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Dynamic Stall Analysis in Light of Recent
Numerical and Experimental Results

Lars E. Ericsson* and J. Peter Redingt
Lockheed Missiles. & Space Company, Inc., Sunnyvale, Calif.

An earlier developed engineering analysis of dynamic stall is reviewed in light of recent numerical and ex-
perimental results. It is found that the concept of equivalence between boundary-layer improvement due to
pitch-rate-induced effects and increasing Reynolds number is supported by the available numerical and ex-
perimental results. The existence of the postulated plunging-induced improvement of the boundary layer and
associated delay of stall, the controversial ‘‘leading-edge Jet” effect, is indicated by oscillatory stall data for dif-
ferent oscillation centers and by the measured negative aerodynamic damping for plunging oscillations in the
stall region. More work is needed before the dynamic stall characteristics can be predicted for high frequencies.
Until then, the present technique offers a reliable means for prediction of low-frequency (& < 0.5) dynamic stall

characteristics from static experimental data.

Nomenclature
=chord length
=real and imaginary parts of thé Theodorsen func-
tion
=dynamic overshoot coefficient, Eq. (6)
=reduced frequency, 2k=a
=section lift, coefTicient ¢; = 1/ (p U3/ 2) c
=Mach number
» =section pitching moment, coefficient ¢, =m,/
(00 Un?/2)?
= section normal force, coefficient ¢, =n/(p, U2 /
2)c
= static pressure, coefficient C,
U /2)

=Reynolds number

=time

= velocity

= chordwise distance from the leading edge

=translatory coordinate, positive downward

=angle of attack .

=trim angle of attack

=increment

= dimensionless translatory displacement, ¢=

—(z2—2¢g)/cC

=angle-of-attack perturbation

=dimensionless x-coordinates, £ =x/c, X=2(—1
a = center of oscillation, £ = (a+1)/2

=air density

=pitch-rate-induced camber angle, 6 =vz — v, ¢

=camber line slope

=wakelag, Eq. (9)

=stall-induced additional phase lag, Eq. (9)

=oscillation frequency, @ =wc/U.,
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Subscripts .

a =accelerated flow- 1nduced equxvalent time lag
AM =apparent mass

CG =center of gravity

c =convection

crit =critical
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dyn =dynamic

e =Dboundary-layer edge conditions
LE =leading edge

max =maximum

r =reattachment

sp =separation point

w =wake and wall

1,2 =numbering subscript

o =undisturbed flow

Superscripts

i =induced and inducing, e.g., o' = separation-

inducing angle of attack. Eq. (9)
= complex variable, e.g., 8* = Af exp (iw?)

*

Differential symbols
a =Ja/dt

0 =920/9¢?
Cra =3€1/3a

Introduction

ANY years ago, Halfman et al.! outlined practical
means for prediction of dynamic stall characteristics
and set a precedence that has been followed by subsequent
dynamic stall investigators.>* This dynamic simulation
technique works well as long as full-scale conditions really
have been simulated. However, the reduced frequency usually
cannot be simulated without violating the Reynolds and Mach
number simulation necessary for simulation of true separated
flow characteristics.* In addition, the so-called “‘two-
dimensional’’ test data often are-contaminated by tunnel wall
or end-plate interference effects™’ Some years ago, the
present authors developed a technique for prediction of
dynamic . stall characteristics from static airfoil section
data.®? The technique was quite successful in predicting ex-
perimental dynamic stall characteristics as long as the reduced
frequencies were not high (©<0.5). The advantages of this
alternative to dynamic simulation a la Halfman et al. '™ are
obvious; if the needed static data do not exist already, they are
easy and relatively inexpensive to obtain, and both Reynolds
number and Mach number effects can be investigated to
provide the means for extrapolation to full-scale conditions.
The technique is semiempirical and uses dynamic ex-
perimental data to determine certain critical proportionality
constants for the effects of pitch amplitude and frequency on
the dynamic stall characteristics. The dynamic overshoot of
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static stall is considered to be a completely viscous
phenomenon. The inviscid unsteady flow effects are assumed
to remain the same as for attached flow and are represented
by. a bilinear constant time lag/constant phase lag ap-
proximation® of the Karman-Sears vortex wake lag effect. '
Physical flow concepts are introduced to explain the observed
pitch rate effects on the dynamic overshoot of static stall. The
C;max OVErshoot is postulated to be the result of dynamic im-
provements of the boundary-layer characteristics, an effect
that is assumed to be similar to that obtained by increasing the
Reynolds number (in a static test) and, therefore, cannot ex-
ceed the ““‘infinite Reynolds number limit.”” One source for
this dynamic improvement of the boundary layer is the
pressure-gradient-time-history effect on the boundary-layer
development up to the separation point. As this effect would
disappear in the case of the plunging airfoil, another ad-
ditional source has to exist. Hence, the concept of the
dynamic ‘‘leading-edge wall jet” or the ‘“‘rolling leading
edge’’ is introduced. '

