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Introduction

DYNAMIC stall effects are becoming increasingly impor-
tant to both helicopter and fixed-wing fighter aircraft

aerodynamicists as these vehicles are pushed to the limit
of their flight envelopes. Many studies of dynamic stall have
been made during the last 20 years (see survey by Carr1). As
the range of the freestream Mach number considered in these
studies has kept expanding, mounting evidence has appeared
that shows that the dynamic lift that occurs at low Mach
number may be significantly limited as the Mach number in-
creases. Mach number effects on dynamic stall have been
observed on aircraft2 where the lift increases due to
unsteadiness were found to virtually disappear as the frees-
tream Mach number exceeded 0.6; Dadpne3 found similar
results for airfoils oscillating in pitch. This detrimental effect
has recently been documented by Lorber and Carta.4 Mc-
Croskey et al.5 found that a local supersonic region exists in
many of the cases in their comprehensive dynamic stall study
of various oscillating airfoils but did not observe any shock
patterns in shadowgraph studies. Ericsson and Reding6 argued
that a strong shock would soon appear if the Mach number in
the experiment were further increased, even though it has not
been observed in experiments to date. Based on the assump-
tion of shock-induced stall, they were quite successful in pre-
dicting global aerodynamic characteristics. Katary7 confirmed
the existence of a local supersonic zone for pitching motions
that exceeded a certain critical pitch angle and frequency. Carr
et al.8 observed that, for low Mach numbers, the flow reversal
on an oscillating airfoil could appear at the trailing edge and
move upstream, whereas for higher Mach numbers, leading-
edge stall would dominate the development of dynamic stall
on the same airfoil. Visbal9 found a local supersqnic bubble
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and shock at M^ = 0.4 in his calculations using an unsteady
Navier-Stokes solver with turbulent modeling. Thus, there is
agreement that compressibility can have a significant effect on
the dynamic stall loads; however, the actual mechanism by
which compressibility causes these effects is not as well
defined. The present paper proposes a new interpretation of
the experimental results and offers insight into how compressi-
bility can introduce limits on the dynamic overshoot in lift that
is so characteristic of dynamic stall.

It will be shown that the effects of frequency on the stall
onset are distinctly different, depending on whether the flow
has locally exceeded sonic conditions during part of the cycle
of oscillation. Based on classical theory, the flow around an
airfoil at high angles of attack can reach supersonic condi-
tions, even at low freestream Mach numbers, as long as the
flow remains attached. It is suggested that shock-induced ef-
fects compete with the dynamic viscous effects occurring in
the boundary layer in determining the onset of separation,
which can lead to premature dynamic stall and can signifi-
cantly reduce the maximum dynamic lift that can otherwise be
obtained.

Compressibility vs Unsteadiness
A set of unsteady pressure distributions of an NACA-0012

airfoil pitching about the static stall angle chosen from Mc-
Croskey et al.10 to represent typical dynamic stall processes is
shown in Fig. 1, where the pressure distribution over the upper
surface of the airfoil is plotted at intervals marked by the cor-
responding instantaneous angles of attack for two different
reduced frequencies (defined as k - &C/2U, where w is the
circular frequency of oscillation, Cthe chord, and (/the frees-
tream speed) and a freestream Mach number of 0.072. The ef-
fects of unsteadiness on the onset of stall can be seen in this
figure. Starting from a low angle of attack where the flow is
attached, one sees that the suction peak rises as the angle of at-
tack increases, the instantaneous pressure distributions resem-
ble their corresponding steady ones, and the static stall angle is
passed without the breakdown of the pressure distribution
associated with stall. Then, a sudden drop of the pressure peak
occurs; the boundary layer has broken away and the flow has
separated. Up to the point where the flow separates, the
pressure distributions for k = 0.248 differ only slightly from
those for k = 0.099 for the same angle of attack. Note, how-
ever, that lower suction peaks occur for the higher frequency
at each angle. The separation angle was delayed from 21 to 23
deg due to increased unsteadiness.

The suction peaks that are attained at the leading edge of
the oscillating airfoil at three different Mach numbers are pre-
sented in Fig. 2 as a function of reduced frequency. Note that
at MO, = 0.072 and 0.184, the CPaax9 which is proportional to
the total lift, increases significantly as the frequency of oscilla-
tion increases. However, at M^ = 0.30, the CPmax, for 30 sep-
arate cases from the dynamic stall experiments of McCroskey
et al.,10 stays at roughly the same value, -9.0, regardless of
pitch rate, amplitude, or mean angle of pitching. Although the
total dynamic lift may continue to increase due to the separa-
tion vortex as it moves downstream over the airfoil, the maxi-
mum suction peak drops rapidly after locally sonic conditions
are reached. Figure 3 shows the maximum suction peaks (the
symbols) measured in McCroskey et al.10 as a function of
freestream Mach number for three airfoils undergoing the
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Fig. 1 Dynamic data from McCroskey et al.10 for two frequencies and Mw = 0.072 for the NACA-0012 airfoil.

same oscillatory motion. The solid line represents the critical
Cp at which the flow becomes locally sonic. For a given air-
foil, e.g., the NACA 0012, the maximum suction peak at-
tained before the onset of stall increases with the Mach
number up to the critical Cp9 then it decreases rapidly as the
critical Cp decreases with M^. It becomes clear that a change
in the physics of the dynamic stall process is occurring, a
change brought on by the increasing impact of compressibility
on the flow.

