obtained by Mundell and Mabey? cov-
ered a small region on the airfoil surface. Only six fast-re-
sponse transducers were installed on the upper airfoil surface
between 45 and 70% chord, and their spacings were not suffi-
ciently close to resolve the rapid changes in the separated-flow
regions. Their results are useful in buffet studies since they
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provide a guide to the types of unsteady excitation on the
airfoil arising from the pressure fluctuations. However, more
detailed experiments are required to give quantitative results,
which are needed to understand the’ dynamics of flow separa-
tion so that accurate estimation of loads on the airfoil can be
made. This is requlred in ‘order to predict the structural re-
sponse of the airfoil in the 1nvest1gat10n of buffeting flows.

Some recent experiments of flow separation on a supercriti-
cal airfoil were performed at the National Aeronautical Estab-
lishment (NAE) High Reynolds Number Two-Dimensional
Test Facility. The Bauer-Garabedian-Korn (BGK) No. 1 su-
percritical airfoil; which was used in previous buffet studies,?
was modified by the installation of 16 fast-response transduc-
ers from 20 to 87% chord on the airfoil upper surface. Pres-
sure flictuations due to shock-induced and trailing-edge sepa-
fation were measured. From these data, intensities and power
spectra were computed. Broadband correlations of the pres-
sure field were also carried out to determine the convection
Veloc1t1es Skin-friction measurements using a Preston tube
were performed to determine the separated-flow regions. The
dimensions of these separated-flow regions were compared
with those obtained from steady pressure data or from curves
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Fig. 1a Schematic of BGK No. 1 supercritical airfoil with pressure
orifice locations.
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Fig. 1b Locations of fast-response transducers on the upper surface
of the BGK No. 1 supercritical airfoil.
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of pressure fluctuation intensities with distance on the airfoil
surface. The unsteady pressure results gave further support to
the types of flow separation that can be classified in the
manner suggested by Mundell and Mabey.?

Model, Instrumentation, and Data Reduction

The airfoil tested was the BGK No. 1 with design M and C;,
of 0.75 and 0.63, respectrvely The chord of the airfoil was 10
in. and the span was 15 in. The thickness-to-chord ratio was
11.8%. Figure la shows a schematlc of the airfoil. There were
50 pressure orifices on the airfoil upper surface and 20 on the
lower surface for steady pressure measurements. A modifica-
tion of the original airfoil was made, and this 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 transducers with a
0.062-in. diam were installed. The locations of these transduc-
ers are given in Fig. 1b. The second transducer located 2.5 in.
from the airfoil leadmg edge was found to be defectrve It was
not used in the tests.

The rms value of the fluctuating PIessure Prms is normalized
by ¢ and i is grven as

C;; ;prms/qm - (1)

The lift and pitching moment were determined by use of a
sidewall balance. In addition to the steady~state values, of the
balance outputs, the ﬂuctuatmg quantities were also mea-
sured. The rms value on the normal -force is presented in
coefflcrent form grven by the expressron

CN = Nms/qmbc (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 Institute of Elec-
trical and Electronics Engineers (IEEE) routine periodgram
method for power spectrum-estimation (PMPSE).* Two modes
of operation were used for the tunsiel runs, namély, step- pause
incidence runs and constant incidence runs. For the first mode
of operation, a fast Fourier transform (FFT) size of 256 and a
signal duration of 2 s were chosen in determmmg the power
spectra. For the second mode, the transform size was 1024 and
approx1mately 10sof the srgnal were processed For cross-cor-
relatlon studies, the pressure transducer signals were recorded
on a FM tape recorder at 60 in./s and analyzed at a reduced
speed of 3.75in./s. The IEEE program correlation method for
power spectrum estimation (CMPSE)4 was used to compute
the correlation functions.

In Ref. 5, it was reported that drstrnct peaks of about 70-80
Hz for Mach numbers between'0.688 and 0.747 were observed
from the force and pressure power spectra for this arrforl
These were attrlbuted to shock wave oscrllatrons in a region
beyond the buffet onset boundary where the flow was fully
separated The force balance was very stiff, and both the
lowest frequencies of rigid-body airfoil heave and fixéd-fixed
wing bending were much larger than the observed peak excita-
tion frequeéncies at about. 70-80 Hz. No wind-off test was
performed for- this airfoil, but tests performed for another
supercrrtrcal ‘airfoilf using the same balance showed the first
four balance natural frequencres to be approxrmately 140,
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Fig.2 Schematic of Preston tube.
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215, 320, and 360 Hz, respectively. These were all greater than
the 70-80 Hz observed in this test. Also, dynamrc calibration
of the transducers with impulse excitation d1d not show any
frequency peaks.

