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Some Measurements on Dynamic Stall

A. G. Parker* and J. Bicknell}
Texas A&M University, College Station, Texas

Details of a flow oscillation device and of force and moment measurements on a 2 ft chord two-
dimensional NACA 0012-64 airfoil in the oscillating flow and oscillated in pitch in a steady flow
through stall are presented. Results indicate that both methods give essentially the same descrip-
tion of the dynamic stall process. It is apparent from peaks in the pressure distributions and in the
pitching moment traces that more than one vortex is shed from the leading edge during the stall
process. This, coupled with the very rapid changes that occur during stall, requires very close scru-
tiny of force and moment data that has not been recorded continuously. Understanding of dynamic
stall overshoot will not be complete until detailed measurements are obtained in the region of the

laminar separation bubble near the nose.

Nomenclature

c = chord (ft)

Cy = pitching moment coefficient

Cy = normal force coefficient

Cp = pressure coefficient

Cr = thrust coefficient

f frequency (Hz)

K reduced frequency parameter (wc/2V)

Re = Reynolds number

V = freestream velocity (fps)

x/c = fractional chordwise distance from leading edge

« angle of attack (degrees)

@ = (3a/dt)

ACp = Cp, lower surface — Cp, upper surface

= gust amplitude (& degrees)

= advance ratio

= solidity

= phase lag of gust relative to vane position (degrees)

= azimuth angle measured from downstream blade position
(degrees)

= frequency of oscillation (rads/sec)

i
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Introduction

WITH increasing flight speed, problems associated with
blade stall flutter on the retreating blades of helicopter
rotors have become increasingly significant. In order to
maintain equilibrium in roll the retreating blade must
have a significantly greater angle of attack than the ad-
vancing blade, often considerably above the static stall
angle. Typical cyclic variations of angle of attack for a
real rotor in flight! are shown in Fig. 1.

Considerable effort both theoretically?-® and experimen-
tally®-11 is being expended in attempts to determine the
magnitudes of the transient loads, the mechanisms lead-
ing to, and causes of the overshoot involved in dynamic
'stall. This paper discusses experimental results for the
first of the above.

Although some measurements have been made on actu-
al rotors® more data have been obtained from wind-tunnel
tests, like those at Texas A&M University, using two-di-
mensional. airfoils.?>1® Qther workers have used an oscil-
lating airfoil in a steady stream, so part of the current
work was to compare results for an oscillating airfoil in a
fixed stream with a fixed airfoil in an oscillating stream.
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Equipment and Tests

To obtain the oscillatory flow, a stream oscillation ap-
paratus was developed!? at TAMU. A schematic of the
system as installed in the 77 X 10’ low speed tunnel is
shown in Fig. 2. Two vanes with forty per cent flaps are
mounted vertically in the throat of the tunnel, the test
section sides of which have been removed. Flap angle is
varied sinusoidally by a variable speed electric motor and
produces sinusoidal oscillations in the airstream near the
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Fig. 1 Angle-of-attack distribution with nonuniform down-
wash. Vertol model CH-47A, front rotor, V = 140 knots, for-
ward c.g. position, gross weight = 27,500 1b (» = 0.33).
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Fig. 2 Plan view of gust generator and airfoil.
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instrumented with twelve pressure transducers connected Fig. 8 Cn vsa; K = 0.055.
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Fig.9 Cymvsoa; K=0.11.

between the upper and lower surfaces was mounted in this
flow and data taken for several mean angles of attack up
to and beyond those necessary to produce dynamic stall.
From time histories of the pressure variations at each
pressure port on the wing, time histories of the chordwise
load distribution (Fig. 5), normal force and pitching mo-
ment were obtained. This process of data reduction was
very tedious so an operational amplifier summing system
was developed into which all channels of pressure data
were fed and out of which direct time histories of normal
force and pitching moments were obtained. Typical traces
for these electronically summed forces and moments
(about the quarter chord) are shown in Fig. 6.

Having acquired data for the oscillating flow case, the
airfoil itself was pivoted at its quarter-chord point and os-
cillated in pitch over a comparable set of test conditions.
Prior to the tests, care was taken to align the transducer
diaphragms normal to the direction of motion, checks re-
vealed no measureable outputs due to inertial loads. Nor-
mal force and pitching moment curves are shown in Fig.
6.

Since the above tests were conducted in an open-sided
wind tunnel, a significant amount of stream curvature oc-
curred, particularly with the airfoil at high angles of at-
tack (approximately 5° at o = 20°). In steady flow,
corrections to angle of attack can be applied;!3 however
extending the computation of the corrections to an un-
steady flow with large separated regions, due to stall, was
beyond the authors’ capabilities. Therefore since some
corrections were required and the frequency was low it
was decided, though not rigorously justified, to apply
steady flow corrections to the oscillatory results. All
the data presented has these corrections applied. From
the data presented in Fig. 6, curves of Cx ~ a, Cy ~ a,
and Cn ~ Cu were plotted (Figs. 7-11).

