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Pressure Measurements on a Pitching Airfoil in
a Water Channel
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Measurements of unsteady pressures over a symmetric NACA 0015 airfoil performing pitching maneuvers are
reported. The tests were performed in an open-surface water channel specially constructed for this purpose. The
design of the apparatus allowed the pressure measurements to be made to a very high degree of spatial and
temporal resolution. Reynolds numbers in the range of 5.2 X 104 to 2.2 X 10s were studied. Although the results
qualitatively agreed with earlier studies performed at similar Reynolds numbers, the magnitudes of pressure and
aerodynamic forces measured were observed to be much larger than those measured in earlier pitchup studies.
They were found, in fact, to be closer to those obtained in some recent high-Reynolds-number experiments. This
interesting behavior, which was suspected to be caused by the relatively high freestream turbulence level in the
water channel, was explored in some detail. In addition, several issues like the quasisteady and dynamic effects
of the pitching process are discussed. The experimental data are all archived and are available for use as a
database.

Nomenclature
d = coefficient of lift, //(pt/2/2)c
Cp = coefficient of pressure, (P - Poo)/(pt/£/2)
c = airfoil chord
/ = lift force per unit span
P = instantaneous pressure at a point on the model surface
POO = freestream static pressure
Re = Reynolds number, Uwc/v
t = time
f/oo = freestream velocity
x = chordwise location along the airfoil, x - 0 at nose
a = angle of incidence
at = initial angle of incidence
a + = nondimensional pitch rate, uc/Uw
v = kinematic viscosity
p = density
a? = angular velocity of pitching

Introduction
Background

T HE two-dimensional unsteady flowfield around an airfoil
undergoing a pitchup motion at constant angular velocity

in a steady stream exhibits several features that are of interest
in the study of supermaneuverability of fighter aircraft. Sev-
eral studies reported to date1"12 have shown that much higher
lift is generated by a pitching airfoil compared with a station-
ary airfoil and that stall is delayed until angles of attack much
higher than in steady state. These effects have been observed
to occur in conjunction with the formation of large-scale
vortical structures on the suction side of the airfoil.

Experiments on pitching airfoils have so far generally in-
volved (with the exception of Ref. 6) the measurement of
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pressure distribution over the airfoil surface. In general, these
experiments have been performed in wind tunnels, with the
exception of the towing-tank studies of Graham and Yeow11

and Strickland and Graham.12 Those studies have been con-
ducted at low Reynolds numbers, 0.2-2.5 x 105 on NACA
0012 or NACA 0015 airfoil sections. The only high-Reynolds-
number studies reported on constant-velocity pitching are
those of Lorber and Carta5 on a Sikorsky SSC-A09 airfoil at
Reynolds numbers on the order of 2-4 x 106, but at relatively
low pitch rates.

The aforementioned studies have generally led to a fairly
consistent qualitative picture of the evolution of the surface
pressure distribution and the aerodynamic forces and mo-
ments. They have shown that the dynamics are strongly influ-
enced by the nondimensional pitch rate a + . However, there is
a lack of quantitative consistency among the different experi-
ments in several respects. The magnitudes of the pressures
measured in the low-Reynolds-number studies were signifi-
cantly lower than those measured in the experiments of Lorber
and Carta5 at high Reynolds numbers and much lower pitch
rates. In fact, there is considerable discrepancy between even
the steady-state lift slopes reported in some low-Reynolds-
number pitchup studies and those reported for high-Reynolds-
number flows, both in the classical literature (i.e., Abbot and
Von Doenhoff13) and in more recent studies (e.g., Piziali14 and
McAlister and Takahashi15). Francis and Keesee3 and Jumper
et al.4 observed steady-state lift slopes of much smaller magni-
tude than those found for the respective airfoils at high Rey-
nolds numbers. Walker et al.9 observed unsteady lift slopes at
low pitch rates of significantly lower magnitude than the clas-
sical steady lift slopes. In fact, a survey of the literature shows
that there are some discrepancies in the magnitudes of surface
pressures and aerodynamic forces reported in different studies
on the same airfoil section (NACA 0015). It is not clear
whether the aforementioned apparent quantitative discrepan-
cies are due to the poor spatial resolution of the pressure data,
inadequate dynamic response of the pressure measurement
instrumentation, or some more fundamental reason that is not
well understood at this time.
Motivation and Scope of the Present Work