Although some of the concepts introduced were accepted
readily, others were more controversial. Since our original
work, ®? further pertinent results have been published which
throw new light on the subject. This paper analyzes these new
data to determine the impact on our original analysis.®? It is
found that many of our basic assumptions are supported by
recent numerical and experimental results, but it also is found
that modifications are needed before satisfactory prediction
of dynamic stall characteristics will be possible, especially at
high frequencies and/or large amplitudes.

Engineering Analysis of Dynamic Stall

In order to be successful, any theory or computational
technique for unsteady airfoil stall must account for two
(anomalous) facts discovered by Halfman et al.': 1) There is,
in the dynamic case, a large overshoot of static ¢, (and
associated c,, characteristics); and 2) pitch oscillation of an
already stalled airfoil can re-establish attached flow over part
of the oscillation cycle even when the minimum instantaneous
angle of attack during the oscillation is larger than the static
stall angle («,). In our engineering analysis,®%!" we have
postulated that these effects are caused by dynamic im-
provements of the boundary layer. The proposed viscous flow
concepts are as follows: 1) boundary-layer improvement due
to pitch-rate-induced upstream pressure gradient relief; 2)
boundary-layer improvement caused by the leading-edge
plunging, the so-called ‘‘leading-edge jet’’ effect; and 3) the
upper boundary for dynamic improvement of the boundary
layer is the static infinite Reynolds number limit.

In addition to this dynamic lift overshoot, with
associated overshoot of static stall angle (Aa,), there is a pure
time lag effect (Aw), which has three contributions: 1) the
Karman-Sears circulation lag Aa,, 2) boundary-layer con-
vection lag Aa,, and 3) moving separation point delay Aa,.
The first is'an inviscid effect, and the other two are of viscous
origin.

In the following sections, it is recapitulated briefly how the
foregoing flow concepts are used in our engineering analy-
sis®*!1 to generate dynamic stall characteristics using static
leading-edge stall data as an input. '

Rampwise a-Change

When study the characteristics of unsteady airfoil stall, it is
instructive to start with the simple case of rampwise change of
angle of attack®'!' (see Fig. 1). The dynamic overshoot of
static stall has two components: Ax and Aa,. The component
Aa is purely a lag effect and simply shifts the lift curve to
higher o with no effect on ¢;y,,. The second component Aa,,
however, produces a large overshoot Ac; ., over static ¢y .
On the pitching airfoil, the lift lags the instantaneous angle of

fUnless stated otherwise, only leading-edge-type stall is considered.
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attack owing to the time lag in the circulation buildup. For a
thin airfoil at low angles of attack, this circulation lag has
been defined by von Karman and Sears.'® Using the lifting
line representation, this circulation lag can be approximated
by a constant time lag for rampwise a-change®

Aa,, =, cc/ Uy hH

where £, =1.5.

