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Dynamic Stall of a Constant-Rate Pitching Airfoil

Miguel R. Visbal*
Wright Research and Development Center, Wright-Patterson AFB, Ohio 45433-6553

A computational study is presented for the dynamic stall of an airfoil that is pitched at a constant rate from
zero incidence to a high angle of attack. The unsteady flow is simulated employing the mass-averaged Navier-
Stokes equations and an algebraic turbulent eddy viscosity model. The approach is first validated by comparison
of computed and experimental results for a pitching airfoil at low freestream Mach numbers. The computed dy-
namic stall events, as well as the computed effects of piich rate and axis location, are found in gualitative agree-
ment with experimental observations. The effect of compressibility on dynamic stall is investigated. As the free-
stream Mach number increases, the appearance of ‘a supersonic region provides—through the shock/boundary-
layer interaétio'n—‘ap additional mechanism in the dynamic stall process. The main effects of compressibility are
found to be 1) a change from trailing-edge stall to leading-edge stall and 2) a reduction in the stall delay and in

the attained maximum lift.

Nomenclature

C.,Cp,Cy =lift, drag, and quarter-chord moment
coefficients

C, = pressure coefficient, 2(p—p. )/ 0. U2

c =airfoil chord

M =Mach number

n =direction normal to airfoil surface

P = pressure

Re, =chord Reynolds number, o, U, c/po

T =temperature

t =time

t =nondimensional time, =tU_/c

U = velocity vector

u,v = Cartesian velocity components in
inertial frame of reference

XY = coordinate system attached to airfoil
(see Fig. 1) ’

X = pitch-axis location

X,y = Cartesian coordinates in inertial frame
of reference

o = geometric angle of attack

Qc, O, =angles at maximum lift and drag,

> max respectively

IR NS =transformed coordinates

Q = airfoil pitch rate, rad/s

Q+ =nondimensional pitch rate, Qc/U,,

Subscripts

max, min =maximum and minimum values

o = freestream conditions

1. Introduction

HEN airfoils or wings are rapidly pitched beyond their

‘ static-stall angle, the disparities in the time scales asso-

ciated with inviscid and viscous phenomena permit an angular

delay of stall and an aerodynamic lift temporarily higher than

the static stall situation. This complex, unsteady flow process,

denoted in general as dynamic stall, has been the subject of
numerous investigations.!-?
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The majority of the research on dynamic stall has been mo-
tivated by-its application to helicopter retreating-blade stall
and has concentrated on airfoils subjected to sinusoidal pitch
oscillations of moderate rate and amplitude. Recently, how-
ever, projected aircraft maneuverability enhancements* have
stimulated interest in the case of constant-rate, high-amplitude
pitch motion, as evidenced by the experiments in Refs. 5-12
and the computational work of Refs. 13-15. The study of
constant-rate pitching, starting from a well-defined steady
flow condition, is also attractive because it allows the investi-
gation of dynamic stall without the added complexity of mo-
tion history effects. Even for this simple type of forced mo-
tion, progress in understanding and prediction of dynamic
stall is hindered by the need to account for many, often inter-
related, flow effects’?; for example, compressibility, Rey-
nolds number dependence, pitch-rate and pitch-axis location,
as well as three dimensionality and wing or airfoil geometric
effects. In particular, little is known about compressibility and
three-dimensional dynamic stall effects, both of which are im-
portant in rapidly maneuvering aircraft. Even at relatively low
freestream Mach numbers (M., =0.2), compressibility can sig-
nificantly affect dynamic stall behavior's because high local
Mach numbers occur on a pitching airfoil due to the delay of
stall. Once transonic flow develops, its associated normal
shock provides, by means of the shock-wave/boundary-layer
interaction, an additional mechanism in the dynamic stall pro-
cess. Except for the study of Lorber and Carta® and the re-
cently initiated work of Bodapati and Carr,!” experiments on
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Fig. 1 Pitching airfoil configuration.
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constant-rate pitching airfoils have been conducted at very low
freestream Mach numbers (M, <0.1). Further systematic ex-
perimentat and computational investigations are therefore re-
quired in order to elucidate the effect of compressxblhty on dy-
namic stall.