The present study is a part of a larger project aimed at
addressing the issues just outlined. The work presented in this
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paper involved the measurements of the surface pressure mea-
surements on the pitching airfoil. The main focus of the study
is on angles of incidence up to and slightly beyond the initia-
tion of the dynamic stall process, although, in some cases,
data have been obtained well into the postdynamic stall re-
gion. The experiments were performed using a relatively large
NACA 0015 airfoil in a water channel. Surface pressures have
been obtained at a fine spatial resolution over the airfoil. The
use of a water channel permits Reynolds numbers on the order
of 105 to be attained at very low freestream velocities (on the
order of 30 cm/s). The low freestream velocities increase the
time scales involved in the pitching process and make it possi-
ble to obtain measurements with a fine temporal resolution.
Also, the use of the water channel allows one to use particle
image velocimetry (PIV) for measuring the instantaneous ve-
locities in the flow around the airfoil. These measurements,
however, have been reported separately.16

This paper should be of interest to the researchers in this
area for two reasons: 1) pressure data have been obtained on
a pitching airfoil to a degree of spatial and temporal resolution
better than has hitherto been possible, by using a facility,
instrumentation, and experimental procedure different from
those used in earlier studies; and 2) the present experimental
conditions seem to simulate (as will be seen later) wind-tunnel
tests at much higher Reynolds numbers. This latter point is
interesting from an academic as well as a practical viewpoint.

Experimental Particulars
Experimental Setup

The experiments were performed in a recirculating open-
surface water channel with a cross-sectional area of 0.9 x 0.7
m, specially designed for this study. Figure 1 shows a sche-
matic of the facility. The entire facility is constructed of
nonferrous materials to prevent rust formation. The water
quality is carefully controlled through the use of a water
softener, a micron-sized filter, periodic chlorination, and pH
management. The bottom and sides of the test section are
constructed of glass to provide a full view of the phenomena
under study. The flow in the test section can be varied from
approximately 3 to 50 cm/s. The freestream turbulence in the
channel at a velocity of 30 cm/s was measured to be 0.8%. A
detailed description of the water channel is provided in Conger
and Ramaprian.17 The test model is a NACA 0015 airfoil with
a 36-cm chord and 60-cm span mounted vertically in the
channel. The airfoil is nearly hollow and is constructed of a
single piece of extruded aluminum with a 64-cm diameter
Plexiglas end plate on its upper edge. The airfoil is positioned
with its quarter-chord point and pitch axis aligned with the
center of the plate. A 1.9-cm gap separates the lower edge of
the airfoil from the floor of the channel. Figure 2 shows a
schematic of the test setup. The transparent end plate, which
dips slightly into the water, not only serves to eliminate three-
dimensional effects due to the presence of a free surface but
also makes it possible to obtain photographs of the flowfield
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Fig. 2 Airfoil pitching mechanism.

without any optical distortions caused by the free surface.
Pitching motions are imparted to the airfoil by rotating the
end plate about its axis. A programmable microstepping mo-
tor driving the end plate via a chain drive is used for this
purpose. An optical encoder on the motor shaft is used to
monitor the angle of incidence to an accuracy of 0.0036 deg.
The airfoil, along with its end plate and pitching mechanism,
is hung from a horizontal rectangular aluminum plate sup-
ported on a pair of rails mechanically isolated from the water
channel, as shown in Fig. 2. More details of the model and the
support system are given in Conger and Ramaprian.18

Forty-one pressure taps with diameters of 1.25 mm are
located along the midspan chordline of the airfoil. Fourteen of
these pressure taps are located in the nose region (x/c < 0.15),
one at the leading edge and seven along each side of the airfoil
surface. The remaining 27 pressure taps are located along one
side of the airfoil only. Pressure- and suction-side data are
obtained by pitching the airfoil in opposite directions. The
pressure taps communicate with the external pressure trans-
ducer via stainless and Tygon tubing.