In the attached flow region (a<ag), the experimental
results'? seem to indicate a lesser Ao than is predicted
theoretically. However, the difference is not a Ax effect but is
caused by the ¢, increase through attached-flow-type ap-
parent mass and pitch-rate-induced camber effects.'! This ¢,
increase is completely negligible compared to the measured
large overshoot of static ¢, (Fig. 1). Carta’s proposed in-
viscid flow mechanism for dynamic stall overshoot ? is really
only this attached flow effect, ! as is shown mathematically in
the Appendix. In our engineering analysis,®®!! we have
postulated two mechanisms for the dynamic improvements of
the boundary layer which can cause the observed ¢, over-
shoot. One such effect is the “‘accelerated flow’’ or ‘‘pressure
gradient time history’’ effect. The nonstationary Bernouilli
equation gives®

dp./d§=(8p,/9§) 4=0 + (3p./0a) (ca/U,) ()]

That is, the local pressure gradient is less in the dynamic case
than in the static case (at the same «) by the amount
—(dp./da) (ca/U,). Thus, the boundary layer at separation
has in the unsteady case a more favorable upstream time
history. As a result, the boundary layer is improved and can
stand a higher (critical) pressure gradient before separating. It
has been shown by Shamroth and McDonald '* that the quasi-
steady pressure distribution prescribed by Eq. (2) gives the
full unsteady boundary-layer characteristics for frequencies
and pitch rates as high as @=2.0 and ca/U,, =0.20, respec-
tively. As a result of the boundary-layer improvement, the
static stall angle can be exceeded by an amount A«y,, giving a
corresponding overshoot of static ¢,

> Cmax = claAas[ €))
co
Aasl = Kﬂ] 5 N
U

~ o

_ {8/[8ca/Ux )1} (3p, /88) iy
(8700} (Op,./88) 4=
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Fig.1 Composition of a-ramp overshoot of static ¢;,o, .
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A Karman-Pohlhausen type of analysis'> using this quasi-
. steady pressure distribution could give a measure of the boun-
dary-layer time history effect with associated improvement of
the shape parameter and decrease of the boundary-layer
thickness, as was suggested in Refs. 9and 11. In the numerical
analysis performed by Scruggs et al.,'® this thinning of the
unsteady boundary layer is computed.

The other postulated mechanism for dynamic overshoot of
static ¢, . 1S the so-called “‘leading-edge jet” effect described
in detail in Refs. 9 and 11. As the airfoil leading edge moves
upward, the boundary layer is strengthened and stall delayed
due to the vastly different tangential wall velocities between
the leading edge and the top of the airfoil a short distance
downstream. The boundary layer is accelerated by the rapidly
moving leading edge and has an excess velocity when it
“rounds the shoulder” to the slower-moving wall on the top
of the airfoil. Thus, the boundary layer has a fuller profile
and is therefore more difficult to separate.§ On the down-
stroke, the effect is the opposite, promoting separation.
Wallis et al.'”! have shown that it is possible to trip the
boundary layer, thereby eliminating the laminar bubble
present for leading-edge stall, when applying blowing or
distributed roughness between stagnation and separation
points. Only minute amounts of blowing were required. Thus,
there are reasons to expect that the ‘‘leading-edge jet effect™
could contribute t0 A« as much as, or more than, the
pressure gradient-time history effect discussed earlier [Eq.
(3)]. It is shown in Refs. 9 and 11 how this contribution Aa;,
would in a first approximation be proportional to the leading-
edge plunging velocity Z, z, That is

Ao, = —K(25/Us) %)

For the airfoil pitching around £, one obtains *!!
Aoz5=K,,c'oz/Um,Ka=Ka,+K,,2£CG (6)

These two mechanisms [Eqs. (3) and (5)] are straight-
forward and have the following important characteristics: 1)
the effects are reversible, i.e., the effects are opposite on the
“downstroke’’ to what they are on the ‘‘upstroke’’; and 2) the
effects are proportional to the dimensionless pitch and
plunging rates, ¢ w/U,, and Z;z/ U, , respectively. It will be
shown later that K, = 2K,,. Thus, our value K, =3.0 used for
oscillations around £.;=0.25 corresponds to K, =2.0
and K, =4.0.