After the preceding brief background, the objectives of the
present investigation of dynamic stall are summarized as fol-
lows: ’

1) Extension of the author’s previous laminar study'* for
constant-rate pitching airfoils to the more realistic case of high
Reynolds number flow employmg an algebraic eddy viscosity
model. '8

2) Investigation of the effects of pitch rate and p1tch axis lo-
cation on the dynamic stail process.

3) Study of the influence of compressxbxllty on the dynamic
stall of a constant-rate pitching airfoil.

To accompllsh these objectives, computanons were per-
formed for the flow configuration depicted in Fig. 1. A
NACA 0015 airfoil was pitched about a fixed axis and at a
constant rate from zero incidence to a high angle of attack.
The freestream Mach number and chord Reynelds number
varied over the ranges 0.2-0.6 and 2Xx 105-1 108, respec-
tively. The nondimensional pitch rate @* ranged from 0. 02 to
0.4, and different pitch-axis locations were also considered.
Numerical results were obtained by solving the unsteady, com-
pressible, mass-averaged Navier-Stokes equations using an im-
plicit algorlthm19 and an algebralc eddy v1scosxty turbulence
model. '8 , ,

II. Method of Solution

Governing Equations and Boundary Conditions

For the case of external flow past a body in arbitrary mo-
tion, the governing equations can be formulated in an inertial
frame of reference, and motion of the body can be provided
for by means of a general time-dependent coordinate transfor-
mation. Introducing such a transformation [ =£(x,3.1), n=1
(x,3,1), 7=1], the full two-dimensional, compressible Navier-
Stokes equations may be expressed in the following strong-
conservation form?:

3,q+0:E +3,E, =0, (V, + V) +0, (W + W,) 1)

where g=J"'(p,pu,0v,0€)T is the vector of dependent varia-
bles. The form of the flux vectors appearing in Eq. (1) can be
found in Ref. 20. Closure of this system of equations is pro-
vided by the perfect gas law, Sutherland’s viscosity formula,
and the assurnption of a constant molecular Prandtl number.
Turbulence is simulated employing mass- -averaged variables?!
and the algebra1c eddy viscosity model of Baldwin and
Lomax.!?

In reference to the pitching airfoil configuration shown in
Fig. 1, the boundary conditions are prescribed as follows.
Along the inflow portion of the farfield boundary, freestream
conditions are specified, First-order extrapolation is used on
the outflow boundary for all flow variables. Along the 0-grid
cut, spatial periodicity is imposed in the ¢ direction by means
of a grid overlap. On the airfoil surface, the following
adiabatic, no-slip condition is applied

aT ap
— =) P

U="Us an :");

= —pag -7 @

where U, and az denote, respectively, the velocity and acce-
leration on the airfoil surface and are given by

UBZQX(?'B—ro) (3a)
ap=dQ/dt x (rg—ry) —Q*(rg —ry) (3b)

for the case of rotation about a fixed axis (see Fig. 1).
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Finally, the formulation of the problem is completed by im-
posing as an initial condition the computed flow at 0-deg angle
of attack. In addition, at the onset of rotation, the airfoil ac-
celerates to its final constant pitch rate as described in Ref. 13.

Numerlcal Procedure

The time- dependent coordinate transformation (i.e., mov-
ing grid) requ1red in the present flow simulation is im-
plemented using a rigid gr1d attached to the airfoil. This ap-
proach is employed because it eliminates the need for multiple
grid generation. A nearly orthogonal boundary- fitted 0- -grid
is generated about the airfoil employing the elliptic technique
of Ref. 22. The grid extends 30 chords away from: the airfoil
and has minimum spacings of 0. 00075¢ and 0. 00001¢ in the ¢
arid n directions, respectively.

