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Freestream Disturbance Effects on
an Airfoil Pitching at Constant Rate
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National Chung-Hsing University, Taichung 402, Taiwan, Republic of China

Effects of freestream disturbances on the dynamic stall process of an NACA 0012 airfoil undergoing ramp-type
pitching motion from 0-30 deg were studied using measurements of unsteady surface pressures. A thin circular
cylinder was located upstream of the test airfoil and was offset vertically between — 0.133 and 0.133 chord lengths
with respect to the airfoil pitching axis to provide the freestream disturbances. The measurements were carried
out at a constant chord Reynolds number of 8 X 10* for a relatively low reduced pitch-rate range k = 0.01-0.04. As
compared with the undisturbed flow case, the imposed freestream disturbances were able to produce a significant
increase in absolute magnitude of the peak suction pressure near the leading edge, resulting in a noticeable phase
delay in stall process. The growth of the leading-edge suction peak caused by insertion of the upstream rod was
found to be sensitive to its vertical offset position. Nevertheless, the pressure variation caused by the freestream
disturbances was appreciable only in the forward 20% chord from the leading edge, bringing a lower effect on the

airfoil lift and momentum coefficients.

Nomenclature

sectional lift coefficient

maximum sectional lift coefficient

sectional pitching-momentcoefficient

= pressure coefficient, (P — P.,)/(pU2 /2)

= airfoil chord

= reduced pitch rate, ac/2U,,

= pressure at a point on the airfoil surface
freestream static pressure

Reynolds number based on chord

= airfoil pitch-up time

= time

o = undisturbed freestream velocity

= streamwise and transverse components of the time-mean
velocity

rms of the streamwise and transverse components of the
velocity fluctuations

= horizontal distance from the rod, see Fig. 1
= axial distance from leading edge

vertical offset distance of the rod, see Fig. 1
= transverse coordinate fixed on the rod center
= angle of attack

angular velocity of pitching

= fluid density

= nondimensionaltime, /T

Cl =
Clmax =

=
<
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Introduction

T is generally recognized that rapidly pitching an airfoil to high

angles of attack can lead to the generation of much greater lift
(albeit transient), compared with its static counterparts, and that
stall is delayed until an angle of attack much higher than in the
static cases is encountered. This phenomenon has been observed
to be associated with the formation and shedding of a large-scale
vortex known as the dynamic stall vortex (DSV) that develops from
the leading-edgeregion of the airfoil.! =3 Dynamic stall is of impor-
tance in a variety of rotational machinery, such as helicopterrotors,
compressors,and wind turbines. Furthermore, there has been some
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interest in exploiting dynamic vortex lift by pitching an airfoil in
applicationsrelated to enhancement of the maneuverability and the
agility of fixed wing aircraft; although sustained integrated lift has
been shown to be less than the static Cly,, if dynamic vortices are
formed.*

Experimental studieson airfoildynamic stall have so far generally
been performedin smooth freestream across a wide range of param-
eters including airfoil shape; Mach number; Reynolds number; and
the form, rate, and amplitude of the forcing motion.>~'* The influ-
ence of freestream disturbances has received little attention. How-
ever, in practical applications, the freestream environment encoun-
tered by an airfoil is often disturbed by other upstream components
ofthe aircraft. Such a situationmay occur for aircraftwith the config-
urations of wing-body, canard-wing, wing-tail, and other combina-
tions. For a static airfoil at low chord Reynolds numbers of typically
10*-109, itis known that the boundarylayers developedon the airfoil
surfaces are sensitive to the freestream environment. The boundary
layers in this low-Reynolds-numberregime are often characterized
by laminar separation from the surface of the airfoil and turbulent
reattachmentto the surface some distance downstream.'” The region
underneaththe separated flow, between the points of separationand
reattachment,is referred to as a laminar separationbubble or simply
asabubble.Ifaleading-edgebubbleis present,the usual characteris-
ticthatappearsinthelift curveis a plateaufor a small angle-of-attack
range before resuming the increase in CI with increasing angle.'®!”
Although for some airfoil sections, such as NACA 0012 and NACA
0015, their static lift variations were shown to be rather gradual
continuous, indicating trailing-edge stall, during dynamic tests the
airfoils might experiencea plateauin lift curves, signifying possible
leading-edge bubbles. In any event, an increase in turbulence lev-
els may alter the locations on the surface and the incidences of the
airfoil at which the separation and reattachmenttake place, and con-
sequently change the stalling behaviorof the airfoil.'*!° Congerand
Ramaprian,® who pitched an NACA 0015 airfoil in a water chan-
nel with a relatively higher freestream turbulence level (0.8-1.0%),
found the magnitudes of pressure and lift force measured to be much
larger than those obtained in earlier experiments performed for sim-
ilar Reynolds numbers and pitch rates. They suspected that the high
freestream turbulence could promote early laminar-turbulent tran-
sition in the boundary layer, and, hence, suppress the separation
region on the suction surface of the airfoil, resulting in a flow behav-
ior comparable to that at much higher Reynolds numbers. Laneville
and Vittecoq,”! in a study of wind turbines, also discovered that
freestream turbulence intensity could have a large effect on the de-
velopment of the dynamic stall of low-Reynolds-number airfoils.
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Although the aforementionedstudies seem to have provided a qual-
itative view of the role of freestream disturbances in the dynamic
stall process developed on a rapidly pitching airfoil, quantitative
effects of the disturbancesremain unclear.