We have assumed in our analysis®'' that the improvement
of the boundary layer through these two dynamic mechanisims
is similar to the improvement obtained by increasing the
Reynolds number. It therefore cannot exceed the infinite
Reynolds number limit. Wallis et al.!”"'” have demonstrated
the similarity between wall-jet induced boundary-layer profile
change and that due to increased Reynolds number. Using
static ¢y, variation with Reynolds number 2!'2 together with
the measured dynamic overshoot'2?* of static €y, it Was
determined that the infinite Reynolds number limit for
dynamic improvements was reached when ¢ &/U,, >0.02.%"!
Likewise, on the ‘““‘downstroke’’ the lift reduction is limited by
¢, for Re—0.

Deep Stall Characteristics :

The pitch-up data obtained by Ham and Garelick® show
that, not only is there a dynamic overshoot of static ¢, , but
also the deep stall lift is substantially higher than in stationary
flow. Static data”®% indicate that the airfoil has an early
poststall region in which the separation point still is moving

§The “‘rolling leading edge’’ analogy used to describe this effect in
Refs. 11 and 45 now has been tested experimentaily. Johnson et al. 4
show that a rolling leading edge indeed delays the stall and that the
delay is linearly dependent upon the leading-edge velocity, all in
agreement with our postulations.
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forward with increasing «. Thus the lift experiences a gradual
decrease toward the fully stalled level?® after the initial drop
at stall. This transitory early poststall region can be extended
to higher angles of attack for an airfoil in pitch-up motion.
Moore?’ describes a mechanism that can generate  this
dynamic overshoot of the deep stall lift. When the separation
point moves upstream, the boundary layer, ready to separate,
“‘sees”” a downstream moving wall, and the separation is
deleyedq Thus, the separation point will lag its static position
due to this moving wall effect, and a corresponding overshoot
of the angle of attack will occur. For linear dependence, Ay,
is

Aag,=Eg,(ca/Uy) Y]
The time lag parameter £, is defined as*!!
§p=08,/[0(U,/Uy)] )]

From the rotating cylinder data obtained by Brady and
Ludwig,?? who used a shroud to impose an airfoil-like
pressure distribution, we obtained the value £,,=3.0 by
assuming that leading-edge stall is equivalent to the separation
on the cylinder at subcritical Reynolds numbers. *!!

Oscillatory «Change

In the case of oscillatory «-change, the dynamic stall
process is much more complicated than is the a-ramp case just
discussed. It was shown in Ref. 8 how the Karman-Sears wake
lag can be approximated by the constant time lag effect only
as long as the reduced frequency is low, @<0.16. At higher
frequency, a constant phase lag is the best approximation.
Thus, for harmonic oscillations in pitch around «y, €.g., a
(t) =ap + A sinwt, the generalized angle of attack, which
determines when separation occurs, can be expressed as
follows, representing the time history effects by descrete time
lags

ol (1) =ay+Afsin (ot —¢d—¢,) (%9a)
£,0:0<0.16
o= (9b)
0.245:9>0.16
0 :o'=<a,+Aqg
b= ; (¢
Epir of >ap+ Ay

The dynamic overshoot of static ¢y, for an airfoil
describing oscillations in pitch, a =, + A8 sinwt, is sketched
in Fig. 2. The figure shows ¢, as a function of the separation-
inducing angle of attack, («‘), and not the instantaneous
angle of attack, (). That is, the figure shows only the Ac; ef-
fects, and not the loop distortion due to time-lag effect,** nor
the pitch-rate-induced apparent mass and camber effects.tt
The airfoil stalls when

ol (1) =a, + Aa, (10a)

Aoy =K, AbBacoswt (10b)

§Although the details of the mathematical treatment are being

“debated,?®3! no one has any quarrel with the physical justification of

this flow concept. ‘

**Although the time-lag effects are included when determining o'
for separation and reattachment, the full loop distorting time-lag ef-
fects are not shown until Fig 3.

t1The pitch-rate-induced effects are very straightforward, as has
been shown earlier® and is discussed in the Appendix.
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Fig. 2 Unsteady circulatory lift component as a function of effective
angle of attack

Stall resutls in a stepwise loss of lift (see Fig. 2).i1 On the
““backstroke,”” reattachment occurs when Eq. (10) is satisfied
again for wf= (wt), (see Fig. 2). The ¢, (o) stays at the
minimum level until reattachment, a ‘‘backstroke’’ charac-
teristic that is obtained even at zero frequency.? The “‘floor”’
for this minimum c¢; is the zero Reynolds number limit, in
analogy with the infinite Reynolds number limit for
maximum lift.