Experimental Procedure
Pressures were measured by using a differential diaphragm-

type pressure transducer connected between a reference static
pressure tap and a surface pressure port via a scanning valve.
Detailed studies of the dynamic response of this system, re-
ported in Conger and Ramaprian,19 showed that, over the
experimental range of interest to this paper, the measurement
system introduces negligible attenuation and less than a degree
of phase shift. These small distortions were, nevertheless,
corrected using the procedure developed in Ref. 19.

The main series of tests performed included 1) steady-state
experiments at Reynolds numbers in the range 105 to
2.2 x 105, 2) pitchup experiments at ct+ = 0.072 for different
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Reynolds numbers in the range of 0.52 x 105 to 2.2 x 105, and
3) pitchup experiments at Re = 1.3 x 105 for different values
of a+ in the range 0.036-0.2.

In addition to the aforementioned main experiments, addi-
tional experiments were conducted to study and explain some
of the interesting aspects of the flow behavior observed in the
main experiments. These will be described and discussed later
in the paper.

The experimental procedure, in general, consisted of first
setting the airfoil at a predetermined initial angle of incidence
and executing a constant-rate pitching motion to a given final
angle (50 deg in the pitchup tests), though data acquisition was
stopped well before the cessation of motion (40 deg in the
pitchup tests). Pressure vs angle data were obtained at a se-
lected pressure tap during the pitching motion. For each ex-
periment, results were ensemble averaged over four indepen-
dent realizations (a compromise between experimental run
time and accuracy). Data were obtained successively at each of
the 41 pressure taps, first for clockwise pitching and next for
counterclockwise pitching. These data were then smoothed
and corrected, if necessary, for dynamic response. These
processed data were used to obtain the distributions of the
phase-locked Cp vs x/c for prescribed angles of attack. The
pressure data were used to calculate the aerodynamic forces
and moments.

It should be noted that the large scale and rather low aspect
ratio of the model were dictated by the two major criteria: 1)
to provide a fine spatial resolution of pressure measurement
along the surface and 2) to obtain as large Reynolds numbers
as feasible in the water channel. These conditions required
some compromise to be made with respect to the blockage
effect and the two-dimensionality of the flow at large angles of
incidence. No standard procedure exists for the estimation of
the blockage effects on pressure measurements on an airfoil,
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especially in the case of unsteady flow. However, worst-case
estimates of blockage effects were made using a method based
on Ref. 15. These showed less than a 15% increase in C/ for
incidences less than 20 deg and a 25% increase at 28 deg. Note
that these corrections are approximate conservative estimates,
and the actual typical effects are much smaller.

Similarly, from detailed measurements made in several
spanwise planes, three-dimensional effects were found to be
small (< ±4.3% variation in the maximum value of Cp over
a spanwise length of 0.6c) for incidences below 26 deg. This is
typically illustrated in Fig. 3, which shows the variation of Cp
with a at the nose of the airfoil at five different spanwise
locations over the middle third of the span. Since the Cp vs a
traces shown correspond not only to different spanwise loca-
tions but also to different pitching realizations, the figure also
confirms that the flow is acceptably repetitive (at least at
incidences below 26 deg). This justifies the process of ensem-
ble averaging over just four realizations to obtain the phase-
locked distributions of the surface pressure. Obviously, this
procedure is not very satisfactory beyond the inception of
dynamic stall.

The previous discussions with respect to blockage and three-
dimensionality show that these effects are not very significant
at small incidences. Hence, they do not affect the results of
this study, since the focus of these experiments is on the flow
up to the inception of dynamic stall, which occurs in most of
the cases studied at incidences of less than 25 deg. Hence, and
in view of the uncertainty of the correction methods in un-
steady flow, the data presented in this paper have not been
corrected for these effects except where specifically indicated
otherwise.

Apart from the aforementioned, the estimated experimental
uncertainties in the data (due to random errors) are as follows:
Cp, ±6%;C/ , ±6%; and a, ± 0.07 deg.

Results
Steady-State Experiments

Figure 4 shows a comparison of the present lift data with
other data available for the NACA 0015 airfoil, including the
classical data from Abbot and Von Doenhoff.13 It is evident
from the comparisons in Fig. 4 that not only do the maximum
lift coefficients vary for different experiments but also the
slopes of the lift curves show some spread in the prestall flow
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regime. The data from the present experiment lie between the
classical data of Ref. 13 and the recent data of Ref. 15, both
corresponding to very much higher Reynolds numbers. This is
in contrast with the data of Refs. 1 and 4 (which are typical of
the steady-state results from recent low-Reynolds-number un-
steady-flow experiments), both of which show a considerably
smaller lift slope. This difference is significant and will be
discussed later in this paper.