Discussion

The chordwise loading distributions of Fig. 5 indicate
conventional increasing loading distributions up to the
point of moment stall (vt ~ (x/2), @ ~ 20°) at which
point the suction peak starts decreasing, broadening, and
moving aft, as a result of the shedding of a strong leading
edge vortex. At successive time intervals, this peak moves
further aft but is followed by several other smaller suction
peaks that also progress towards the trailing edge. This
would seem to indicate that more than one vortex is shed
during the stall process, a point also noted by Martin et
al.® The exact reattachment point is difficult to identify
but occurs at approximately wt = 1.47, o = 8.75°.

Fig. 10 Cy vs a; K = 0.055.
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The apparent shedding of more than one vortex would
also explain the series of dips in the Cy time history curve
(Fig. 6) after the main moment stall has occurred. Figure
6 also shows the closeness of results obtained from the two
testing methods indicating that either method can be
used to approximate the rotor environment at least for
two-dimensional testing. Discrepancies between results for
the two methods are smaller than cyclic variations ob-
served in either method.

Curves of Cy ~ « (Figs. 7 and 8) exhibit the large hys-
teresis expected but at the higher frequency parameter (K
= 0.11, Fig. 7) there is a loop in the curve near o max
that was present in all the current tests and has been ob-
served by other workers.14:15 A possible explanation of
this is that stall was occurring very close to the
point of o max, consequently any overshoot of buildup
of Cy would cause Cx to continue increasing while «o
started decreasing. The loop is not present on the results
for the lower frequency (K = 0.055, Fig. 8) as stall occurs
at a lower angle of attack, however, there is still a very
rapid increase in Cy just before the stall followed by sev-
eral rapid oscillations.

In the Cy ~ « curves (Figs. 9 and 10) the reverse is true,
the loop is on the low-frequency results (see also Ref. 16).
However, the above argument still applies if moment stall
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occurs right on the point of o max as it -does for the high
frequency, then « starts decreasing just after Cp starts
dropping, if moment stall occurs slightly before « max
(low-frequency case) then Cp has reached a minimum
and started increasing again before o starts decreasing.
Like the results of Martin et al.,? Figs. 7-10 show that
stall occurs at lower angles of attack for the lower fre-
quency parameter but unlike Martin’s results, the present
tests show no significant variations (i.e., within the range
of cyclic repeatability) with K in the values of Cny max
and Cy min.

The reason the rapid oscillations apparent in Figs. 6-10
have not appeared in other workers might be due to the
fact that in the current tests Cy and Cn were recorded
continuously rather than obtained at a finite number of
time increments.

Figure 11 shows a comparison of Cy ~ Cn between
present results for an oscillating airfoil and-results from
Refs. 8 and 9. The fact that the size of the hysteresis loop
is much smaller for the present tests is almost certainly
due to the much smaller amplitude of oscillation. An in-
teresting point is that the angle of attack at which mo-
ment stall occurs is close to that obtained in Ref. 8 and 9
despite the fact that in the present tests, a¢c/V had almost
dropped to zero at the moment of stall. On the present
data, the loop in the curve at the instant of stall was there
inall testsof K = 0.11.

Conclusions

It has been adequately demonstrated that the method
of oscillating an airstream rather than an airfoil produces
the same results within the range of cyclic response repea-
tability of the aerodynamic phenomena, this leaves the
way open to a lot more research in this field since it is
often easier to instrument a stationary model than an os-
cillating one.

The dynamic stall process is accompanied by the shed-
ding of several vortices from the leading edge resulting in
very rapid sometimes oscillatory changes in Cny and Cy.
Because of the rapidity of these changes, data reduced
from pressure distributions at a finite number of steps
could yield misleading information. Increasing the fre-
quency parameter increases the stall delay, but in these
tests did not produce a significant change in Cy max or
Cy min.

Exact reasons for the stall delay are still unknown and
will probably remain so until detailed boundary-layer
measurements on. an oscillating airfoil are made in the re-
gion of the laminar separation bubble. Since the bubble is
small (1% — 2% of chord length) much larger wings than
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are currently being used will have to be tested in order to
make accurate measurements possible.

As yet the authors know of no results indicating the ef-
fects of tunnel wall constraints (either closed or open) on
the dynamic stall process. Work on this problem is cur-
rently underway at Texas A&M.
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