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ABSTRACT

Results of phase-locked surface pressure, velocity and
vorticity measurements on an airfoil pitching at a constant
angular velocity are presented. The experiments were per-
formed in a free-surface water channel, using the tech-
nique of particle image velocimetry for the measurement
of the instantaneous velocity field. These comprehensive
data on pressure and vorticity are useful in understanding
the unsteady vortex dynamics leading to the occurrence
of dynamic stall on the pitching airfoil.

INTRODUCTION

The unsteady flow field around an airfoil undergoing
a pitch-up maneuver in a steady stream has been studied
with interest in recent years. This is because of the rele-
vance of this study to practical applications such as super
maneuverability of combat aircraft and aerodynamics of
helicopter rotor blades. Experiments have shown that a
much higher lift is generated by a pitching airfoil com-
pared to a stationary airfoil and that stall is delayed until
angles of attack much higher than in a steady flow field.
These effects have been observed to occur in conjunction
with the formation of large-scale vortical structures pri-
marily near the leading edge on the suction side of the
airfoil. These structures grow in size and convect down-
stream until the flow experiences a sudden and massive
separation from the airfoil surface leading to the occur-
rence of so-called dynamic stall. A good understanding of
the dynamics of the formation and growth of the leading-
edge vortex system is essential for the efficient exploita-
tion of lift augmentation and control of dynamic stall of
the pitching airfoil. Past experimental studies on pitching
airfoils have essentially been limited to the measurement
of surface pressures only (e.g., Jumper, Schreck and Dim-
mick 1987, Acharya and Metawally 1990). There has been
only one experiment (Shih ef af) reported in the literature
in which the velocity field around the pitching airfoil has
been measured. There has been no study known to the au-
thors in which both pressure and velocity data have been
obtained. This paper presents the results of an ongoing
experimental program on the study of the unsteady vor-
tex dynamics of a two-dimensional pitching airfoil. Both
velocity and pressure data are being obtained in these
experiments.
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EXPERIMENTAL PARTICULARS

The experiments are being performed in a specially
constructed free-surface water channel. The airfoil be-
ing studied is a NACA 0015 profile of 35 em chord (c)
and 67 cm span. It is mounted with its span vertical in-
side the water channel. The experimental set-up is shown
schematically in Fig.1. The airfoil is pitched at constant
angular velocity (&) about its (spanwise) ¢/4-axis from
an incidence () of 0 to about 30 degrees. Detailed data
on surface pressure distribution along the chord and the
velocity vector field around the airfoil on the suction side
have been obtained as a function of the instantaneous an-
gle of incidence. The pressure measurements were made
using a finely spaced row of static pressure taps on the
airfoil surface and a pressure transducer of adequate dy-
namic response. The instantaneous pressure data were
processed to obtain phase-locked pressure distributions
along the chord as a function of angle of incidence. The
velocity vector field was obtained using the technique of
particle-image velocimetry (PIV). For this purpose, the
channel was seeded with micron size particles. The mid
plane of the channel was illuminated by a laser light sheet,
which was pulsed at an appropriate frequency. Employ-
ing computer controlled circuitry, multiple exposed parti-
cle photographs were obtained at a number ol equal time
intervals during the pitching motion. The particle im-
ages were processed using an image processor employing
auto correlation techniques to obtain the instantaneous
velocity vector field on the suction side of the airfoil. In
order to achieve a high spatial resolution, the flow field
was divided in to three regions, front, mid and aft, and
the velocity field was measured in each of these regions
separately. The results were later assembled together to
obtain the composite flow field.

Pressure data have been obtained at several Reynolds
numbers in the range Re = Uge/v = 50,000 — 220,000,
and at several pitching rates in the range a™ = dc/Us =
0.03—0.2, where Uy, is the freestream velocity and v is the
kinematic viscosity of water. Velocity measurements have
been made at three different Reynolds numbers in the
range 25,000 - 220,000 and at a nondimensional pitching
rate ot of 0.072. The Reynolds numbers and pitch rate in
two of these experiments were identical to those in which
pressure data were obtained.



RESULTS

In the interest of brevity, only some typical results are
shown and discussed here. More details will be presented
at the conference. They will also reported in several forth-
coming publications.

