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Dynamic Stall at High Frequency and Large Amplitude
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A previously developed quasisteady analytic method has been shown to give predictions that are in good
agreement with experimental stall results as long as the oscillation amplitude and frequency are of moderate
magnitudes. In the present paper, this quasisteady method is extended to include the transient effect of the
‘“‘spilled”’ leading-edge vortex, thereby providing simple analytic means for prediction of dynamic stall
characteristics at high frequency and large amplitudes. The veracity of the method is demonstrated by critical
comparisons with the extensive experiments performed by Carr et al.

Nomenclature
c =two-dimensional chord length
K, = dynamic overshoot coefficient, Eq. (2)
/ =section lift, coefficient ¢, =1/ (p,, UZ, /2)c
m, =section pitching moment, coefficient c,, =m,/
(pe U /2)c?
n = section normal force, coefficient ¢, =n/
(P UZ/2)c
t =time
U =velocity
X = chordwise distance from the leading edge
Z = vertical translation
o =angle of attack
ay =trim angle of attack
r =circulation
A =increment
0 =angle-of-attack perturbation
¢ =dimensionless x coordinate, £ = x/c
¢cc  =center of oscillation
o = air density
@, =wake lag
&, = stall-induced additional phase lag
@,@ =oscillation frequency, @ = wc/ U,
Subscripts
c = convection
CG  =center of gravity
DYN =dynamic
eff =effective
LE =leading edge
lg =linear growth
max =maximum
QS = quasisteady
s =gstall
sp = separation point movement
TE =trailing edge
tot =total
v =vortex
vg =vortex growth
vs =vortex spillage
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w =wake and wall
oo =undisturbed flow
Superscripts
i =induced and inducing, e.g., o/ = separation in-
ducing angle of attack
(—) =mean value
Introduction

INCE the classical investigation by Halfman et al.,' the

dynamic stall problem has been studied intensively.
Although our understanding of the basic flow phenomena has
improved greatly as a result, no substantial advancement of
our capability to predict dynamic stall characteristics has
resulted. On the one hand, it is difficult to use subscale test
data because of the problem of dynamic simulation,?
especially in the presence of three-dimensional flow effects in
so-called ‘“‘two-dimensional’”’ dynamic stall tests.®* On the
other hand, no pure theory exists that can predict the dynamic
overshoot of static stall>® or the dynamic overshoot of static
reattachment. It will be quite some time before pure theory
can predict all the details in the oscillatory dynamic stall cycle
leading to negative aerodynamic damping and associated stall
flutter. It will also be a while before simulation of full-scale
dynamics in subscale tests becomes routine.’

An earlier developed analytic method®? has been shown to
predict numerical and experiment results as long as the
reduced frequencies and oscillation amplitudes are of modest
magnitudes.'® In order to provide an analytic method that
can predict the dynamic stall characteristics also when the
oscillation amplitude is large and the reduced frequency is
high, the transient effect of the ‘“‘spilled’’ leading edge vortex
has to be considered.!!'? The extensive, systematic ex-
periments performed by Carr et al.’? indicated that other
modifications of the quasisteady theory also were needed. The
present paper describes these modifications. To make the
analysis easier to follow, the salient parts of the quasisteady
method®!° will be recapitulated.

Analysis
The present method is semiempirical in nature. It uses static
experimental data as an input. In addition, certain critical
proportionality constants for the effects of pitch amplitude
and frequency on the unsteady separation process have been
determined by use of dynamic experimental data.

Quasisteady Analysis

In the analysis it is postulated that the quasisteady over-
shoot of static ¢, 1s caused by the following dynamic effects
on the boundary layer: 1) boundary-layer improvement due to
pitch-rate-induced upstream pressure gradient relief; and 2)
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boundary-layer improvement caused by the leading edge
plunging, the so-called ‘‘leading edge jet” effect. It is
postulated further that the upper boundary for this dynamic
improvement of the boundary layer is the static infinite
Reynolds number limit. Thus, the quasisteady overshoot of
static ¢;ma, expressed in the form of an increase of the stall
angle, is ¢;, - Aa,, where Ac has the following components:

Ao, =Aa; +Aa; < (Aog) g,
Acg =K, (ca/Uy) (1)

Aag, = ~Kpp(2e/Us)

For an airfoil pitching around &;, one has
A, =K, /U, < (Ady ) ma
K, =K, + Ko )

For the analysis to date, which has been concerned largely
with the NACA-0012 airfoil, K,; =2 and K,, =4; that is,
K, =3 for £ =0.25.1 It is also assumed that (A ). =0.02
K, based upon dynamic experimental data.'*

In addition to this dynamic overshoot, ¢, Ax,, of static lift
maximum, there is an overshoot A« due to pure time lag
effects which causes no corresponding overshoot of static lift
maximum. One contribution to this lag is the Karman-Sears
circulation lag.!® It was shown in Ref. 8 that this wake lag
effect could be approximated as follows for an airfoil
oscillating in pitch.