A fast-response pressure transducer was installed on the
sidewall of the wind tunnel to measure the unsteady tunnel
pressure. It was located approxrmately 26 in. upstream of the
airfoil leading edge. From the measured power spectra,’
discrete frequency of approximately 420 Hz was detected. The
magnitude of this pressure oscillation depended on M and « of
the airfoil. The origin of this flow drsturbance so far has not
been identified from the NAE tunnel.

For skin-friction measurements, a Preston tube with dimen-
sions given in Fig. 2 was used. It was constructed from a
hypodermic needle having a 0.0165 in. o.d. and a 0. 004 in.
wall thickness. The probe could be installed at any desired
pressure orifice location. The pitot -pressure on the. airfoil
surface was measured. The correspondlng local surface static
pressure was obtained by interpolation of the static pressures
obtained on the airfoil surface ahead and behind the Preston
tube. From the différence between the total and static pres-
sures, the calibration chart given by Head and Ram?® was used
to determine the skin-friction coefficient. To obtain the C;
dlstrlbutron on the airfoil surface; only one Preston tube was
used at a fixed location for each wind-tunnel run to minimize
any disturbance from the probe. The probe location was then
changed and the run was repeated- with the same flow condi-
tions. Because of the. large fumber of wind-tunnel runs re-
quired to find the $urface distribution of Cy, measurements
were carried out for M =0, 688 only. The location closest to
the leading edge wheére measurements were taken was 0.3c.
The step-pause mode of wind-tunnel testing was used, and ten
values of o were considered. The range of o covered attached
to fully separated flows.

‘Distributed suction was. applied through porous plates to
regions of the tunnel sidewalls in the vicinity of the modél. The
amount of suction was selected so as to minimize any three-
dimensional effects. 9 All tests were performed at a chord
Reynolds number of approxrmately 20 x 10° with free transr-
tion. At design conditions, previous tests showed transition on
the airfoil i upper surface to occur within 10% chord from the
leading edge. The ‘Mach numbers in this 1nvest1gatron ranged
from 0.5 to 0. 792 ‘

~ Results and Discussions
Skm-Frlctron Coefflclent Measurements

"For the BGK No. 1 supercrrtrcal alrforl it is found that at
the lower Mach number range of the experlments separation
can begin as a bubble behind the" shock wave and spread
downstream as the angle of incidence is increased: Trailing-
edge Separation -oecurs when o reaches a certain value. The
rear separation région moves upstream and will merge wrth the
shock- mduced separated flow reglon
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Fig. 3 Skm-frrctlon coeffrcrent \& x/c at M = 0.688 and o =4.95
and 6.43 deg.
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Fig. 4 Steady-state pressure distributions on upper surface of BGK
No. 1 alrfml at various o. The cross-hatched and open bar symbols
denote regions of attached and separated flows determined from
Preston tube measurements. ’ . '

The sequence of events observed experimentally for the
range of o values selected in this test at M = 0.688 can be
summarized as follows. At o = 4.67 deg, a small separation
bubble behind the shock wave is observed. Increasing o to
4.95 deg, the flow is attached from the leading edge to
x/c—approximately 0.42. Figure 3 shows the dimension of
the shock-induced separation bubble, given by Cr = 0, as ap-
proximately 0.08c. The spacing of the Preston tube was not
sufficiently close to give very accurate measurements of the
dimension of the separation bubble. The spatial resolution for
the skin-friction measurements was at best 0.05¢ for x/c
greater than 0.6 and 0.02¢ for values of x/c¢ between 0.3 and
0.6. This was dictated by the locatlon of the pressure orifices
on the airfoil surface.

When the angle of incidence is increased to 5.92 deg, the
separation bubble has moved only slightly from its position at
a = 4.95 deg, and the flow is still attached at the trailing edge.
At the next test value of «, which is 6.13 deg, trailing-edge
separation has already occurred and the separation point is at
x/c =0.89. The trailing- edge separation region moves rapidly
toward the leading edge as @ is increased. At o = 6.43 deg, the
average shock position is located at approximately 0.26¢ (Fig.
4). No skin-friction' measurements were taken for x/c at less
than 0.3. Hence, values of Cy for the attached flow upstream
of the shock wave are not available for this value of «. The Cf
distribution in Fig. 3 shows the two separated-flow regions to
be approximately 0.23¢ apart. It is interesting to note that the
trailing-edge separated-flow region moves upstream much
faster than the downstream motion of the shock-induced sepa-
ration bubble. The difference in o when the flow changes from
rear separation at x/c = 0.89 to fully separated at the shock is
approximately 0.8 deg. The next selected value of o in the test
is 6.67 deg. The results show the two separated-flow regions to
be very close, and the distance between them is about 0.08c.
At o = 6.94 deg, the two regions have completely merged and
the flow is fully separated.