Pitchup Tests
Reynolds Number Effects

Figures 5 and 6 show the distributions of phase-locked Cp vs
x/c at different instantaneous angles of attack. The results are
shown for a constant pitch rate a + = 0.072 and for the lowest
and highest Reynolds numbers studied. These plots exhibit an
initial leading-edge suction peak located at about 1% of the
chord from the nose that rapidly grows with incidence until
approximately 21-24 deg (the exact angle depending on the
Reynolds number). During its growth, the x/c position of the
peak shifts forward, almost to the nose. It can be seen that this
peak has a much larger magnitude and occurs at larger a in the
higher Reynolds number experiment. After this initial growth,
there is a sudden collapse of this peak. Simultaneously, a
secondary suction peak forms at x/c « 0.2. Comparison with
the velocity field around the airfoil (obtained in a separate
study described in Ref. 16) indicates that this peak begins to
form at about the same time that the boundary layer begins to
detach from the airfoil surface, forming a free shear layer.
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The secondary peak reaches a magnitude of about three-
fourths of that of the first suction peak, after which it slowly
spreads out and moves downstream as the angle of attack
increases further.

Although the magnitudes of these peaks seem to vary signif-
icantly with Reynolds number, the aerodynamic forces and
moments obtained from integration of the surface pressure
distribution showed less spectacular Reynolds number effects.
This is seen from the typical plot of the lift coefficient C/
shown in Fig. 7. It is seen that Reynolds number effects are
significant only beyond about 23 deg, i.e., only after the
occurrence of the second suction peak associated with large-
scale boundary-layer separation. It is also seen that unsteady
lift curves for this pitch rate of a+ = 0.072 nearly coincide
with the steady lift curve until a = 10 deg. In fact, the un-
steady lift curves remain nearly linear until about a = 23 deg.
The results for drag and pitching moments showed similar
trends. They were found to remain small in magnitude until
a « 23 deg, beyond which they increased rapidly. These results
are presented in Ref. 18.

The aforementioned observations from the present experi-
ments are generally consistent with previous observations on
pitching airfoils, reported in Refs. 2, 3, and 8. In particular,
Ref. 3 describes a Cp distribution evolution very similar to that
observed in the present experiments. However, this reference
and many previous tests exhibit the presence of a "plateau"
located near the nose that may stretch over a length of the
suction surface up to 10-15% of the chord. This behavior is
not seen in the present data shown in Figs. 5 and 6.

Pitch Rate Effects
The effect of pitch rate on the pressure distribution is pre-

sented in Figs. 8 and 9, which show the results for two typical
pitch rates, a.+ =0.036 and 0.2. These curves are qualitatively
similar to those previously discussed for a+ = 0.072. How-
ever, it can be seen that increased pitch rate has the effect of
1) increasing the overall Cp values, 2) defining the suction
peaks more clearly, and 3) delaying collapse of the initial
pressure peak to larger incidences. In the first two respects,
increasing the pitch rate has much the same effect as increas-
ing the Reynolds number. In case 3, although a similar delay-
ing trend was observed for increased Reynolds number, the
effect of pitch rate is seen to be far more pronounced. Notice
that the maximum suction peak changes from about - 10 at
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the lower pitch rate to about - 20 at the higher pitch rate
(even though blockage effect might have slightly exaggerated
the difference). At the lowest pitch rate of a+ = 0.036 stud-
ied, a small pressure plateau is seen near the nose of the
airfoil. This is, however, much smaller in size than those
reported in earlier studies. This plateau was found to vanish
gradually as the pitch rate was increased. In fact, at the highest
pitch rate of a.+ =0.2 studied, it can be detected only as a
slight inflection in the Cp distribution in the nose region.

Figure 10 gives the C/ vs a. curves for different pitch rates.
Most obviously, the apparent maximum C/ occurs at a higher
incidence and has a larger magnitude at higher pitch rates.
From an examination of Figs. 8-10, it can be seen that at all
pitch rates the value of C/ reaches a peak slightly after the
secondary suction peak appears. The second higher C/ peak
seen in the case of the two intermediate pitch rates is perhaps
spurious and is possibly due to blockage effects. In fact, the
data shown for incidences larger than 30 deg should be inter-
preted with caution in all cases.