A (1)

I

oy +Afsin(wi—o,,)

15w @©=<0.16
0.245: ©>0.16 3)
That is, Ao, = Afsing,,.

For a rampwise o change, the lag effect is:

P

Aa,, =1.5¢ca/U, 4)

In the engineering analysis to date,®!? it has been assumed
that Eq. (3) could be applied also when oscillating into the
stall region. The experimental data by Carr et al.!3 show that
this is a bad assumption. Figure 1 illustrates why. When
oscillating through stall, the vortex wake does not have the
continuously changing sinusoidal shape typical for attached
flow (Fig. 1a), but rather resembles that of an airfoil
describing a series of « ramps (Fig. 1b). Thus, in the present
analysis, ¢,, is described by Eq. (3) only for completely at-
tached flow. For oscillations into the separated flow region,
the constant time lag approximation is applied also for
w>0.16.

¢, =1.50 (5)

Another contribution to the lag term (Ac), the boundary
layer convection lag (Aw.), which is important for trailing
edge stall, e.g., due to shock-induced boundary-layer
separation, ' is of little importance when dealing with leading
edge stall, which is the stall type dealt with in this paper,
except when expressly stated otherwise.

Transient Effects

When the static stall angle «; has been exceeded by Ac; +
A«, separation occurs on the oscillating airfoil and the
following transient events take place. The separation point

tNote that for a sharp leading edge, K, =0.
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moves toward the leading edge and a leading-edge vortex is
“spilled.”” If the airfoil is describing oscillations in pitch, 6 (¢)
= Afsin(w/f), around «y, the phase angle (w?) ,, for the vortex
spillage can be obtained as follows by use of Eq. (2).

g+ Afsin[(wt) —e, —¢,] =a, + A,

K, Abcos (wt) -
Aa; =
(AO‘: ) max — OOZKH aABCOS(wt) =0.02

wAfcos (wt) <0.02

o, =156 o =E,0
0.75. turbulent separation
e = { 3.0: laminar separation
K, =201+2) 6)

Solving for (wt) ,, in Eq. (6) gives:
For wAf cos(wt) ,, <0.02,

(wt) s =2tan~’ [ cos (¢, +¢5) ]

K,o+sin(e, +¢,) + (g —a,) /A0

o {\/H [Kaca+sin<sow+sos>]2—[(ao—as)mo}?_]}
cos? (e, +¢5)
(7a)
For A8 cos(wt) ;= 0.02,

0.02K, + o5 — oy )

Af (7)

(1) s =, + o5 +sin ™! (

According to measurements, ™'® the ‘‘spilled”’ leading-edge
vortex travels down the chord with an average velocity
U, =0.55U,. The phase lag, (Aw!) ¢, corresponding to the
time needed for the vortex to travel from the leading edge to
the trailing edge is:

(Awt) g = (Un, /U, Yo = 1.8 ®)

Equation (6) shows that it makes a big difference whether
the leading-edge separation is laminar or turbulent. In the
static case, the separation is definitely laminar. It was long
assumed that the dynamic leading edge stall also was laminar.
It has been suggested earlier'® that the dynamic leading-edge
jet effect®!? could be very similar to the effect observed by
Hurley and Ward,® of airjets in the leading-edge region.
Hurley showed that by applying minute blowing rates in the
region between stagnation and separation points, the laminar
leading-edge bubble could be eliminated completely. Mc-
Croskey et al.?! recently published dynamic experimental
results that demonstrated that the laminar separation bubble
did indeed disappear and that dynamic leading-edge stall is
turbulent in nature, at least for the NACA-0012 airfoil.