-The governing equations are numerically solved employing
the implicit approximate- factorlzatlon algorlthm of Beam and
Warming.! This scheme is formulated using three-point,
backward time differericing and second-order centered ap-
proximations for all spatial derivatives. In order to control nu-
merical stability, both_explicit and 1mp11c1t smoothing terms
are added to the basic algorithm. ‘A fully vectorized Navier-
Stokes solver that employs the preceding scheme has been de-
veloped and- successfully.validated for a variety of both steady
and unsteady flow problems 13,1423 A' nondimensional time
step At+.=0.002is spec1f1ed in all of the present dynam1c stall
calculatlons .

III. Results and Discussion

Before proceeding to the case of dynamlc stall, computa-
tions were performed for a stationary airfoil in order to test
the implementation of the turbulence model. Calculations
were done for a NACA 0012 at various angles of attack and
for a freestream Mach number and chord Reynolds number of
0.6 and 3 x 108, respectively. The transition location on the
airfoil upper surface was specified at X/c=0.05, as fixed in
the experiments of Ref. 24. Figure 2 shows a good agreement
between the computed and the experimental lift coefficient vs
corrected?* angle of attack (o). A comparlson of the com-
puted ‘and measured pressure distributions is given in Fig. 3
for o, = 6.48 deg: The excellent prediction of C, achieved for
this supercritical case using a simple algebraic turbulence
model is expected only in the absence of substantlal shock-
mduced boundary layer separation.? :

Dynamlc Stall Results at M, =0.2

‘One of the objectives of this investigation is the extension of
the author’s previous work!* on laminar flow past a pitching
airfoil to the more realistic case of high Reynolds number tur-
bulent flow using an algebraic eddy viscosity model. . To
achieve this objective, computations were performed for a
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Fig. 2 Comparison of computed and experlmentalz“ lift coefficients
(NACA 0012, M_, =0.6, Re, =3 x 10°).
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Fig. 3 Comparison of computed and experimental® C, (NACA
0012, o, =6.48 deg, M., = 0.6, Re, =3x10°).
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Fig. 4 Comparison of compﬁted and experiméntal“’ aerodynamic
coefficients (2+ =0.2, Xy/c=0.25).

NACA 0015 airfoil that was pitched at a constant rate and
about a fixed axis (see Fig. 1) from 0-deg angle of attack to a
high incidence beyond the static stall angle. The freestream
Mach number and the chord Reynolds number were 0.2 and
2% 10°, respectively. The nondimensional pitch rate @+
=Qc¢/U,, ranged from 0.02 to 0.4, and different pitch axis lo-
cations were also considered. In all ealculations, the transition
location on the airfoil upper surface was held fixed at the lead-
ing ‘edge, simulating the case of ‘an airfoil with a boundary-
layer trip. Simulation of the practical case of natural transi-
tion was not attempted in the present numerical study due to
the following reasons. First, for the specific airfoil section and
flow parameters investigated, no experimental unsteady tran-
sition data are available for comparison. Second, -experi-
ments?® for a NACA 0012 airfoil subjected to sinusoidal pitch
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oscillations revealed no changes in the basic dynamic stall
characteristics when a boundary-layer trip was placed at the
leading edge. The experiments of Refs. 6 and 26 indicate that,
for sufficiently high Reynolds number, the stall process is as-
sociated with turbulent boundary-layer separation rather than
with the bursting of the leading-edge laminar separation bub-
ble. As discussed in Ref. 27, however, the effects of transition
on unsteady flows are very important, and detailed experimen-
tal studies on the influence of transition of dynamic stall are
required for guidance in numerical simulation.