The presentstudy is a continuationof our previousinvestigation’
thatinvolvedmeasurementsof unsteady surface pressureson a pitch-
ing airfoil of an NACA 0012 profile for various reduced pitch rates
and Reynolds numbers in smooth flow. The work presented here is
focused on the influence of freestream disturbanceson the unsteady
aerodynamic and dynamic stall characteristics of the airfoil under-
going ramp-type pitching motion from zero incidence to an angle
of attack of 30 deg. To produce the freestream disturbances, a thin
rod of 5 mm diameter was immersed at a certain distance upstream
of the pitching airfoil. The influence of disturbances was exam-
ined by measuring the chordwise surface pressures on the airfoil.
The pressures were spatially integrated to obtain the time-varying
sectional lift force and pitching moment of the airfoil. The mea-
surements were carried out for different vertical positions of the rod
with respect to the pitching axis of the airfoil. Another experimental
parameter was the reduced pitch rate that was varied in a relatively
low range (0.01 <k <0.04) in the present study. As will be shown
later, even in this low range of pitch rate, the maximum coefficients
of lift can reach more than double the static C .

Experimental Setup

Figure 1 shows the schematic of the experimental arrangement
of a pitching airfoil subjected to freestream disturbances. The ex-
periments were conducted in an open-type wind tunnel with a test
section of 0.305 x 0.305 m and 1.100 m in length. The undisturbed
flow into the test section had a turbulence level lower than 0.5%.
The airfoil of NACA 0012 with a chord of ¢ =0.150 m and an as-
pect ratio of 2.02 was horizontally mounted at the midheight of the
test section, leaving a 1-mm gap between the wing and the wall at
each side of the tunnel. A digitally controlled servomotor was em-
ployed to pitch the airfoil about its quarterchord. An optical encoder
was coupled to the motor shaft to signify the transient angle of in-
cidence of the airfoil. The signal from the encoder was also used
for the angular reference of measurements. The airfoil was initially
held at zero incidence, then pitched at constant angular velocity «
to 30 deg, and held there. This yields a ramp motion that begins at
a nondimensionaltime t =¢/7 of 0 and ends at = 1, where T is
the pitch-up period. Repeated tests showed that the uncertainty of
the angular position of the ramp airfoil was within £0.1 deg.

The freestream disturbances incident upon the pitching airfoil
were generated using a circular rod of 5 mm diam. The rod was
spanned across the test section and was placed upstream of the test
airfoil. Such a technique to generate freestreamdisturbancesis sim-
ilar to that employed by Kiya and Sasaki.?*> Throughout the experi-
ments, the freestream velocity and the horizontal distance between
the upstream rod and the pitching axis of the airfoil were kept con-
stant, while the vertical offset distance was varied. The freestream
velocity was U,, = 8.0 m/s, corresponding to a Reynolds number
of 8.0 x 10*, based on the airfoil chord. The horizontaldistance be-
tween the rod and the quarterchord was 1.2c. The rod was offset
vertically in the range —0.133 <Yy /c <0.133.
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Fig. 1 Geometric parameters of the experimental arrangement.

