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Effect of K^rmdn Vortex Shedding
on Airfoil Stall Flutter

L. E. Ericsson*
Lockheed Missiles & Space Company, Inc., Sunny vale, California

An analysis of available experimental stall flutter data shows that, whereas the attitude-Mach number (
stall flutter boundary is determined mainly by compressibility effects, the reduced frequency boundary is not. It
is instead generated by an aerodynamically damping interaction with Karman vortex shedding at reduced fre-
quencies coc/U^ > 2.

Nomenclature
a = speed of sound
c = chord length
/ = frequency, = T~l

/o = natural structural frequency
fv = frequency of Karman vortex shedding
fvo = fv f°r stationary conditions
h - cross-sectional height
k = reduced frequency parameter, = ob/2
el = sectional lift, coefficient cf = £/(p00(700

2/2)c
M = Mach number, = U/a
m = sectional pitching moment, coefficient

cm = m/(p03Uao
2/2)c

Re = Reynolds number, usually =
rN - nose radius
5 = Strouhal number, = fh/U^
S* = modified Strouhal number, = ,
T = oscillation period
t = time
U = velocity
V = reduced velocity, = S~l

z = translatory coordinate
a = angle of attack
A = increment or amplitude
v = kinematic viscosity of air
p - air density
PN = dimensionless nose radius, = rN/c
o> = angular oscillation frequency, = 2-Tr/
6 = reduced frequency, ==

Subscripts
cr = critical (S = Sv0)
max = maximum
N = nose
SB = stability boundary
1,2 = numbering subscript
oo = undisturbed flow

Differential Symbol
ex. = da/dt

Introduction
N the early 1970's, the problem of stall flutter, which

. always has been of great concern to helicopter and corn-
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pressor manufacturers, became of concern also to the aero-
space industry. The earliest Space Shuttle configurations
considered had wings that would be exposed to stall flutter
during the transition maneuver from the very high entry atti-
tude to the substall angle of attack necessary for the subsonic
cruise.1 Tests verified that there was a stall flutter problem.2
(See Fig. 1) The attitude-Mach number (a-M^) flutter bound-
ary, shown in more detail in Fig. 2, could be predicted.
3 However, although it was surmised in Ref. 3 that the experi-
mentally observed high-frequency flutter boundary, d>«2 in
Fig. 1, was probably the result of an interaction between
Karman vortex shedding and the torsional oscillation of the
wing, the detailed fluid dynamic process through which it
would occur was not fully understood at the time. Recent
analysis of the aeroelastic stability of the cable trays on the
current Space Shuttle launch vehicle4'5 has provided the fluid
dynamics insight needed to describe the interaction between
Karman vortex shedding and airfoil oscillation.

Compressibility effects are important in regard to airfoil
stall characteristics, as the peak velocity on the airfoil at stall is
several times higher than at zero angle of attack3 and can ex-
ceed sonic speed at freestream Mach numbers below Mw =0.3
(Fig. 3). The experimental results6 are in good agreement with
predictions.3 This compressibility effect severely restricts the
maximum lift that can be obtained in wind-tunnel tests7 or
full-scale flight8 (Fig. 4). It completely dominates over the ef-
fect of varying Reynolds numbers in the test arid is responsible
for the sharp decrease of the stall angle with increasing Mach
number in the stall flutter boundary (Fig. 2). It has been sug-
gested2 that the high-frequency cutoff of stall flutter for o>>2
could also be caused by Mach number effects. The present
analysis shows this not to be the case. It is, instead, the
Karman vortex shedding that is responsible for the high-
frequency cutoff.

Discussion
For rectangular cross sections with c/h<2.5, negative lift

slopes are measured9 (Fig. 5), resulting in an instability in
bending or plunging oscillations (often called "galloping" in-
stability10). The maximum limit cycle amplitude of such oscil-
lations can be predicted analytically.10'11 The experimentally
observed amplitude12 falls, as expected, below this prediction
(Fig. 6). However, only for V>Vcr« 11 is the behavior the ex-
pected one._For oscillations above the Strouhal frequency,1
i.e., for V<Vcr, where VCT = 5y0~ l , the response amplitude goes
to zero. A similar behavior has been observed for a circular
cylinder.13'14 It is shown in Ref. 12 how the damping influence
at V<Vcr is caused by the interaction between body motion and
Karman vortex shedding. Figure 7 shows the Karman vortex