Description of the Dynamic Stall Process for @* =0.2

Only the case when @+ =0.2 and X;,/c=0.25 is discussed in
detail. in this section. A comparison of the computed and ex-
perimental'® lift and moment coefficients is shown in Fig. 4.
The agreement between the calculated and measured aerody-
namic coefficients is reasonably good. The present numerical
approach with an algebraic turbulence model is capable of
predicting the measured levels of CLmax and CMmin , as well as
the initiation of moment stall and the angle of maximum lift.
However, discrepancies between the "computed - and ex-
perimental C, and C,, distributions are apparent in the
poststall regime (a> 45 deg in Figs. 4a and 4b). These discrep-
ancies-may be associated with deficiencies in the turbulence
mode] and/or with three-dimensional effects present in the ex-
periments. Given the uncertainties in the turbulence model for
massively separated flowfields, emphasis in the paper is placed
on the prediction of the onset of dynamic stall.

The flowfield evolution is presented in Figs. 5 and 6 in
terms of instantaneous streamlines (relative to the airfoil
frame of reference) and of the airfoil upper surface pressure
distributions. As the airfoil incidence increases, a trailing-edge
reversed-flow region appears, which grows in size and propa-
gates at an increasing rate toward the leading edge (see
Figs. 5a and 5b). A major portion of this separation region is,
however, very thin, and the outer inviscid flow remains paral-
lel to the airfoil surface for most of its length. During this sep-
aration stage, the flowfield is also characterized by 1) the aft
displacement of the stagnation point along the airfoil lower
surface (see Figs. 5a and 5b), 2) a rapid increase in the
leading-edge suction peak (see Fig. 6a), 3) a fairly linear

(b) o =30°

a=36°

Fig. 5 Flowfield evolution (* =0.2, X,/c=0.25, M_=0.2,
Re,=2x10%).
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C, —« relation (see Fig. 4a), and 4) a nearly constant (nose-
down) moment coefficient (see Fig. 4b).

With the continuous increase in incidence, separation even-
tually reaches the vicinity of the airfoil leading edge and the
highest level of the leading-edge suction peak (Cpmin) is at-
tained. Because the rate at which suction develops decreases at
this stage, a temporary slight reduction in the lift-curve slope
occurs (see Fig. 7). This reduction in dC, /da, which becomes
more apparent for smaller Q@+ (see Fig. 7), is also observed in
the experiments of Refs. 6 and 7. The forward propagation of
the separation region halts as it approaches the airfoil leading
edge (at o=31 deg). Subsequently, the separation streamline
departs from the surface at an increasing angle (with respect to
the airfoil chord) and then rapidly turns toward the airfoil sur-
face (see Fig. 5¢). This event manifests itself as the vortex-
induced suction peak in the C, distribution (see Fig. 6a). As
the vortex-induced suction develops, the lift continues to in-
crease at a faster rate (i.e., dC,/da increases again; see
Fig. 7). However, moment stall occurs as leading-edge suction
collapses (see Fig. 6b) and the vortex moves downstream. The
subsequent flowfield evolution is basically characterized by
the downstream displacement of the leading-edge vortex (see
Figs. 5d-5f), also evident from the airfoil upper surface
pressure distribution (see Fig. 6b). These calculated results are
in qualitative agreement with experimental observations.”'°

J] /\(X -

11+ \_vortex~induced suction peak

(1
li

a)

b)

Fig. 6 Airfoil upper surface pressure distribution (21 =0.2,
Xo/c=0.25, M, =0.2, Re, =2 x 10%).
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Fig. 7 Effect of 2% on lift-curve slope history (X,/c=0.25,
M, =0.2, Re,=2x10%),
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Fig. 9 Effect of 2% on moment coefficient history (X,/c=0.25,
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Fig. 10 Effect of 2* on drag coefficient history (X,/c=0.25,
M, =0.2, Re, =2 x 10).

Effects of Pitch Rate and Pitch-Axis Location

To investigate the effect of pitch rate on dynamic stall, cal-
culations were performed for a NACA 0015 airfoil pitching
at various values of Q* over the range 0.02-0.4. The pitch-
axis location was fixed at X/c=0.25 and the freestream
Mach number and Reynolds number were 0.2 and 2X 10°,
respectively.