The fluctuating and time-mean velocities in the wake of the rod
were measured using an anemometry system (TSI IFA 100) in con-
junction with an X-film probe. The wake surveys were made in the
absence of the airfoil model, and the measurements were performed
in the centerline plane of the test section for several streamwise lo-
cations. For each streamwise location, the probe was traversed for at
least 55 vertical stations, covering —0.27 < y/c < 0.27, equidistant
from the rod center. The unsteady pressures on the surface of the
pitching airfoil were measured by differential pressure transducers
(ScanCo PDCR23D). There were 23 pressure ports instrumented
along the midspan of the airfoil model. Twelve of the pressure ports
were located at 0.5, 2.5, 7.5, 12.5, 20, 30, 40, 50, 60, 70, 80, and
90% chord on the upper surface. The remaining 11 ports were at
1, 5, 10, 15, 25, 35, 45, 55, 65, 75, and 85% chord on the lower
surface. Each of the pressure ports was connected with a 0.30 m
length of 1.59-mm-i.d. Teflon® tubing to the transducer. The pres-
sure transducer alone had a natural frequency higher than 1.8 kHz
that was well above the dynamic range of interest. However, the
connection of the tubing to the transducer could reduce the fre-
quency response. An extensive calibration method similar to those
employed by Batill and Nebres®* and Rennie and Jumper®® was used
to examine the amplitude and phase distortion of the pressure signal
owing to the tubing. The amplitude response was found to be flat
(less than 4% deviation) up to a frequency of ~30 Hz, and the phase
lag caused by the tubing had a linear variation with frequency up to
~45 Hz. As compared with the stall sharpness of the dynamic lift
curves acquired, such an arrangement for pressure measurements
suffices for the present investigation.

The signals from the anemometers and the pressure transducer
as well as the encoder of the servomotor were acquired by a four-
channeltransientrecorder(ADAM ADC 0512). In making unsteady
pressure measurements, two transducers were used during a single
dynamic experimental run, one measuring the pressure port of in-
terest, the other serving to verify the repeatability of the dynamic
signal. Moreover, in the unsteady measurements, it was necessary
to use a reference phase to trigger the data recording system. This
trigger pulse was provided by the starting signal of the servomotor.
The ensemble-averagemethod was employed to obtain the unsteady
pressure distribution on the pitching airfoil. Four independent re-
alizations (multiple pitches) were averaged for unsteady pressure
measurements. This number of realizations was to make a compro-
mise between overall measurement time and accuracy. The pressure
coefficient C,, was calculated in reference to the freestream static
pressure. The rms error in C,, was 0.06 for a typical ensemble-
average data set measured at the pressure port x /¢ = 0.5%, which
had the largest variation of pressure coefficient with time as com-
pared with other pressure ports. The pressure data were spatially
integrated to obtain the sectional lift and moment of the airfoil. The
uncertainties (because of random errors) in lift coefficient Cl and
moment coefficient Cm were approximately =5 and 6% of the
maximum/minimum values measured, respectively. The unsteady
pressure measurements were performed for reduced pitch rates k
(=ac/2U,,) of 0.01, 0.02, and 0.04. In the worst case, the block-
age ratio caused by the tunnel walls was about 25%. For the data
described here, no blockage corrections were made because these
data were collected mainly for comparing the relative performance
of the airfoil with and without the freestream disturbances. Never-
theless, it may be worth making a calculation as to what one may
expect the blockage to do to the data. The static, wind-tunnel wall
blockage correction to the lift coefficient was calculated, following
a method based on Ref. 26 to be less than 14% for « =15 deg and
19% for o =25 deg. The unsteady blockage correction would be
smaller than the static value. In the present investigation, the use of
a rather low-aspect ratio airfoil may also deserve some comments.
To check for sidewall effects, two additional pressure points were
located at 0.4c¢ on either side of the midspan at a chordwise position
of 0.2c¢ from the leading edge. For all pitch rates tested in the exper-
iments, the maximum variation of C, between the three spanwise
locations at x /¢ = 0.2 was found to be small (less than +4.5%), up
to the interception of the dynamic stall that occurred before the air-
foil was suddenly held at « = 30 deg in most of the cases presented
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here. Furthermore, the lifting-line theory may be used to calculate
the sectional lift at each spanwise station of a steady wing in the
absence of the tunnel walls. As described in Ref. 27, knowledge of
the steady two-dimensional airfoil lift-slope is required for the cal-
culation. With a typical lift-curve slope value of 1.87 for the airfoil
employedin the presentexperiments, the static Cl calculated at 0.4c
either side of the midspan was 8% less than at the midspan. For a
dynamic airfoil, this difference would be much smaller?® Hence,
the sidewall interference may not significantly affect the results of
the present investigation, at least when the flow is attached.