When the time-lag effects are included, the ¢; («) loop in
Fig. 2 is deformed as shown in Fig. 3 to give the lift variation
with the instantaneous angle of attack, the ¢, («) loop.§§ The
effect of the deep stall lag ¢, is large and becomes dominant at
@>0.16, when the Karman-Sears wake lag has reached its
saturation limit ¢ =147 It is shown in Refs. 9 and 11 how the
use of the dynamic flow concepts just discussed produces
good prediction of the negative aerodynamic damping
measured by Liiva et al. >

Recent Dynamic Stall Investigations

Since the time of the analysis reported in Ref. 9, numerous
dynamic stall investigations have been performed. The results
of investigations that have been detailed enough to provide
new information about dynamic stall are analyzed to deter-
mine to what extent the basic flow concepts used in our
engineering analysis®%!! have to be changed or modified.

Numerical Results .
A thorough numerical investigation of unsteady turbulent
boundary layers has been performed by Scruggs et al. from

$1The transient effect of the ‘“‘spilled leading edge’’ vortex has (so
far) been neglected in our engineéring analysis®*!! When considering
the moment characteristics and the associated dynamic-stall-induced
negative aerodynamic damping, this transient does not have a
significant effect as long as the frequencies are not high. At higher
frequencies, however, this transient has to be included, together with
other high-frequency flow phenomena.

§§Still without inclusion of pitch-rate-induced apparent mass and
camber effects.
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Fig. 3 Unsteady circulatory lift as a function of instantaneous angle
of attack.

which results for a NACA 0012 airfoil recently were presen-
ted.!® They determined numerically how the delay of flow
reversal at the midchord point depends on pitch rate and
Reynolds number- (Fig. 4). They show that the stall sensitivity
to pitch rate decreases with increasing Reynolds number, in
agreement with our postulation®®'%2* that there is an
equivalence between boundary-layer improvements due to
dynamic effects and Reynolds number increase. That the
‘“‘plateauing in Fig. 4 occurs at (ca/U, ) values considerably
beyond ca/U,, =0.02 probably is because the theory is for in-
compressible flow, whereas the test data giving the 0.02 value
are for leading-edge separation in compressible flow. Already
at M, =0.1 the leading-edge peak velocity reaches M, =0.4 at
stall. %24

How the a-delay of the flow reversal point determined
numerically '® varies with chordwise position is shown in Fig.
5. Also shown is the estimate from our engineering analy-
sis. *!! For separation well downstreamn of the leading edge,
there is in addition to the inviscid flow circulation delay Aw,,
also a convective time-lag effect A, caused by the finite time
required to convect upstream pressure gradient effects down
through the boundary layer to the separation point. Using the
convective velocity ratio U/ U, = 0.8, measured by Kistler and
Chen?? for subsonic speeds, A, can be approximated as®!!

Aa, +1.25¢,ca/U,, (11

This was the value used in Ref. 34 to reconstruct the
“‘anomalous”’ effects of free boundary-layer transition on an
oscillating airfoil.?5 The transition effects illustrated trailing
edge separation as far as phase lag effects are concerned.
Thus, according to our engineering analysis,®%!! the total
delay of separation well downstream of the leading edge ob-
tained from Eqs. (1) and (11) is as follows

Ac,, + A, = (1.5+1.25¢)ca/U, (12



252 L.E. ERICSSON AND J.P. REDING

28[—

v
/ ~———w—Re =3,0x10°
12 7/ ov——— =1,0x 1()6
— —— = 0'35)(106
e —
4 -
0 i 1 L 1 }
0 .02 .04 .06 .08 .10

c&/UD

Fig. 4 Combined effect of Reynolds number and pitch rate on flow
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Fig. 5 Computed o-delay of flow reversal at different chordwise
locations.