Figure 2 shows how this change from £, =3.0 to £, =0.75,
together with the change of ¢,, discussed earlier, dramatically
changes the prediction of dynamic stall at high frequencies. It
should be noted that the predicted upper branch will be lifted
in Fig. 2b when the “‘spilled’’ vortex effect is included, as will
be demonstrated shortly. Figure 2a shows that the lower
branch will also be lifted if a modified phase lag is used, in
which the moving separation point does not reach its mean
velocity instantaneously, but requires a certain time to ac-
celerate to this speed.?

Figure 3 shows the results obtained for NACA-0012 by use
of Egs. (6-8). A value of o, = 14.5 deg was obtained from the
data in Ref. 13. It can be seen that the agreement between
predicted vortex spillage and measured begin moment stall is
good. Also, the measured phase lag for moment maximum,
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a) o~ TN NS Fig. 1 Unsteady vortex wakes for
attached and stalled flow over an
airfoil. 2) attached flow; b) dynamic
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Fig. 2 Predictions of dynamic lift stall loops. a) old method; b) new
method.
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Fig. 3 Predicted and measured dynamic s!qll phase angles.

(— is in good agreement with the predicted phase lag for
passage of the spilled vortex over the trailing edge. The
moment should, of course, peak just before the vortex leaves
the airfoil, and c,,,,, should occur somewhat earlier.® The test
data in Fig. 3 indicate that the phase lag that should be added
to (wt?),s to predict the occurrence of c,.,, is approximately
70% of (Awt) ;g . This estimate is shown by the dashed line in
Fig. 3.

Figure 4a shows similar results for a cambered airfoil§ for
which the static stall angle is o, =16 deg (see Ref. 13). The
results shown in Fig. 4b for an airfoil with a sharp leading
edge are, however, quite different. For the sharp leading edge,
K,=0 and ¢, =0, as the separation is fixed at the leading
edge. For this airfoil, the data in Ref. 13 show a, =12 deg.
The agreement between. (wf),, and begin moment stall ‘is

§This airfoil has trailing-edge type stall. However, at €/ max Stall
occurs near the leading edge and it is assumed that also for this airfoil
Aa,=0and ¢, =0.75 @.
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Fig. 4 Effect of profile shape on dynamic stall phase angles. a)
cambered airfoil; b) sharp leading-edge airfoil.

good, but it appears that the vortex may travel slower than in
the case of the other two airfoils. U,/U, =0.4 is indicated
rather than U,/U, =0.55, the vortex velocity measured on
NACA-0012.'"18 This would be in agreement with the ob-
servation made at the test!? ‘“that the vortex is much more
highly coiled and is further forward on the airfoil than that
associated with trailing-edge stall’’ (on the cambered airfoil).
When the amplitude and frequency of the oscillation are of
appreciable magnitudes, the “‘spilled”’ leading-edge vortex
can be seen to have a marked effect on the unsteady stall
characteristics 1> (Fig. 5). As the oscillation frequency is in-
creased, the s; ed vortex effect moves from the upstroke to
the downstroke portion of the cycle with associated large
effects on the dynamic stall loops. For example, at @ =0.3, the
effect on the pitch damping is negligible but becomes highly
undamping at @=0.5. Thus, it is very important to be able to
predict the phase angle for the spilled vortex event, a
capability demonstrated in Figs. 3 and 4. In addition, one
needs to be able to predict the vortex-induced force and
moment amplitudes. Previously, the space-time equivalence
between the unsteady ‘‘spilled’’ vortex and the stationary
vortex on a delta wing has been used to develop the following
expression for the vortex-induced normal force. !+12

Ac,, =1.5wsin o, ©
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where, for the oscillating airfoil,
o, =y +Absin(wr) (10)

That this formulation may be an oversimplification was
always understood. Both Carta’s fluctuating pressure
measurement and the flow visualization results obtained by
Silcox and Szwarc?* indicate that the vortex is not “‘spilled”
from the leading edge directly, but first spends some time near
the leading edge growing in size. Carta’s data?? suggest that
the vortex moves from the leading edge to 25% chord with
half the mean vortex velocity; i.e., U, =0.5 U,. The phase
angle corresponding to this vortex growth period is 0.9 &. It
is, therefore, proposed that Eqgs. (9) and (10) be changed as
follows:

Ac,, = 1.57sin? (e ) or (11)
(aye) ogr = 0ty + Absin [ (w1) ,, +0.90) (12)
The expressions for (¢,...)pyn are:
(Crmax)DYN = (Comax) s + (AC, ) g5 +AC,

(Cnmax)QS =Cpy (Ols +Aas) (13)

- (Cm max)DYN = (Cn max)QS (025 _ECG)
”(Acm)QS—(I—'ECG)ACm' (14)
(Ac,) os and (Ac,, ) o5 are the contributions caused by pitch-

rate-induced camber and apparent mass effects. '%!° They are
usually negligibly small compared to the other contributions.