Results and Discussion

Nature of the Disturbances

The wake of a circular cylinder could develop into turbulence for
Reynolds numbers greater than 2 x 102, and the region of transi-
tion to turbulence would move toward the cylinder with increasing
Reynolds number.? For the present experiments, the thin circular
rod of 5 mm diam that was located upstream of the pitching air-
foil to generate freestream turbulence gave a Reynolds number of
2.7 x 10%, based on the rod diameter. Wake surveys were made to
determine the character of the generated freestream disturbances.
The wake velocities were measured along several survey line posi-
tions covering the entire region at which the test airfoil was horizon-
tally held, i.e., from the leading edge (X /c =0.92) to the trailing
edge (X /c =1.92). Figure 2 shows the time-mean streamwise ve-
locity profiles of the half-wake and the accompanying turbulence
intensities in the streamwise and transverse directions. For the data
presentedin this figure, the uncertaintiesin u, u’, and v’ are approx-
imately 3.6, =5, and £6% of the value of the freestream velocity,
respectively. It can be seen that the centerline velocity defect de-
cays with the downstream distance from 0.19U, at X /c =0.92 to
0.13U,, at X /c =1.92. The semiwake width, which is defined as
the width of the wake where the total mean velocity defectis one-half
of the velocity defect at the wake center, maintains at a nearly con-
stant value 0.04c between X /c =0.92 and 1.25, and then increases
to about0.07c at more downstreamlocations X /c = 1.58 and 1.92.
The momentum thickness of semiwake also displaysa similar trend
thatisa changeof 0.0067¢c at X  /c =0.92 and 1.25 to about 0.0105¢
at Xg/c=1.58 and 1.92. The turbulence intensity profiles suggest
that the total introduced freestream turbulence within the semiwake
width is more than 6% for the forward two streamwise locations,
and slightly reduces to ~5% for the two farther downstream loca-
tions. The profiles also indicate that the freestream turbulence is
localized within a transverse distance of about 0.15¢ from the cen-
terline of the wake. Moreover, the frequency spectraof the measured
reference turbulence exhibited no definite peaks associated with the
rod’s vortex shedding frequencies that were expected to be around
336 Hz. This signifies that the organized vortices shed from the
rod, that would have introduced the dependence of phase difference
into the flow during the pitching process, had decayed to a great
extent before they arrived in the region where the test airfoil was
placed.

Static Airfoil

Prior to the measurementson the pitchingairfoil, the pressuredis-
tributions and the corresponding lift forces were examined for the
airfoil fixed at an angle of attack. The static tests were taken for an-
gles of attack ranging from 0-16 deg under disturbed or undisturbed
conditions,and all pressure and lift coefficients were nondimension-
alized with the undisturbed freestream velocity. Figure 3 presents
the comparison of the lift curves obtained for offset values Y /c be-
tween —0.133 and 0.133 with the undisturbed case. At lower angles
of attack (o < 10 deg), there appears to be no discernible change in
the sectionallift-curve slope associated with the offset of freestream
disturbances, except for Yz /c = 0. The airfoil for Y /c = 0 that ex-
perienced a reduction in lift coefficient was encountering a lower
effectivefreestreamvelocity in the wake. At arounda = 10 deg, stall
occurs for the undisturbed airfoil and for the case of positive off-
set Yr/c=0.133. However, the imposed disturbances at Yz /c =0
and —0.133 are effective in extending the lift curve, increasing the
maximum C/ to 1.05 and 1.03, and delaying the stall to @ = 14 and
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13 deg, respectively. This may be attributed to the fact that the high
turbulence being introduced upstream of the stagnation point of the
airfoil is instrumentalin energizingthe boundarylayer and delaying
separationlocations to higherangles of attack.'®!° This explanation
is consistent with the pressure distributions shown in Fig. 4 for ver-
tical offset of the rod. While the upper-surface pressure becomes
a rather flat distribution at « = 11 deg for the undisturbed and the
positive offset cases, the leading-edge suction peak reaches a large
value of about 4.0 in absolute magnitude of C, for the airfoil with
Y /c=0 and —0.133. It should be noted that the wake trajectory
behind the upstreamrod at a positive offset positionof Y /c =0.133
would be deflected upward when it approached the leading edge of
the airfoil at high angles of attack. In other words, the effective offset
is shifted in a positive sense as the airfoil incidence is increased.*
As aresult, the disturbances at Yy /c =0.133 appear to have an in-