Classification of the Types of Shock/Boundal_'y-Layer Interaction

Mundell and Mabey? classified shock/boundary-layer inter-
action to be of three types. The first involves a weak shock
that interacts with the turbulent boundary layer, resulting in a
low-level excitation close to the shock. A short distance down-
stream of the shock, the pressure fluctuatlons revert to the
empty tunnel level. :

Results for the BGK No. 1 airfoil corresponding to the
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Fig. 5 Variations of pressure intensities on upper surface of BGK
No. 1 airfoil at various c.

described type of interaction is shown in Fig. 4 in the form
of C, distribution on the upper surface of the airfoil at
M= O 688 and o = 3.99 deg. The curves for different o are
displaced downward by one unit of the vertical scale to avoid
overlapping. Skin-friction measurements between 30 and 95%
chord showed the flow to be attached. The pressure fluctua-
tions are shown in Fig. 5, where the peak intensity occurs
behind the shock wave at x/c = 0.35. The pressure intensity
decreases very rapidly behind the shock to a value close to the
tunnel level. There was a small variation in the tunnel pressure
intensities with airfoil incidence, and the value shown in Fig.
5 is the average for o between 3.99 and 9 deg.

‘Increasing the incidence to 4.95 deg results in the formation
of a small bubble at the shock/boundary interaction region.
‘The Cydistribution given in Fig. 3 shows a small bubble at x/c
from approximately 0.42 to 0.5. At this value of «, Fig. 5
shows that in addition to the large peak behind the shock
wave, there is a second peak of smaller magnitude located at
x/e¢ of about 0.45. The second peak is slightly in front of the
center of the separated-flow bubble determined from Preston
tube measurements. This type of flow corresponds to the
second class of shock/boundary-layer interactions described
by Mundell and Mabey. 2 The stronger shock wave at « = 4.95
deg causes the flow to separate locally at the shock/boundary-
layer interaction region. The flow then reattaches to form a
bubble. The pressure fluctuation levels are practically constant
in the reattached region, which extends to the trailing-edge of
the airfoil. They are slightly higher than the tunnel level aver-
aged for the values of « considered. Experimental results are
only given up to x/c = 0.87, which was the location of the
transducer closest to the trailing edge.

The C,, distribution on the airfoil upper surface given
in Fig. 4 at a = 6.43 deg shows a shock-induced separation
bubble between x/c =0.36 and 0.6. Preston tube measure-
ments indicated trailing-edge separation to occur at the pos1-
tion x/c¢ = 0.82. The location of the rear separated-flow région
is not readily detectable from steady pressure measurements.
The corresponding pressure intensity plot is given in Fig. 5.
The separation bubble is given by the curve “HIJKLM.’’ The
peak pressure intensity inside the bubble occurs at transducer
J, which is slightly in front of the center of thie separated-flow
region. The intensity reaches a minimum at transducer M,
which is very close to the reattachment point determined from
skin-friction measurements (Fig. 4). Because of the spatial
inaccuracies in the Preston tube measurements, the reat-
tachéd-flow region probably extends further upstream to in-
clude the position where transducer M was located.

Increasing o to 6.94 deg causes the flow to be fully sepa-
rated. It is seen that the intensity distribution behind the shock
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Fig. 6 Steady-state pressure distributions on upper surface of BGK
No. 1 airfoil at various M. The cross-hatched and open bar symbols
denote regions of attached and separated flows determined from
Preston tube measurements.
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Fig. 7 Variations of pressure intensities on upper surface of BGK
No. 1 airfoil at various M.

wave (Fig. 5) still shows a bulge typical for flows with a
separation bubble. Skin-friction measurements show that the
two separated-flow regions have just merged and the flow is
fully separated. At this stage of flow separation, some of the
characteristics of the separation bubble and rear separation
region are still preserved. The flow corresponds to the third
type of shock/boundary interactions described by Mundell
and Mabey.? At o =9 deg, the flow becomes very unsteady,
and large shock wave motion is detected. A typical intensity
distribution curve for large-scale separation is shown in Fig. 5.
A very gradual decrease in the pressure fluctuation intensity
toward the trailing edge is seen.