N \
W= 0.2
©n . Sm
_/\rl L Nl
N . .
w = 0.3
€ €m
LA-L i |
e I
ww= 0.5
cp Sm
e ,
5 15 25

LA 1 P
5 15 25
a, deg a, deg
Fig. 5 Dynamic stall loop for the NACA-0012 airfoil oscillating at
high frequencies and large amplitude (10 deg) around £ =0.25 and
g =15 deg (Ref. 13).
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For the common case that £.5=0.25, Eq. (14) becomes
simply

- (Cm max)DYN :O'7SAan' - (AC,,, )QS (]5)

Figure 6 shows that the peak dynamic normal force and
moment predicted by Eqgs. (13) and (15), respectively, are in
reasonable agreement with those measured on a NACA-0012
airfoil at different frequencies.!> The data uncertainty in-
dicated in Fig. 6 was obtained from Ref. 25. It should be
noted that these quantitative results are very different from
those given in Ref. 6 for the same test conditions. This data
uncertainty is reflected in the fact that no quantitative scales
are given in Ref. 13 for ¢, or c¢,,. One source of data un-
certainty is the nonrepetivity of the dynamic stall loops. %2
Another is the sidewall three-dimensional flow interfer-
ence, > which is present in Ref. 13 until @=<0.3 according to
the authors.

When considering the cambered and sharp leading-edge
airfoils, Figs. 7a and 7b, respectively, the comparison is not as
good. In addition to the experimental data uncertainty, one
has to consider that the parameter values K, and ¢, of
NACA-0012 were used also for the cambered airfoil, and that
K, =0is a rather crude approximation for the sharp leading-
edge airfoil.

Rampwise a-Change

In the case of rampwise a-change, Eq. (6), as amended by
Eq. (12), is substituted by Eq. (16) following the procedure
outlined in Ref. 10.

() e =a;+Aa, +Aa; +Aa, +Aq,,

Aa, =&, ca/U, Aa, =K, ca/U,

Aag, =, (ca/U,) Aa,, =0.9(ca/U,,) (16)

Due to the pitch-rate-induced camber and apparent mass
effects, the attached flow lift curve will lag the instantaneous
angle of attack by only half the Karman-Sears wake lag.!®
Thus, the linear lift growth will stop at the angle

a,g=a5+Aozw/2+AocS+AozSp a7 -

Z
X
a
2
o 1 -
2 PREDICTION
o EXPERIMENT (REF. 13)

-.6F

T
-.8 ‘ ‘ - -
o . .1 2 .3 .4 5w
Fig. 6 Maximum dynamic force and moment for the NACA-0012
airfoil.
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Fig. 7 Effect of airfoil shape on the maximum dynamic force and ’

moment. a) cambered airfoil; b) sharp leading-edge airfoil.

Combining Eqgs. (11-17) gives the prediction shown in Fig. 8
of the experimental results obtained by Ham and Garelick.?
The excellent agreement resulted after the predictions had
been zero-shifted — 2.5 deg to agree with the attached flow lift
at low angles of attack. How the attached flow characteristics
are obtained is described in detail in Refs. 10-12 and also in
Ref. 28. Comparing the present prediction with that in Ref. 12
shows that the introduction of Ae«,, greatly improves the
agreement with experimental results.

The experimental o-ramp data in Fig. 8 exhibit an
oscillatory behavior. There is a great similarity between the
incompressible stall data obtained by ‘Ham and Garelick ¥’
and the compressible, shock-induced-stall data published by
Lambourne.?® It was shown in Ref. 16 how the unsteady
characteristics of the shock-induced separation can be
predicted. An equivalent to Eqg. (16) determines the magnitude
of the first oscillatory overshoot of the static separation point.
The correlation between separation point movement and deep
stall lift characteristics for NACA-0012 and NPL 9619 (Ref. 3
and Fig. 9) indicates that the analysis of Ref. 16 could

J. AIRCRAFT

Fig. 8 Comparison of ex-
perimental a-ramp results with
present predictions.