Detailed examination of the computed flowfields indicated
that over the @* range 0.045-0.4, the qualitative features of
the dynamic stall process remained essentially the same. This
process was characterized by the propagation of the trailing-
edge separation region toward the airfoil leading edge and by
the formation of a dynamic stall vortex that was convected
downstream over the airfoil. However, the computed results
for the lowest pitch rate (2* =0.02) did not display the same
dynamic stall features. Instead of the formation of a leading-
edge vortex, the trailing-edge separation region evolved into
massive separation on the airfoil leeward side. A transition
from dynamic to static-stall behavior is expected to occur as
Q+ decreases. However, the experimental work of Ref. 7 in-
dicates that the typical dynamic stall features are still present
for values of 2+ as low as 0.01. The computed behavior for
Q+ =0.02, which is apparently in disagreement with ex-
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Fig. 11 Effect of pitch-axis location on aerodynamic coefficient his-
tories (Mo = 0.2, Re; = 2 X 105).

perimental observations, can perhaps be attributed to limita-
tions of the present turbulence model.

The aerodynamic coefficient histories are shown in
Figs. 8-10 for three different values of @+ . The corresponding
computed airfoil static loads are also included in these figures
for the purpose of comparison. The most important effects of
pitch rate can be summarized as follows.

1) Increasing 2* produces an angular delay of the dynamic
stall process as evident, for instance, from the angle at which
Crmax occurs (see Fig. 8).

2) Increasing Q* results in higher values of Cr . s Cbpaxs
and | Cay, | (see Figs. 8-10).

3) At the onset of rotation, the airfoil lift coefficient (see
Fig. 8) displays a sudden increase or jump that is approxi-
mately proportional to the pitch rate. In addition, the slope of
the linear portion of the C, curve decreases with Q*+ (see
Figs. 7 and 8).

The preceding pitch-rate effects and trends are in agreement
with experimental observations.®’ In particular, the computed
C,-jump and lift-curve slope depression [3) above] are in line
with the inviscid theoretical predictions of Ref. 7.
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The influence of the pitch-axis location on the dynamic stall
phenomena was also investigated for two different values of
Q+ (see Fig. 11). For both pitch rates, displacement of the
pivot axis downstream (along the airfoil chord) resulted in a
further delay of dynamic stall. The stall delay produced by a
given pivot-axis displacement is more pronounced at higher
values of @*. The angular delay (A) in the initiation of mo-
ment stall (see Fig. 11b) can be approximated by Aw«(rad)
=0 A(X,y/c), where A(X,/c) denotes the shift in the pivot-
axis location. This linear expression for A« is nothing more
than the motion-induced difference in effective angle of attack
at the airfoil leading edge (for small «). For the case of
Q= =0.2, the aft displacement of the pitch axis produced a
substantial reduction in Ci,,, (see Fig. 11a). However, for
Q* =0.045, C.,., varied considerably less with pitch-axis
position. In fact, the lift and moment curves for the different
pivot locations for @+ =0.045 can be almost matched by a
simple shift in angle of attack (A«). This small effect of axis
location at low Q* should permit the correlation of experi-
mental data obtained for the same pitch rate but with different
pivot locations. The predicted stall delay caused by the aft dis-
placement of the rotation axis is in agreement with the ex-
perimental work of Refs. 8 and 9 and with the author’s previ-
ous laminar computations. 4

Compressibility Effects

The experiments of Ref. 16 for several airfoil sections in
sinusoidal pitch oscillations indicated the development of
sonic conditions near the leading edge for M_ =0.2. Refer-
ence 6 also reported the presence of a supersonic region near
the leading edge of an airfoil at constant pitch rate and
M, =0.4. The turbulent computations described in the pre-
ceding section for a NACA 0015 airfoil with 2+ =0.2 and
M, =0.2 indicated a maximum instantaneous local Mach
number M, =0.9. These high local Mach numbers attained
by pitching airfoils in low subsonic streams result from the
dramatic delays of leading-edge separation to high angles of
attack. The maximum local value of Mach number is therefore
dependent not only on M, and leading-edge geometry but
also on the nondimensional pitch rate. The appearance of a
supersonic region, which usually terminates in a normal
shock, provides—by means of the shock/boundary-layer
interaction—an additional mechanism in the dynamic stall
process.