It is also seen that at higher pitch rates the lift curve is
shifted above that of the steady-state lift curve. In fact, a
positive lift can be seen at o: = 0 by extrapolating the linear
portion of the lift curve backwards to zero incidence (and
thereby ignoring the wiggles in data points near a = 0, which
may represent transient effects arising from the impulsive start
of motion). This shift represents the departure of the flow
from quasisteady behavior, which should be expected to be-

come significant as the Strouhal number a+ becomes larger.
This and other features of the unsteady flow are discussed in
more detail in the next section.

Additional Studies and Discussion
Role of Freestream Turbulence and Imposed Unsteadiness

In general, the present results compare very well qualita-
tively with previous experimental and numerical studies of
pitching airfoils at similar or lower Reynolds numbers with
regard to the behavior of the surface pressure and aerody-
namic forces. However, the present data do show significant
departure from earlier studies with respect to the magnitudes
of the measured pressures and forces. The present suction
peak and maximum C/ values are, in general, significantly
larger than the earlier values reported for similar Reynolds
numbers and pitch rates. Although some of this difference can
be attributed to blockage effects in the present experiment,
blockage is not the major cause. In fact, at least one experi-
ment with larger blockages (Ref. 2) has reported much lower
Cp values. Also, note that corrections for blockage become
significant in most tests only beyond the angle corresponding
to the suction peak and hence cannot explain the large suction
peak in the present experiment. In any case, the corrections
are not large enough to reduce the present lift values to those
reported in previous studies. This is clearly seen from Fig. 11,
which shows a comparison of the present data (before and
after correction for blockage effects) with those of Refs. 9 and
11. Similar arguments hold for three-dimensional effects also.
In fact, in general, three-dimensional effects tend to reduce
the measured value of the suction peak rather than increase it
and thus cancel to some extent the blockage effects. It thus
seems reasonable to conclude that the large magnitudes of the
suction peaks and lift coefficients measured in the present
experiments are primarily caused by a more fundamental
mechanism in the flow. This conclusion is strengthened by
reference to the experiments of Ref. 5 (albeit on a Sikorsky
SSC-A09 airfoil) at high Reynolds numbers (2-4 x 106) that
yielded suction peaks comparable to the present measurements
at similar and lower pitch rates.

The feature that distinguishes the present experiments from
the earlier wind-tunnel and towing-tank experiments is the
rather high freestream turbulence (0.8-1%) in the water chan-
nel. It is known that such high levels of turbulence can induce
very early laminar-turbulent transition in the boundary layer.
Furthermore, it is known from earlier studies on unsteady
turbulent boundary layers21 that any imposed unsteadiness can
trigger transition in flows at near-transitional Reynolds num-
bers. In fact, this triggering is almost instantaneous, and the
effect is not strongly dependent on the time scale of unsteadi-
ness imposed, as long as the flow is near transitional. If such
a transition is occurring in the present experiments, it would
cause the resulting turbulent boundary layer to remain at-
tached and thus suppress the formation of a separation "bub-
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Fig. 11 Comparison of reported unsteady lift data with the present
data and blockage correction: a + = 0.200.
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ble" on the suction side of the airfoil. Even if this transition
was incomplete, it would at least act to reduce greatly the size
of this separation bubble.

In fact, the role of transition and separation bubble in
significantly reducing the lift in steady flows at Reynolds
numbers on the order of 105 is well known. Lissaman22 esti-
mates that in a flow at Re = 5 x 104 the length of the separa-
tion bubble is on the order of the airfoil chord, thus com-
pletely preventing turbulent reattachment and drastically
reducing the airfoil performance. The reduced values of
steady-state pressures and lift forces measured in the earlier
low-Reynolds-number studies can be ascribed to the afore-
mentioned reason.