-0.2} PREDICTION &

ca
—e— U—>0

YN
-0.4} ° A
EXPERIMENT
(REF, 26)
———-— L _
-0.6F O T
o0
c ca
m N Uﬁ> 0
-0.8% o
1.8 '
[ l
1.6 '

Lo s
NACA 0012 \}
NPL 9619.. .-~

12 14 16 18 4 20

Fig. 9 Static deep stall characteristics (Ref. 3).

probably be extended to predict the incompressible oscillatory
a-ramp characteristics shown in Fig. 8. The large amplitude
oscillatory tests performed by Carr et al.!3 also produced
superimposed oscillations similar to those for the a-ramp, but
only for the NACA-0012 and cambered airfoils, not for the
sharp leading-edge airfoil (Fig. 10). This is all in agreement
with the role played by the moving separation point in these
superimposed oscillations. As the sharp leading-edge airfoil
has the separation fixed at the leading edge, £,,=0 as
discussed earlier, the large effects of the moving separation
point on phase lag and superimposed oscillations are absent
(Fig. 10).

With the introduction of the constant time-lag ap-
proximation for the deep stall characteristics, Eq. (5), and the
vortex growth period Aw,, in Eq. (16), the interesting dynamic .
stall inhibition phenomenon observed by McCroskey and
Philippe® can be explained. The top part in Fig. 11 shows
their data, with the NACA-0012 airfoil oscillating into the
stall region without ever realizing lift stall. The bottom part
shows the graphic representation of the corresponding phase
lag characteristics, presented in Ref. 31. With the old
method, ¢ the required phase lag, ¢,,, = 1.1, for inhibition
of stall could not be predicted. The present modified method
gives ¢, = 6.150 = 1.337, thus predicting the stall
inhibition. This high-frequency bonus, the stall inhibition,
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Fig. 10  Stall loops at w = 0.10 for various airfoil shapes (Ref. 13).
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has important practical implications for the rotor design of
helicopters, windmills, and axial compressors.

The preliminary results obtained so far indicate that the
present analytical method, with the improvements made
possible by the detailed experiments performed by Carr et
al.,!? can predict existing experimental dynamic stall results.
Thus, if the computerized method outlined in Ref. 22 is ex-
tended to include all the changes that have occurred since
then, described and summarized in the present paper, it
should provide a valuable preliminary design tool for the
helicopter and compressor industries.

As noted by McCroskey in his most recent review of the
existing capability in predicting unsteady separated flows on
oscillating airfoils,*? the present method is the most com-
prehensive one. It utilizes all available experimental and
theoretical information and is, for example, the only one
distinguishing between plunging and pitching oscillations.
Although the present method in no way obviates basic
research into the complex flow phenomena composing
dynamic stall, semiempirical methods of this type are the only
ones that can provide the engineer with any help for
preliminary design, a conclusion also reached by Mc-
Croskey.?? Bore, in his review of our work,? goes one step
further, pointing out how the simple, explicit flow
mechanisms on which our method is based, in addition to
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helping the vehicle designer to understand dynamic stall, also
illuminate the vital flow processes in stall flutter, rapid pull-
ups, wing rocking, and buffet.

Conclusions

A renewed look at earlier developed engineering analysis
methods for dynamic stall, inspired by the extensive,
systematic dynamic experiments performed by Carr et al. has
produced the following conclusions.

1) The constant time-lag approximation of the Karman-
Sears wake lag applies to all dynamic stall occurrences, in-
cluding stall during oscillations in pitch.

2) Adding the moving separation ppint effect to the
quasisteady separation value correctly predicts the ““spilling”’
of the leading-edge vortex.

3) Adding further the time required for the spilled vortex to
reach the trailing edge correctly predicts when the peak pitch-
ing moment occurs. Whereas the average speed with which the
spilled vortex travels from the leading edge to the trailing edge
is 55% of freestream velocity for the NACA-0012 and
cambered airfoils, as expected, the measurements by Carr et
al. indicate that it is only 40% for the sharp leading-edge
airfoil.

4) Adding to the previously developed unsteady time
equivalent to Polhamus’ leading-edge suction analogy the
initial growth period for the “‘spilled’’ leading-edge vortex, as
described by Carta’s detailed unsteady pressure
measurements, provides analytical means for prediction of
the normal force and moment peaks generated by the
“spilled’’ leading-edge vortex.
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