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Further Consideration of ‘‘Spilled’’
Leading-Edge Vortex Effects
on Dynamic Stall

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

Introduction

T has been shown in an earlier Note! how the quasisteady

engineering analysis methods of Ref. 2 can be extended to
include ‘the transient effects of the ‘“‘spilled”” leading-edge
vortex. The present Engineering Note shows how this
provides good prediction of experimental results obtained in
large-amplitude oscillations in pitch®* and fast rampwise
changes of angle of attack. >

Discussion

It was shown in Ref. 1 that the phase characteristics
measured by McCroskey et al.* for Begin of Stall and
Moment Maximum could be predicted very well. However,
the corresponding moment amplitude was underpredicted.
The likely reason for this is the following. At least for the
popular NACA-0012 airfoil, static data’ show a prestall loss
of lift (Fig. 1). This is caused by trailing-edge separation,
which does not have time to develop in the case of dynamic
stall because of the additional convective time lag associated
with trailing-edge stall.> Thus, Ac*,, rather than Ac,, should
be used (see inset in Fig. 2). The variation of the ratio
Acj,/Ac;,, with Reynolds number obtained from Fig. 1 for
NACA-0012 is shown in Fig. 2. The infinite Reynolds number
asymptote applicable to the dynamic stall case? gives
Ac*,/Ac;,=1.5. Thus, for the NACA-0012 airfoil, the
vortex-induced lift derived in Ref. 1 should be increased by
50%, giving

Ac,,=1.5wsin’a 1)

where «, is the dynamic stall angle, including the effect of the
moving separation point.'? Combining Eq. (1) with the
analysis of Ref. 8 gives the following simple result for the
common case that the pitch axis is located at 25% chord.

(Cnmax)dyn = (Cnmax) Re—-oo+ACnv (2a)
- (Cmmax)dyn = Acms + Acnu (Zb)

Ac,,s 1s the quasisteady value for the moment change at
dynamic stall.® Figure 3 is Fig. 19 of Ref. 3, in which the
present prediction through Eqgs. (1) and (2) has been added.
The figure shows good agreement between experimental
results* and present prediction.

Presented at the AIAA 3rd Atmospheric Flight Mechanics Con-
ference, Arlington, Texas, June 7-9, 1976 (in bound volume of
Conference papers; no paper number); submitted Sept. 3, 1976.

Index categories: Aerodynamics; Nonsteady Aerodynamics.

*Consulting Engineer. Asociate Fellow AIAA.

ftResearch Specialist. Member AIAA.

}The present Engineering Note, together with Ref. 1, is contained
essentially in Ref. 6.

Rampwise «-Change

In the case of rampwise a-change, «,, is composed as
follows. 2

oty = a5+ A, + Ay + Aay, (3a)
Aa,=§,ca/U, (3b)
Aa,=K,ca/U., (3¢)
Aa,,=E 00/ U (3d)

For the turbulent-type leading-edge stall occurring on most
airfoils, >* the following parameter values apply in Eq. (3).
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Fig.3 Predictions and measurements of maximum normal force and
pitching moment coefficients for an oscillating NACA 0012 airfoil.

K,=2(1+2¢.,) (4b)

£,=0.75 (4c)

The experimental results obtained by Ham et al.® are
plotted in Fig. 4, together with the angle-of-attack variation
with time. The angular rate can be approximated by two
constant values: a slow rate of ca;/U,=0.012 below
o;=75°, and a much higher rate, ca,/ U, = 0.043, for a>5°.
At a=5° the flow is attached, and the total time lag before
the new rate can influence the lift is simply the KArm&n-Sears
lag,?® viz., A, =1.5 ca,/U,=3.7°. Adding this time lag
effect to o; =5° gives the angle of attack, o, =8.7°, at which
the higher angular rate starts affecting the aerodynamic
characteristics. Because of pitch-rate-induced camber and
apparent mass effects, the attached flow lift curve will lag the
static lift by only half of the Kdrman-Sears wake lag.? Thus,
the lag is Aa,,;/2=0.5° for a<a, and Aa,,/2=1.9° for
a>a;. To this attached flow lift is added the ““spilled’’ vortex
effect, Eq. (1), as described in Ref. 1. The resulting predicted
lift is shown by the solid line in Fig. 4. It appears that, aside
from an a-zero shift of 2.5° (in the apparent static reference
data), the attached-flow lift characteristics are in good
agreement with experimental results.’ Applying this a-zero
shift in the present amalysis gives the predicted lift and
moment characteristics shown in Fig. 5. The agreement
between prediction and experimental results® is rather good.
Inregard to the differences, the following can be said.