It is hypothesized here that the high freestream turbulence
in the water channel, combined with the imposed unsteadiness
during pitching, promoted very early transition in the present
experiments, thus either completely eliminating the separation
region or drastically reducing its size. This has resulted in a
flow behavior comparable to that at much higher Reynolds
numbers (Re « 106). On the other hand, it is very likely that in
the earlier low-Reynolds-number experiments, in the absence
of high freestream turbulence, the flow was not near transi-
tion. Hence, even the imposed unsteadiness in those experi-
ments was apparently unable to trigger rapid transition in the
flow near the leading edge, which would result in the occur-
rence of a sizable separation bubble. The presence of a pres-
sure plateau in many of the earlier pitching airfoil tests may,
in fact, be the signature of this bubble. The small plateau
observed in Fig. 8a at the low pitch rate of a. = 0.036 is closer
to the nose and shorter than those observed in other experi-
ments and thus may be the signature of a small separation
bubble that was not quite eliminated by the relatively weak
unsteady effects in this experiment.

Pitchup and Hold Tests
To assess the validity of the previous hypothesis, some

special additional experiments were performed. In these exper-
iments, the airfoil was subjected to a "pitchup and hold"
maneuver. Figure 12 shows the results of such tests. In these
tests, which were performed at a freestream velocity of 30
cm/s, the airfoil was held at zero incidence for about 30 s from
the beginning of the test, then pitched at constant angular
velocity (corresponding to a+ « 0.1) for about 2 s to a final
angle of incidence, and held there for a very long time. The

experiment was repeated several times. The variation of the
pressure at the nose tap with time is shown for each realiza-
tion. Also shown are typical instantaneous streamline patterns
around the suction side of the airfoil, obtained from PIV. The
light line in Fig. 12 corresponds to the case when the final
angle of incidence was 18 deg (poststatic stall), and the dark
lines correspond to the case when the final angle was 16 deg
(near-static stall).

From the data for the 18-deg incidence, it is seen that Cp at
the nose starts at the steady-state stagnation value of 1.0 and
attains the maximum negative value of about - 5.2 at the end
of the pitchup motion. This is the expected value at this x/c
location at an incidence of 18 deg at this Reynolds number and
pitch rate. The flow remains attached to the forebody surface
throughout this motion. As soon as the pitching is stopped,
the value of Cp drops to about - 0.8, which is the value
appropriate to the poststall angle of 18 deg in steady flow at
this x/c location. This drop occurs in a time period of about
20 s corresponding to U^t/c « 19 (i.e., about 19 convection
times). That the final flow is separated is clearly seen from the
corresponding streamline pattern shown in the figure. This
was obtained from an actual measurement of the instanta-
neous velocity field using PIV. Virtually identical behavior of
the Cp distribution was observed in all of the realizations when
this test was repeated.

The pitch-and-hold experiments at 16 deg show a signifi-
cantly different behavior. In all realizations, when the pitching
is stopped at 16 deg (which corresponds to the static-stall
angle), the value of Cp changes from about - 4.4 (corre-
sponding to the unsteady flow at 16-deg incidence) to a value
of about 3.6 over a period corresponding to about 19 convec-
tive times. After this, the behavior of the flow is unpre-
dictable. In some realizations, it stays in this condition for a
very long time (U^t/c > 150). In some cases, after a consider-
ably shorter period of time, it reverts to the stalled steady-state
value on its own. Simultaneous PIV measurements showed
that in the first case the flow in the forebody region was
attached, whereas in the second case it was separated. This is
seen from the corresponding streamline patterns shown. It was
found that even a vigorous external agitation of the upstream
flow would not cause the attached flow to separate in the first
case. It was also found that the duration of the attached state
could be an order of magnitude larger than the characteristic
convection time for the model in the channel. It seems reason-

16-DEGREE HOLD (Attached flow) 16-DEGREE HOLD (Detached flow)

18-DEGREE HOLD (Detached flow)
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Time (sec)
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Fig. 12 Results from the pitch-and-hold experiments.
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able to conclude that the two possible states can be identified
as attached turbulent and separated (stalled) laminar flow,
respectively.

It was also found that the previous results were not depen-
dent on the exact value of the pitching rate or acceleration/re-
tardation at the start/end of the pitching motion. If the final
angle of incidence in the previous tests was less than 16 deg,
the flow remained attached all of the time, with the value of
Cp just changing from the unsteady to the quasisteady value at
the end of pitching.