Figure 2 shows typical phase-locked pressure distri-
butions at several instantaneous angles of incidence, mea-
sured at a Reynolds number of 5.2 x 10* and a nondi-
mensional pitch rate of 0.072. The pressures are shown in
terms of Cp defined in the usual way as

P~ Px
. =
T heUL

where p is the local surface pressure and po, is the refer-
ence static pressure in the undisturbed free stream. The
Cp distributions exhibit an initial leading-edge suction
peak at about 0.0lc from the nose. This. peak grows
rapidly with incidence till about 21 degrees. During this
growth, the peak shifts towards the nose. After the initial
growth, the suction peak suddenly collapses, while a sec-
ondary suction peak begins to form at x/c = 0.2. The sec-
ondary peak has a magnitude of about 3/4 of that of the
first peak. This peak then slowly spreads out and moves
downstream as the angle of attack increases further. The
pressure distribution at very high angles of attack tends
to approach the flat base pressure distribution of a bluff
body wake.

The pressure data have been used to compute the
unsteady lift coefficient Cj, defined, in the usual way, as
the lift force per unit area of the airfoil surface normalized
by the freestream dynamic head. The results for three
different Reynolds numbers are shown in Fig.3. It is seen
that there is no significant effect of Reynolds number on
the lift except around the angle of maximum lift which
is in the range of 26-30 degrees. The reduction in lift at
larger incidences is due to the occurrence of dynamic stall.
The second peak in the lift curves is most probably due
to the effects of blockage, and should be ignored.

Figure 4(a) and 4(b)show the velocity vectors and
the contours of spanwise vorticity w, in the front 1/3 re-
gion on the suction side of the airfoil at an incidence of 21
degrees. Only the front region is shown since at this inci-
dence, nothing significant is occurring over the rest of the
airfoil. The velocity vectors near the surface are almost
parallel to the surface. Very high vorticity is seen next
to the surface near the leading edge. This is due to the
strong acceleration of the flow under the large favorable
pressure gradient present in this region. The flow details
at a slightly higher angle of incidence, namely 23 degrees
are shown in Figs.4(c) and 4(d). Closed vorticity contours
leaving the surface can be seen in this case. This indicates
the formation of the leading-edge vortex. Note, however,
that the strong vorticity contours still remain close to the
surface. This causes the lift to continue to increase. Fig-
ure 4(e) shows the vorticity field over the entire suction
side of the airfoil at an incidence of 26 degrees. The PIV
data for the front, mid and aft sections of the airfoil are
combined in this figure. There is some mismatch between
the contours for the front and midsections. This is due to
the fact that the results for these two sections correspond
to two different realizations, which may not necessarily
be identical, especially around the point of dynamic stall.
The composite of the vector contours, however, clearly
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shows how the shear layer is litting oft the surtace and 1s
rolling to form the dynamic stall vortex. The lift reaches
a maximum around this incidence. As the incidence in-
creases, the dynamic stall vortex moves farther away from
the wall and is rapidly convected downstream, leading to
a reduction in the lift.

CONCLUSIONS

Pressure and velocity data have been obtained in the
unsteady flow field around a pitching airfoil. Phase-locked
surface pressure distributions exhibit a suction peak near
the leading edge, whose magnitude increases up to an inci-
dence of about 21-23 degrees depending on the Reynolds
number. This increase is a result of the infusement of
vorticity from the surface by the presence of the strong
favorable pressure gradient. The peak collapses at higher
angles as a secondary peak appears downstream. This
peak is associated with the formation of the leading-edge
vortex due to the accumulation of the vorticty in the re-
gion. The initial growth of vorticity and the subsequent
formation of the vortex are all clearly seen from the vor-
ticity information, obtained from the PIV measurements.
The lift continues to increase so long as the vorticity re-
mains close to the wall. Eventually, the vortex grows very
large and is washed away from the surface, leading to a
loss in lift. While these aspects of vortex dynamics leading
to dynamic stall were all known qualitatively, the present
experiments are the first to provide quantitative informa-
tion on both surface pressure and velocity /vorticity on the
pitching airfoil.

An examination of the pressure and lift data pre-
sented here shows that the present experiments in the wa-
ter channel performed at relatively low Reynolds numbers
seem to reproduce pressure and lift coefficients achieved
at much higher Reynolds numbers in earlier wind tun-
nel experiments. This is presumably due to the higher
[reestream turbulence intensity in the water channel, which
triggers early laminar-turbulent transition in the flow.
This interesting (and practically significant) result will be
discussed in some detail at the conference. Also more de-
tailed data on the pressure and vorticity will be presented
at that time.
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Figure 1. Schematic of the experimental set-up
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Figure 2. Typical pressure distributions along the
airfoil surface at different incidences. Re = 5.2x10%; 0™ =

0.072.
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(e)

Figure 4. Typical velocity and vorticity results from PIV. (a), (b); Velocity vectors
and contours of spanwise vorticity w; in the front 1/3 region of the airfoil at o = 21
degrees. (c), (d); Velocity vectors and vorticity contours in the front region al a = 23
degrees, () Vorticily contours at « = 26 degrees over the entire ajrfoil.
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