It can be seen that the results given by Eq. (12) agree
remarkably well with. the ‘‘exact”” numerical computations.
For simplicity, the static characteristics were approximated by
straight lines when applying Eq. (12), neglecting the details
near leading and trailing edges. These results support our
hypothesis in Ref. 34 that the transition behaves dynamically
very similarly to turbulent trailing-edge separation, a
similarity also postulated by Kline,3 and that, consequently,
dynamic trailing-edge separation can be described by our sim-
ple engineering analysis.®?!! The same conclusion has been
reached by Lang.?” For leading-edge stall, £,—0, and Ac, can
be neglected.

Another extensive numerical study has been performed by
Lang.’” His numerical results for the delay of leading-edge
stall are shown in Fig. 6. Also shown are the time lag A« and
the overshoot contributions Acq, given by our engineering
analysis>!'! in which the A«, contribution is based on dynamic
experimental data. It can be seen that the numerical results ac-
count for little more than the pure time-lag effect Aw. This
also is true for the results obtained by Scruggs et al. '® when
compared to measured dynamic delay of leading-edge stall.
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Fig. 6 Computed dynamic stall delay as a function of oscillatory
frequency and amplitude.

NACA modified
NACA 0012

Modified NACA-0012
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To—(Re) - @
Mg (LUp
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i 1 | R
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a(t)y =a, +A0sinwt
b) a, =13°; 46= 5% &= 0,25

Fig. 7 Effect of leading edge droop on dynamic stall. a) Philippe’s
results. b) ¢, (1) =f(').

That is, no theoretical prediction presently is possible of the
full viscous effects. Lang also quotes results reported by
Fung?® which give Ac, . =21.7 ca/U,, . For ¢,;,=2x, this
gives the value K, =3.5, which compares well with the value
K, =3.0 used in our analysis>!' for £ 5 =0.25.

Experimental Results

Results obtained by Phillippe?? illustrate the effect of static
characteristics on the dynamic loops (see Fig. 7). Modifying a
NACA-0012 airfoil by drooping the leading edge improves the
static stall characteristics,””* as is sketched in Fig. 7. With
Af=5°and ®=0.25, the maximum pitch rate is lca/Uy |
=0.22, and the infinite Reynolds number limit, which is the
same for both airfoils, is reached. However, since leading-
edge droop raises the static lift curve, the undershoot occurs
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Fig. 8 Effect of oscillation center on dynamic stall overshoot®®,

fremn a higher static level, and the loop does not reach as low a
¢; minimum as it does for the unmodified airfoil. Philippe’s
data illustrate how raising the static lift curve alters the
dynamic lift loops. The effect of increasing Reynolds number
is similar to that of leading-edge droop. It also raises the static
lift curve, including static ¢y, and deep stall lift, >-'® and will
result in a similar alteration of the dynamic loops.

Windsor’s experiment ? tends to support the existence of
the ‘“‘leading-edge jet’’ effect. It shows a definite influence of
oscillation center £~; on the dynamic overshoot of static ¢y
(Fig. 8). When the results are plotted vs £, (Fig. 8b), the
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Fig.9 Measured separation delay for different rate «-ramps.*?

relationship K, =2K,; in Eq. (6) is indicated. Normalizing
the data using this £ ~; dependence gives the results shown in
Fig. 8c. The data seem to support the postulation made in
Refs. 9 and 11 that the dynamic improvement effects have
reached the saturation level, the infinite Reynolds number
limit, at | we/ U, | >0.02.99

Isogai’s experiment *"*?also tends to support this concept of
Ao, saturation at ca/U, >0.02 (see Fig. 9).*** The high
pitch rate data have been fitted by straight lines, and the slope
increase due to the A«, effect has been added for
ca/U, <0.02 (using K, =3).