|The amplitude response around V- 5 is caused by the superhar-
monic response discussed in Ref. 12.
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Fig. 1 Stall flutter boundaries of a NACA 0012 airfoil (from Ref. 2).
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Fig. 2 Predicted and measured a-M^ stall flutter boundaries (from
Ref. 3).
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Fig. 4 Maximum lift as a function of Mach number for a NACA
230XX airfoil (from Ref. 3). \

shedding frequency measured on rectangular cross sec-
tions,15"17 as well as the vortex structures observed through flow
visualization.17'18 When the flow separation from the leading
edge reattaches before the trailing edge, for c/h>2.5, the
resulting reduction of the wake width causes an increase of the
Strouhal frequency, referenced to the cross-sectional height,
svd =frth/U00. For plunging oscillations, the main effect is
that of the so-called "moving wall" between flow stagnation
and separation points.12'19 The predicted12 and experimen-
tal16'20 stability boundaries lie close to Vcr (Fig. 8).

The pitching moment around midchord is statically stabiliz-
ing at a. = 0 even for c/h = 4 (Fig. 5). Due to the effect of
time lag, the dynamic effect is destabilizing.12'21 Thus, tor-

sional oscillations around midchord. show the same type of
amplitude divergence as plunging oscillations20 (Fig. 9). In the
case of torsional oscillations, the vortex-induced loads on the
rectangular cross section become important and the pre-
dicted12 and experimental9'16'20 stability boundaries no longer
coincide with VCT (Fig. 10). A typical example of torsional,
stall flutter-type instability is shown in Fig. 11.

Recent experimental results for a NACA 0015 airfoil, de-
scribing a pitch-up motion around the quarter chord at a con-
stant pitch rate, show an oscillatory lift behavior after stall
that appears to be of the constant-frequency type associated
with Karman vortex shedding22 (Fig 12). Similar behavior was
observed by Ham and Garelick23 (Fig. 13), although they did
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Fig. 5 Aerodynamic low-speed characteristics of a c/h - 2 rectangu-
lar prism (from Ref. 9).

not have enough data for a full evaluation of the poststall lift
behavior. The initial first half-amplitude of the lift oscillation
could, however, be predicted.24 It is determined by the (initial)
conditions at stall, similar to the shock oscillation associated
with shock-induced flow separation.25 This explains the re-
peatability of the lift oscillations in Fig. 12.

That is, the initiation as well as the amplitude of the ensuing
oscillation is determined by the dynamic conditions leading to
airfoil stall and the associated shedding of a leading-edge
vortex. However, the frequency of the oscillation is deter-
mined by the width of the airfoil wake,19 independent of any
nonoscillatory motion of the wake-generating body. The ef-
fect of the present a. ramp is similar to the effect of steady
rotation on the Karman vortex shedding from a circular cyl-
inder,26 i.e., there is no effect on the frequency of the vortex
shedding. There is, however, an effect on the quasisteady
aerodynamic characteristics on which the vortex-induced ef-
fects are superimposed. Thus, comparing Figs. 12 and 13 with
the static airfoil results27 in Fig. 14, one can see how the a
ramp appears to have a lift-generating effect similar to the
Magnus lift-generating effect of a rotating circular cylinder.28

This is in agreement with the observed universality of so-called
moving-wall effects.29 Thus, regardless of how the moving-
wall effect is generated, it cannot affect the frequency of the
vortex shedding unless the moving-wall effect is itself oscilla-
tory in nature, as in the case of airfoil oscillations in pitch, for
example. In that case, the oscillation frequency has to be in a
range in which the so-called lock-on of the Karman vortex
shedding can occur.19

Analysis
The pitch rate for the results in Fig. 12 was ac/U^ = 0.0524.

The peak-to-peak a. spread is Ace«10 deg = 0.174. With
T=f-]= A a/a, one obtains fc/U* «0.0524/0.174 = 0.30,
giving co = 27r/c/(/00 = 1.9, which is in good agreement with the
cutoff frequency for stall flutter in Fig. 1. (That Karman
vortex shedding occurs on a stalling airfoil has been observed
experimentally.30)

For a«30 deg in Fig. 12, h = sina = c/2 and//*/(/«,« 0.15.
This is in good agreement with the results in Fig. 7 for rectan-
gular cross sections with c/h>3.