The effect of Mach number on the type of shock/boundary-
layer interaction is illustrated in Figs. 6 and 7. M varies from
0.597 to 0.772 and « is about 6 deg. No skin-friction measure-
ments were performed for M other than 0.688. The types of
separation can be deduced from C,_plots. At M = 0.597 and
a = 5.95 deg, the flow is attached. Increasing the Mach num-
ber to 0.688, skin-friction measurements at « = 6.13 deg show
a separation bubble occurring at a position approximately
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Fig. 8 Variations of Cy with « at M = 0.688.
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Fig. 9 Variations of Cy with M at «, approximately 6 deg.

between 0.38 and 0.58¢ downstream of the airfoil leading
edge. Trailing-edge separation is detected at x/c of about
0.89. At the higher Mach numbers, the pressure fluctuation
intensity curves do not show the characteristic bulge associ-
ated with a separation bubble, as shown for M = 0.688. The
flow is fully separated from the shock to the trailing edge of
the airfoil.

Fluctuating Normal Force Measurements

The rms values of the normal force coefficient measured
from the balance are shown in Fig. 8 for M = 0.688. The
changes in C¥; with « are very small when the flow is attached.
From the skin-friction results, a shock-induced bubble is first
detected at o of approximately 4.67 deg. The bubble grows
with increasing o. At o = 6.13 deg, trailing-edge separation
has reached the position x/c = 0.89, and at @ = 6.94 deg, the
flow is fully separated downstream of the shock wave. The
exact o when trailing-edge separation begins is not known. It
is seen from Fig. 8 that the slope of the curve changes at a = 6
deg. Since the increase in Cy through the range of « from 4.67
to 6 deg is primarily due to the fluctuating pressures acting on
the airfoil inside the separation bubble, it can be assumed that
trailing-edge separation occurs at o of about 6 deg. For «
between 6 and 6.94 deg, the fluctuating force is due to the
unsteady pressures inside the separation bubble and trailing-
edge separation region. The later moves rapidly upstream with
increasing «, and hence, the slope of the C{ vs « curve is
greater than that below « =6 deg. Above 6.94 deg, Ci in-
creases slowly to a maximum and then decreases with further
increase in «. The results given in Ref. 5 show that at
M = 0.688, discrete frequency shock oscillations cease to exist
when the maximum value of o reaches approximately 8 deg.
Figure 8 shows Cy reaches its maximum at this a. For «a
greater than 8 deg, there is no contribution to C{ from the
pressure field associated with discrete shock wave oscillations.

The behavior of Ci with Mach number at « = approx-
imately 6 deg is shown in Fig. 9. A maximum occurs at
M = approximately 0.733. Previous studies® of the buffet
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characteristics of this airfoil show that large fluctuating nor-
mal force occurs at about this Mach number. From Ref. §,
it is shown that between M = 0.615 and 0.67, no discrete
shock oscillations are present. From M = 0.67-0.69, only
weak shocks exist. The slope of the C§ vs M curve for
0.615<M <0.69 is smaller than that for 0.69<M <0.733,
where fairly strong shock oscillations occur in the latter range
of M. At the higher values of Mach numbers (M >0.733), the
shock weakens and the pressure field due to shock oscillations
decreases with increasing M, resulting in a decrease in Cy;.

Power Spectra of Unsteady Pressure Fluctuations

Figure 10 shows the variations of pressure spectra in the
various regions of interest at M = 0.688 and « = 6.43 deg. The
transducer locations on the airfoil surface where the spectra
are computed are marked on Figs. 4 and 5 for reference
purposes. The peak at 70 Hz is seen at all transducer locations
downstream of the shock wave.

The pressure power spectra are presented in three sets. The
first (Fig. 10a) gives the spectra in front of and behind the
shock wave. Except in the vicinity of the large peak at 70 Hz,
which is due to shock wave oscillation, the spectra at trans-
ducer G are approximately 7 dB higher than at transducer E.
The spectra inside the separation bubble are given by trans-
ducers H-M, and are shown in Fig. 10b. Each curve is dis-
placed 10 dB downward so that they do not overlap. The
spectra at transducers I and J are very similar except for
frequencies below 50 Hz, where a slightly higher level is de-
tected for J. The values of the 70-Hz peak for these three
curves are very close, but at frequencies below 200 Hz, there is
a slight increase in the spectral level for I and J above that of
H. From transducers K-M, the magnitude of the 70-Hz peak
and the level of the spectra below 200 Hz decrease with in-
creasing distance from J.