Three-dimensional flow phenomena can distort the ‘“two-
dimensional’’ measurements made in one chordwise strip
using fast-response pressure transducers, as in the present
case.'® The a-zero shift could have been caused by such in-
terference effects. Less likely is that it, as well as the deviation
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Fig.5 Comparison of experimental a-ramp results with predictions.

between static and dynamic substall moment characteristics,
could have been introduced electronically during data
recording and processing. Moss and Murdin,!' who per-
formed almost the same experiment as Ham and Garelick, >
conclude that their anomalous dynamic results were caused in
large part by three-dimensional flow distortion. McCroskey et
al.* observed in their test “large three-dimensional in-
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teractions between the model and the tunnel-wall boundary
layers’’ but found the effects to be decreasing with increasing
frequency until they were effectively filtered out and ““could
hardly be detected for £>0.15.”” Thus, the high-frequency
results (w=0.3) in Fig. 3 are free from three-dimensional
flow-interference effects. However, the lower-frequency
results in Fig. 3, as well as the a-ramp data in Figs. 4 and 5,
presumably all can have been influenced by three dimensional
flow inteference.

Conclusions

It has been shown in the present Note and Ref. 1 how a
previously developed quasisteady theory for dynamic stall?
can be extended to include the transient effects of the
“‘spilled”’ leading edge vortex. The more important results are
as follows.

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

2) The travel of the ‘‘spilled’’ leading-edge vortex over the
chord occurs at 55% of freestream speed. Peak pitching
moment values occur shortly before the ‘‘spilled”’ vortex
leaves the trailing edge, and peak normal force occurs when
the vortexis at 70% chord.

3) By the use of Polhamus’ leading-edge suction analogy, a
simple means is provided for prediction of the loads induced
by the ‘‘spilled”’ vortex.

The present analytic method correctly predicts the large
‘“‘spilled”” vortex effect measured in high-amplitude
oscillations in pitch. Furthermore, the developed analytic
means predict the very nonlinear characteristics for rampwise
change of angle of attack observed by Ham et al. (when due
consideration is taken of the experimental accuracy). These
results all indicate that the present analytic method could be
applied to predict the nonlinear, nonharmonic unsteady
characteristics of a helicopter blade passing through the stall
region.
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Bodies of Revolution with Wavy
Afterbodies at Large Incidences

V.S. Holla* and B. S. Varamballyt
Indian Institute of Science, Bangalore, India

Introduction

OCKET and missile shapes, during flight, usually

deform both longitudinally and circumferentially
because of the aerodynamic loads acting on the flexible
structure. A knowledge of the aerodynamic forces and
moments on these deformed shapes is important from both
stability as well as aeroelastic viewpoints. At low incidence
one can use the well-known slender-body theory to calculate
the normal force and pitching moment, and it may very well
turn out that changes in these quantities caused by body
deformation are negligibly small. However, at large in-
cidences, because of viscous crossflow separation, the effect
of body deformation on the normal force, moment, and
center of pressure may not be negligible. In the present Note
the effect of body deformation in the form of longitudinal
waviness along the afterbody on the normal force, moment,
and center of pressure is considered under the conditions of
laminar flow at subcritical Reynolds numbers.

Analysis

The well-known simple method to estimate the total normal
force Cy, pitching moment C,, coefficients on slender bodies
at large incidence is to superimpose the results from slender-
body theory for linear parts (Cy;,Cy,) and a proper
crossflow theory for nonlinear parts (Cy,,Cy,) of Cy and
Cy. Allen’s! crossflow drag concept as extended by Kelly?
(using the impulsive flow analogy) is used here to calculate the
Cy; and Cy,,. Using Sarpakaya’s (Fig. 6, Ref. 3) experimental
results, the crossflow drag variation along the body is
represented by

Co, () = Zj)a,, ey )

r(x)

The a,’s, obtained by a curve-fitting procedure, are given by:
a,=0.4632, a,=—0.48295x10"", a;=0.20405%x10"2,
a,= -0.20392x10"*, as;=-0.23214x10"%, and ay
=0.707475 x 10 ~8. Next, the cross-sectional radius of a body
with power law ogival nose and wavy afterbody shape can be
written as

rixy=Ry(x/H)" 0<x<H

r(x)=Ry+&in[ (x—H)Nm/(L-H)} H=x=<L ?2)

where N is the number of half-waves and 6 is the amplitude
(Fig. 1). For this wavy body, the linear parts of normal force
and moment coefficients Cy,, and C,,,y are obtained, using”
the slender-body theory of Munk and Ward, to give

Cyw =sin2a-cos(w/2) 3)

Cyw=1V—-8Ss(L—-X,)]sin2acos(a/2)/Sz Dy “4)
where V, the volume of the body, is given by

V=[nR}H/(2p+ 1)1+ 7R} (L—H) +78°(L—H)/2

+206Ry (L —H) (I —cosNw)/N o)
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