The results in Fig. 7 show that the width of the vortex wake
increases with increasing chord length. As the Strouhal
number based on wake width remains constant19 when it is
referenced to the cross-sectional height, SvQ =fvQ h/U*, it de-
creases with increasing c/h. A similar trend, probably even
more pronounced, will be present for the airfoil. When the an-

20

Fig. 6 Predicted and measured galloping response of a c/h = 2 rec-
tangular cross section.

gle of attack is increased beyond the stall angle, the wake
width remains more or less constant up to very large angles of
attack. Consequently, the wake width for the a region
10 < a < 20 deg in Fig. 1 is probably the same as for a = 30 deg,
giving co = 1.9— in good agreement with the observed high-
frequency limit for stall flutter.2 (See Fig. 1.)

Experimental results for a square cross-sectional cylinder31

tend to support this speculation. The spectrum also contains
the sharp spike associated with Karman vortex shedding at
a =13.5 deg, where the windward side flow is attached
(Fig. 15). The only difference is that the shedding frequency
has increased at a. = 13.5 deg compared to a = 0. This has also
been observed by others,32'34 in which case the frequency
change was of a more continuous character (Fig. 16). That is,
the Karman vortex wake is very similar for the two cases of at-
tached or separated windward side flow.

On an airfoil, at a = 0, the flow is attached over most of the
surface. As the angle of attack is increased, the wake size in-
creases, causing a rapid drop of the Strouhal number of the
Karman vortex shedding until at high angles of attack the
wake size and hence the frequency remains constant35

(Fig. 17). The data in Fig. 17 for Re = 0.05 X 105 give co «2.75
for a< -15 or >20 deg. It is a fact that the wake size
decreases with increasing Reynolds number, which in turn de-
creases the Strouhal number of the Karman vortex shedding.19

This has been demonstrated for a square cross section31

(Fig. 18). Thus, the value co«2.75 for Re = Q.Q5x 105 in
Fig. 17 is in satisfactory agreement with the value COSB «2 for
Re» 105 in Fig. 1. On expects the Reynolds number effect to
be much larger for a round-nosed airfoil than for the sharp-
ed^ed cross section in Fig. 18.

An alternate explanation for the high-frequency limit for
stall flutter has been suggested.2 At a pitch frequency
coc/a = 1, i.e., co = Mw ~l, the leading and trailing edges move
at sonic velocity relative to each other. One can visualize how,
at higher pitching frequencies, shocks will cut off the commu-
nication between the wake and airfoil, as has been observed
for slender bodies.36
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Fig. 9 Amplitude response of rectangular cylinders in plunging and
torsional oscillations (from Ref. 20) a) bending oscillations, c/h = 1;
b) torsional oscillations, c/h =3.



DECEMBER 1987 AIRFOIL STALL FLUTTER 845

24

20

16

12

4 _

PREDKTIOW12 "PERIMENT
VSB REF16 REF 20 REF 9

——————— Vcr V*SB^r ^SB
X O V •

STABILITY / INSTABILITY

O

O 0/ STABILITY

c/h
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However, the results in Fig. 9 and associated analysis12

clearly show that stall flutter and galloping are the same type
of self-excited oscillations, both resulting in limit cycle ampli-
tude oscillations unless the frequency is such that the damping
effect of Karman vortex shedding can be realized. Thus, one
would expect self-excited wing bending or plunging oscilla-
tions to have a high-frequency cutoff similar to the torsional
oscillations in Fig. 1, in which case there is no relative velocity
between the leading and trailing edges. That is, available ex-
perimental results strongly suggest that the high-frequency
limit of stall flutter is generated by the damping effect of
Karman vortex shedding at frequencies above co« 2.

Conclusions
A review and analysis of existing experimental stall flutter

results has led to the following conclusions:
1) The high-frequency stall flutter boundary at o>« 2 or k «1

is a result of the damping interaction of Karman vortex shed-
ding at higher frequencies.

2) The stall flutter behavior is of the same character for tor-
sional and bending oscillations, indicating that the elimination
of stall flutter at o> > 2 is not due to supersonic relative transla-
tory velocities between the leading and trailing edges, as this
can occur only for torsional oscillations, not for bending or
plunging oscillations.

v = o

V=73.5

Fig. 11 Torsional amplitude response of a c/h = 5 rectangular cyl-
inder (from Ref. 9).
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