In the reattachment region, representative spectra are given
in Fig. 10c by transducers O and Q. The two curves are very
similar, and comparison with Fig. 10b shows that they are very
close to the pressure spectra for M. In the trailing-edge separa-
tion region, the spectra for transducers S and T show little
difference from those in the reattached-flow region.

Broadband Correlation of Pressure Field

Two-point broadband cross-correlations of the pressure
field were performed to determine the convection velocities of
the pressure field. The pressure transducer signals were ana-
lyzed on a digital computer using the IEEE routine CMPSE.*
From the correlation functions, the convection velocity can be
computed knowing the separation distance between transduc-
ers and the time delay 7 for the peaks of the cross-correlation
functions to pass over them.

M =0.688

-60 T T T T T
0 100 200 300 400 500
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Fig. 10a Power spectra of unsteady pressure on upper surface of
BGK No. 1 airfoil for transducers located before and after shock.
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Fig. 10b Power spectra of unsteady pressure on upper surface of
BGK No. 1 airfoil for transducers located in the separation bubble.
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Fig. 10c Power spectra of unsteady pressure on upper surface of
BGK No. 1 airfoil for transducers located in the reattached and
trailing-edge separation regions.

Figure 11a shows the cross-correlation functions at M =
0.688 and o =3.99 deg. The last transducer T located at
x/c = 0.87 was used as the reference. The flow is attached and
the figure shows an upstream propagation of pressure distur-
bance similar to the observations made by Roos.!? The average
velocity for this case is U./Us = 0.255. Increasing o to 6.43
deg, both shock-induced and trailing-edge separations occur
simultaneously. The cross-correlation functions shown in Fig.
11b are coherent only in a region close to the last transducer
location. The convection velocity is in the downstream direc-
tion, and the average value of U./U,, is 0.858.

At o = 9 deg, the flow is fully separated. Figure 11c shows
that the pressure field is coherent for quite a large distance
from x/c = 0.87. The calculated value of U,/ U, is 0.532. It is
seen that the convection velocity decreases with increasing «,
or when flow separation becomes more and more severe.
Figure 12 shows the variations of U,/ U, with « for different
Mach numbers. For large values of «, all the curves reach a
constant value of U./U.,, between 0.5 and 0.55. No narrow-
band cross-correlation were carried out, and hence, compari-
sons with related studies!® are not possible.

Conclusions

Three types of shock/boundary-layer interactions are de-
scribed in this investigation. Trailing-edge separation can oc-
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Fig. 11a Cross-correlation functions of pressure field at M = 0.688
and « = 3.99 deg.
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Fig. 11b Cross-correlation functions of pressure field at M = 0.688
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Fig. 11¢ Cross-correlation functions of pressure field at M = 0.688
and o =9 deg.

cur simultaneously with shock-induced separation. These two
regions will merge and the flow becomes fully separated. This
phenomenon is usually observed at lower Mach numbers.
The regions of separated flow can be determined from
skin-friction measurements when Cy = 0. For shock-induced
separation with reattachment, results at M = 0.688 show that
the dimensions of the separation bubble agree very closely
with those determined from the bulge in the fluctuating pres-
sure intensity measurements on the airfoil surface. The pres-
sure spectral level inside the separation bubble increases at
frequencies below 200 Hz up to the location on the airfoil
where the pressure intensity reaches a maximum. Thereafter,

Fig. 12 Variations of normalized convection velocities with « for
various M.

the level decreases toward the reattachment point. The spectra
in the reattachment and trailing-edge separation regions are
quite similar.

At M =0.688, Ci varies quite uniformly with o under
conditions where shock-induced separation occurs. When
trailing-edge separation sets in, the increase in C{ with « is
more rapid and a maximum is reached, followed by a decrease
with further increase in «. The o at the maximum Cy coincides
with that when discrete shock oscillation is absent. At «,
approximately 6 deg, a maximum in C{; occurs at M = 0.733.
Previous tests have shown that very large force fluctuations
are observed at this Mach number.

Broadband cross-correlations of the pressure field show
that at large «, convection velocities U,/ U, between 0.5 and
0.55 are observed for M = 0.597-0.792.
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