An analysis based on classical theory shows that a 12%
Joukowsky airfoil will be critical at a = 9 deg and a free-
stream Mach number of 0.3. This airfoil will reach critical
conditions at MM = 0.2 and a = 17 deg, which is not unusual
for a helicopter blade at forward flight conditions. Beyond the
critical conditions, any increases in Mach number or angle of
attack will result in the development of a local supersonic zone
and a shock, albeit weak. Shock-free flows are unlikely ac-
cording to the Morawetz theorems,11"13 which state that
shock-free flows are isolated and it is impossible to find shock-
free flows for any continuous range of angles of attack. For
the range of reduced frequencies and Mach numbers con-
sidered in dynamic stall, the local inviscid flowfield can be
considered frozen because the time scale for the formation of
a shock is at least four orders of magnitude smaller than the
frequency of oscillation.

For flows of low freestream Mach number and high angle of
attack, the location of the shock is estimated within 1% of the
chord at the leading edge. The boundary layer at this location
is most likely laminar. The boundary layer may become unsta-
ble and break up simply because of the high adverse pressure
gradient of a steepening compression even before a shock is
formed. Our knowledge of shock boundary-layer interaction
is limited, particularly for cases where the shock is at the lead-
ing edge. Without sufficient experimental data, it would be
difficult to ascertain the actual process of separation for this
case.

Table 1 lists the case number, angle of attack, maximum
suction peak, corresponding Q value, reduced frequency k,
mean angle of oscillation ot0, and freestream Mach number
Mn of the first 14 tests where flow separation had occurred in
part of the pitching cycle reported by McCroskey et al.10 for
the NACA-0012 airfoil. There is a significant consistency of
the conditions immediately preceding separation in these
cases. The maximum suction peaks were all around - 9.0, the
corresponding Q values around 1.5, and the angle of attack
around 14 deg, regardless of the differences in frequency,
mean angle, and amplitude of oscillation. Taking into account
all the uncertainties in the experiments and the discrete nature
of data recording, this is a strong indicator that separation is
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Fig. 3 i Effect of Mw on maximum suction peak.
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Table 1 Maximum suction peaks, corresponding a, and C( found in
McCroskey et al.10 for the NACA-0012 airfoil stalling over a range of

reduced frequencies, mean angles, and amplitudes of oscillation

Case
7021
7023
7101
7112
7113
7114
7117
7118
7119
7120
7121
7200
7205
7207

a
13.7
13.6
13.8
13.8
13.8
13.8
14.0
13.9
13.9
14.1
14.1
14.0
14.0
14.4

Ânax
-9.06
-9.13
-9.23
-9.03
-9.10
-9.08
-8.98 1
-9.01
-9.05
-9.08
-8.99 1
-8.97 1
-9.07
-9.01

Q
.47
.53
.51
.41
.51
.56
.41
.47
.52
.54
.57
.40
.52
.59

k
0.100
0.201
0.150
0.025
0.099
0.199
0.025
0.050
0.099
0.149
0.198
0.025
0.099
0.198

«o
8.99
8.99
8.99
9.97
9.95
9.91
10.92
10.92
10.92
10.96
10.88
11.92
11.92
11.88

M^
0.299
0.299
0.301
0.301
0.301
0.301
0.301
0.301
0.301
0.301
0.301
0.301
0.302
0.302

being caused by a new phenomenon not seen at low Mach
number.

Conclusions
From the observed behavior of the flow before separation,

we have shown that the parametric dependency of separation
on frequency for supercritical flows is different from that for
subcritical flows. For subcritical flows, increasing the reduced
frequency delays separation of the boundary layer and, hence,
allows the airfoil to attain higher lift values at higher angles of
attack. However, as the airfoil assumes lift values higher than
the value at static stall, the flow around it can easily reach
supercritical conditions. The formation of a local supersonic
region and the associated shock can occur at a location close
to the leading edge where the radius of curvature is small and
the boundary layer laminar. The vortical content of the flow is
intensified due to the relatively short extension of the local
supersonic region. The local outer flow and the boundary
layer are no longer stable. Hence, compressibility effects pose
a limit on lift enhancement by increasing unsteadiness.

Our studies here suggest that it is important to consider
compressibility effects for freestream Mach numbers as low as
0.2.
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Introduction

UNSTEADY boundary-layer flows occur on airfoil sur-
faces of wind energy conversion systems, rotary-wing air-

craft, and maneuvering fixed-wing aircraft. In such
flows, the airfoil angle of attack varies with time, and both
boundary-layer transition and turbulent separation locations
can undergo extensive and rapid movements, particularly on
the airfoil lee surface. For transient angle-of-attack excursions
beyond an airfoil's static-stall limit, complex leading-edge-
separation/vortex-shedding ("dynamic stall") phenomena oc-
cur. An excellent review of the state-of-the-art concerning
dynamic stall phenomenology was recently given by Carr.1

In the present research, newly formulated (shear-stress-
sensitive/temperature-insensitive) liquid crystal coatings2 were
applied to the surface of an oscillating airfoil in order to in-
vestigate the unsteady fluid physics associated with the
dynamic stall process. Surface-mounted microtufts and laser-
sheet/smoke-particle flow visualization were also utilized to
complement the liquid crystal technique. Boundary-layer tran-
sition and turbulent separation locations were measured as a
function of geometric angle of attack, and results are pre-
sented in comparison with predictions generated with the Ep-
pler airfoil design code.3

Received July 24, 1989; revision received Dec. 30, 1989; accepted
for publication Feb. 5, 1990. Copyright © 1990 by the American In-
stitute of Aeronautics and Astronautics, Inc. All rights reserved.

* Senior Member Technical Staff; currently Fluid Dynamic
Research Branch, MS260-1, NASA Ames, Moffett Field, CA. Asso-
ciate Fellow AIAA.