It is thus clear now that the reason for the simulation of
high-Reynolds-number flow in the present facility is the trig-
gering of transition by the unsteadiness even at low pitching
rates in the flow that is rendered transitional because of the
high freestream turbulence. One can thus regard the combina-
tion of these conditions as being equivalent to a "giant trip-
ping device" that promotes rapid transition. It should, how-
ever, be noted that the simulation of high Reynolds number
flow is limited to the regime of attached boundary-layer flow.
Beyond this regime, Reynolds number effects may become
significant because of the greater role played by the viscous/
turbulent effects in the vortical region. It is therefore possible
that the subsequent evolution of the dynamic stall vortex and
the maximum lift attained may not be correctly simulated in
these experiments.
Quasisteady and Dynamic Effects of Pitching

The bimodal nature of the final state confirms that it is
controlled by transition. The correspondence of the Cp values
at the end of pitching with the steady-state value for the
attached (turbulent) flow, except for the small difference be-
tween the quasisteady and unsteady values, confirms that the
unsteadiness imposed during pitching triggers transition al-
most instantaneously and causes the resulting turbulent
boundary layer to remain attached beyond the normal steady-
stall incidence. If pitching is continued beyond 16 deg in the
present facility, the boundary layer would continue to remain
attached and the suction peak and lift force would continue to
increase because of the generation of net clockwise vorticity by
the unsteady pressure gradient at the surface. This increase
would continue until viscous effects become very strong at an
elevated incidence and interfere with this process. At smaller
pitch rates the process would be nearly quasisteady and the
resulting lift curve would be very nearly the extension of the
steady-state lift curve, until viscous effects become very
strong. The pitch rate simply determines the point beyond
which the viscous effects become important. At higher pitch
rates, however, dynamic effects become significant, resulting
in the displacement of the lift curve, as already discussed with
reference to Fig. 10. The non-quasisteady effects, however,
are not spectacular even at a+ = 0.2. In fact, the maximum
suction peak values show almost quasisteady behavior even up
to this pitch rate, as long as the turbulent boundary layer
remains attached. This is vividly seen from Fig. 13, which

Fig. 13 Maximum negative Cp vs a at four different pitch rates.

shows the variation of suction peak as a function of a. at
different pitch rates. It is seen that when the boundary layer
remains attached (i.e., approximately up to the incidence cor-
responding to the maximum suction peak), the magnitude of
the suction peak is independent of the pitch rate. It was also
found that as long as the turbulent boundary layer remains
attached, the pressures and forces are not drastically affected
by Reynolds number either. Details of these results are pre-
sented in Ref. 18.

Conclusions
An investigation into the development of the pressure distri-

butions over the pitching airfoil has identified a behavior that
is qualitatively consistent with previous observations. How-
ever, the magnitudes of the pressures and aerodynamic forces
measured in this study were found to be significantly larger
than those reported from earlier studies performed at similar
low Reynolds numbers. A careful study shows that this is most
likely due to the early and rapid triggering of laminar-turbu-
lent transition in the flow, thereby suppressing the so-called
separation bubble or greatly limiting its size and causing the
resulting turbulent boundary layer to remain attached to the
surface. This is caused by the combination of high freestream
turbulence (relative to the other experiments) and imposed
unsteadiness during pitching. This effective "tripping" re-
sulted in the simulation of much higher Reynolds number
effects in the present flow. The experiments also showed that
as long as the boundary layer remains attached, the most
dominating effect of pitching, especially at small pitch rates, is
the extension of the steady lift curve beyond the static-stall
angle, in a quasisteady manner. Pitch rate and Reynolds num-
ber only determine the maximum angle of incidence up to
which the boundary layer remains attached. The dynamic
effects become significant only at higher pitch rates
(a+ >0.1). In the absence of the separation bubble, pitch rate
and Reynolds number effects become important mainly be-
yond the point of maximum suction peak (i.e., after the
boundary layer detaches to form a free shear layer) when the
dynamic stall vortex appears and evolves.

The apparent simulation of high-Reynolds-number flow
conditions in the water channel is an attractive feature that
allows detailed pressure data to be obtained to a degree of
spatial and temporal resolution that would be very difficult
and expensive, even if not impossible, to achieve in a large
wind tunnel. All of the present data are archived and will be
made available to any interested reader.
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