The most convincing prof of the existence of the ‘‘leading-
edge jet” effect (or some other mechanism with similar
characteristics) is provideed by the oscillatory plunging data
obtained for an airfoil in the stall region by Liiva et al. > (Fig.
10). To our knowledge, no one has been able to explain how
the negative aerodynamic damping is generated (Fig. 10a). As
was discussed in Ref. 43, regular time-lag and pitch-rate in-
duced effects can affect only the Z term and cannot contribute
any to the damping, the 7 term. It will be shown how the loop
reversal (Fig. 10b), which causes the negative aerodynamic
damping, can be generated by the Ac,, effect [Eq. (5); see
Fig. 10c].

During the plunging upstroke, o is negative, whereas both
Acg; [Eq. (3)] and Acg; [Eqg. (5)] are positive. For the test
parameters in Fig. 10¢c, one obtains Aa,?=0.33 sinwf and
Ac,,” =4.8 coswt, with K,; =2, K,, =4. That is, the ““leading-
edge jet” effect Ac,, is dominating. It is positive but
decreasing during the upstroke and causes the airfoil to stall
near the end of the upstroke. Reattachment occurs near the
end of the downstroke. Thus, it is the ‘‘leading-edge jet’’ ef-
fect Ac,, that generates the loop reversal responsible for the
measured negative aerodynamic damping.

Conclusions

A second look at our engineering analysis in light of
recent numerical and experimental results has shown the
following:

1) The concept of equivalence between boundary-layer im-
provement due to pitch-rate-induced effects and increasing
Reynolds number is supported by available numerical and ex-
perimental results.

2) The existence of the postulated two different mechanisms
for dynamic boundary-layer improvement is indicated by
oscillatory stall data for different oscillation centers and by

8.9.11

§4The zero offset is indicative of tunnel side-wall boundary-layer
interaction and resulting corner separation.’ This also reduces the
average lift as measured by a balance relative to that measured by the
pressures at midspan. 2

***a , and ag are the “‘angular times’’ at which large changes took
place in the unsteady pressure gradient at £=0.15.
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—4.

measured negative damping for plunging oscillations in the
stall region.

Appendix: Inviscid Dynamic Overshoot
of Static Stall

That Carta’s dynamic stall treatment is equivalent to our
substall treatment can be shown very simply. Carta’s ex-
pression for the lift is as follows **

¢ 2r=C(k)a*+C(k)Va(Va—a) (ca* /U, )
| +Ya(ca*/Uy ) — (a/8) (Ca/UZ) (Al)
where
C(k) =F+iG, a=2k¢cc—1
= lalexp (iwt)

The engineering analysis of Ref. 8 gives the following ex-
pression for ¢,

e, (2) —¢ Ya.)]/c, =C(k)8* + C(k)
(e /e ) (c6* /U, ) + [I/Q-gm
() am/ Sl 1 (/UL ) + (Cig) ang
A(26*/UL) ‘ A2)

Thin airfoil theory® gives c;, =27, ¢,,/C/o = (Cp) ars/Cle
=Y, and cj,,,/Ci1o=(Y4 Va—£cg). With Ecg=(a+1)/2,
the right-hand side of Eq. (23) is identical (term by term) with
the right-hand side of Eq. (22).71t ‘

Carta recently has presented a note!? that very convincingly
argues that the large dynamic overshoot of static ¢,,,, could
be caused by the beneficial effects of the unsteady pressure
gradient lag. Equation (2) in Ref. 13 can be recast in the
following form (changing Carta’s Cp to the lift-producing
pressure differential AC,,)

ACH/4[(1-X)/(1+X)]" =C(k)a* + C(k)
SVa(Va—a) (ca* /UL ) + (X+ %) (ca*/U., )
+Va [ (X/2) —al (X+1) (a*/U2) (A3)
where
AC} = IAC, lexp (iwt)

Integration of Eq. (A3) gives Eq. (A1) (see Ref. 44). Thus,
Carta’s ‘“‘additional lift’’ on the aft portion of the airfoil is
simply the contribution from pitch-rate-induced camber and
apparent mass effects which is negligibly small compared to
the measured dynamic overshoot of static stall (see Fig. 1).
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