To investigate the effect of compressibility on dynamic stall,
computations were performed for a pitching NACA 0015 air-
foil at different freestream Mach numbers (namely 0.2, 0.3,

0.4, 0.5, and 0.6). The chord Reynolds number was 10%, Q+

was varied from 0.02 to 0.4, and the pitch-axis location was at
X/c¢=0.25. In all cases, transition was fixed at the airfoil lead-
ing edge.

Fully Developed Supercritical Flow

For freestream Mach numbers M, =0.5 and 0.6, the
flowfield structure about the pitching airfoil displayed the fea-
tures of a supercritical flow. The main flow events observed at
high Mach numbers are described for the case of M, =0.6 and
Q0+ =0.045. As the angle of attack increases, a well-defined
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Fig. 12 Evolution of supersonic region (2+ =0.045, M =0.6, Re. = 1x 10%).
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Fig. 13 Evolution of relative streamlines (2+ =0.045, My =0.6, Re. =1x 10°).
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Fig. 15 Effect of 2% on the extent of the supersonic region
(M, =0.6, Re, =1x10%).

Fig. 16 Development of transonic flow near airfoil leading edge
M, =03, 0+ =0.4, Re, = 1x10°).

supersonic region develops on the airfoil upper surface, as
shown in Fig. 12. Due to the severe adverse pressure gradients
induced by the shock, boundary-layer separation occurs (see
Fig. 13a). The separation region that originates at the foot of
the shock propagates both upstream and downstream over the
airfoil surface as the angle of attack continues to increase.
When separation reaches the vicinity of the leading edge, the
turning of the inviscid flow (around the airfoil nose) de-
creases, the leading edge suction level rapidly drops, and mo-
ment stall begins. Subsequently, massive separation is ob-
served on the airfoil upper surface (see Fig. 13¢) and lift stall
also occurs. ’

Figures 14 and 15 illustrate the effects of @* on thepitching
airfoil flow for M, =0.6. As in the case of low Mach number,
increasing the pitch rate results in a larger angular delay of dy-
namic stall and in higher values of maximum lift (see Fig. 14).
From Fig. 14, one can also observe that the C, jump that oc-
curs at the onset of rotation at low freestream Mach number
(see Fig. 8) is considerably reduced by compressibility effects.
Examination of the flowfield before significant separation has
yet occurred (see Fig. 15) indicates that as 2+ increases a
higher local M,,,, is obtained over the airfoil upper surface.
As a consequence, the extent of the supersonic region in-
creases and the normal shock is located further downstream.
From the present results, it is apparent that for M, =0.6 the
dynamic stall process is controlled by the shock/boundary-
layer interaction. Given the uncertainties involved in turbu-
lence modeling of such complex phenomena, experimental
work is required to provide quantitative information on dy-
namic stall at high subsonic Mach numbers. Some of the as-
pects of unsteady, shock-induced separation have been dis-
cussed by Ericsson.28

Dynamic Stall at Intermediate Mach Numbers (M, = 0.3, 0.4)

Even for a freestream Mach number as low as 0.3, a super-
sonic region is observed to develop on the airfoil upper surface
(see Fig. 16). Although this supersonic bubble is very limited
in chordwise extent (approximately 3.0% chord), its appear-
ance indicates the importance of compressibility effects on dy-
namic stall beginning at relatively low M, .

The evolution of the flowfield for M, =0.4 and Q@+ =0.045
is shown Fig. 17 by means of instantaneous streamlines.
Similar to the low Mach number case, the dynamic stall pro-
cess is characterized by the formation of a leading-edge vortex
that is convected over the airfoil upper surface. However, for
M, =0.4, the dynamic stall vortex appears at a much earlier
time than when M, =0.2, as shown in Fig. 18. This fact sug-
gests that compressibility must affect the initial boundary-
layer separation process that precedes the vortex formation.
Indeed, close examination of the flowfield indicated that sepa-
ration near the leading edge resulted from the shock/bound-
ary-layer interaction and not from the upstream propagation
of the trailing-edge separation region. This important qualita-
tive change from trailing-edge stall to leading-edge stall, as
M., increases, is in agreement with the experimental work of
Ref. 16. Figure 19 shows the evolution of the supersonic bub-
ble during the process of leading-edge separation. The sonic
line moves downstream along the airfoil upper surface as the
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Fig. 18 Effect of compressibility on leading-edge vortex formation (2+ =0.045, Re. =1x 106, ¢+ =1.5).

Fig. 19 Evolution of leading-edge supersonic bubble (M =0.4, 2+ =0.045, Re. =1x 10¢).
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Fig. 20 Effect of compressibility on lift coefficient history
(2F =0.045, Re,=1x10°).

supersonic region develops. After separation, the shock moves
upstream and the supersonic zone reduces to a chordwise ex-
tent of less than 1.5%. The influence of numerical resolution
on the supersonic bubble formation should be further investi-
gated. In addition, experimental flow visualizations of the
leading-edge supersonic region are required.

The effect of compressibility on the computed lift coeffi-
cient is shown in Fig. 20 for @+ =0.045 and for different
freestream Mach numbers. The corresponding static values of

CLmax are also included for comparison. As M increases, the
dynamic stall delay is reduced and C.,,,. decreases. This trend
is in agreement with the experiments OF Ref. 6. As expected,
much of the compressibility effects are already present in the

~ static characteristics. However, some of the reduction in the

stall delay is dynamic in nature. For instance, the overshoot in
QCp,ay decreases from 14 deg at M, =0.2 to 10 deg at
M, =0.6.

IV. Conclusions

The turbulent flow about a constant-rate pitching airfoil
was numerically simulated employing the mass-averaged,
Navier-Stokes equations and an algebraic eddy viscosity tur-
bulence model.

At M_=0.2 and over a wide range of pitch rates (0.045
=+ =0.4), the computed unsteady flow features were found
in qualitative agreement with experimental observations. The
dynamic stall process was characterized by forward propaga-
tion of the trailing-edge separation region and by the forma-
tion of a leading-edge vortex that was convected over the air-
foil. For the case of 2+ =0.2, the computed lift and moment
coefficient histories were found to be in good quantitative
agreement with available experimental data. The effects of
pitch rate and pitch-axis location were also investigated and
found to be in agreement with experimental observations and
with previously computed laminar results. However, the sim-
ple eddy viscosity model seems to be inadequate at very low
pitch rates because computed results for @+ =0.02 did not dis-
play the basic dynamic stall features.
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Compressibility effects on dynamic stall were investigated
by varying the freestream Mach number from 0.2 to 0.6. For
=0.5 and 0.6, a fully developed supercritical flow was ob-
served over the airfoil. Increasing @* resulted in 1) an in-
creased angular stall delay, 2) higher lift coefficients,
3) higher Mach numbers on the airfoil upper surface, and
4) the displacement of the shock toward the trailing edge At
these high Mach numbers, the dynamic stall process is con-
trolled by the shock/boundary-layer interaction rather than by
the formation of a leading-edge vortex. Given the uncertain-
ties involved in the turbulence modeling of such phenomena,
detailed experimental studies at high subsonic Mach numbers
are required.

At M, =0.3 and 0.4, the flow was supercritical. However,
the supersonic region was very limited in spatial extent. The
dynamic stall process was still characterized by the formation
and convection of a leading-edge vortex. At these intermediate
values of M., the main effects of compressibility were 1) a
change from trailing-edge stall (observed at M, =0.2) to
leading-edge stall, and 2) a decrease in the stall delay and in
the maximum lift coefficient. Both of these effects are in qual-
itative agreement with experimental observations.
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