-5
a=11°
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I —A—YpiC=-0.133
34} X YR/C=0.0
\
! —v— Yg/C=0.133

X/iC

Fig. 4 Upper and lower surface pressure distributions of the static
airfoil at « =11 deg.

CHEN AND CHOA

significant influence on the pressure distribution and the lift curve.
The influence of the disturbancesat Yz /c = 0.133 was also found to
be negligible in the dynamic tests. Therefore, only the results of the
disturbancesat Yz /c =0 and —0.133 will be presented hereafter to
compare with those of the undisturbed airfoil.

Pitching Airfoil

Figure 5 shows the pressure distributions on the suction surface
of the pitching airfoil at differentangles of attack. These results are
presented for a lower pitch rate k = 0.01 and for the disturbed and
undisturbed cases. The pressure distributions presented in Fig. 5
exhibit a leading-edge suction peak at x/c =0.005 under either
the disturbed or undisturbed circumstance. The absolute magni-
tude of the suction peak grows until the airfoil reaches an angle
of attack ~1-2 deg higher than its corresponding static stall an-
gle. The leading-edge suction peak has a much larger magnitude
and occurs at a higher angle of attack for the disturbed cases, par-
ticularly for the disturbances at Yy /c = —0.133. When the growth
of the leading-edge pressure ends, there is sudden collapse of this
peak. In the meantime, a secondary suction peak is observed near
x/c=0.125. The appearanceof the secondary suction peak and the
collapse of the leading-edge suction peak indicate that the boundary
layer begins to detach from the airfoil, forming a free shear layer.>?
Note that the secondary suction peak observedin Fig. 5 is relatively
broad compared to those of higher pitch rates (0.05 <k <0.2) per-
formed by Conger and Ramaprian® and Chen and Lee,?? implying
a rather weak structure of DSV developed at k =0.01 (Ref. 11). As
the angle of attack is further increased, the secondary suction peak
slowly spreads out and moves downstream.

The observation of Fig. 5 suggests a significant variation of the
leading-edgeand secondary peaks with the freestream disturbances
and their offset values. This variation appears more appreciable at
the pressure ports in the forward 20% chord from the leading edge
of the airfoil. At more downstream chordwise locations (x /¢ > 0.3),
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Fig. 5 Upper-surface pressure distributions of the airfoil pitching at k = 0.01: a) undisturbed case, b) disturbed at Yg/c = 0, and c) disturbed at

Ygrlc =—0.133.
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Fig. 6 Comparison of C, time history for disturbed and undisturbed cases.

regardless of a phase lag, the difference in the maximum value of
secondary suction between the disturbed and undisturbedcases was
found to be within 0.1 in C,. The effects of freestream distur-
bances may be revealed in a more apparent manner by comparing
the time histories of C, at several selected pressure ports shown in
Fig. 6. These time histories include five upper-surface pressures at
x/c <0.2 and one lower-surface pressure at the nose (x /c =0.01).
These plots demonstrate that the upper-surface pressure responds
smoothly to the change in pitch angle until a maximum suction
(minimum C,) is reached. Subsequently, the pressure rises, at a
faster rate than it drops, to arrive at a nearly constant value. The
variations of C,, time histories on the upper surface completed well
before the airfoil motion stops at 7 = 1.0. It can be seen that a direct
impingementof the disturbances (Y /c =0) leads not only to an in-
crease in magnitude of the maximum suction pressure, but also to a
phase delay of the pitch angle at which the maximum is reached. As

the disturbances are shifted to a negative offset (Y /c = —0.133),
the magnitude of the maximum suction as well as the phase delay
are further enlarged at the leading two pressure ports (x /¢ =0.005
and 0.025). But the magnitude of maximum suction decreases with
x /c more rapidly than that of the direct impingement. This indicates
an earlier transition of the laminar boundary layer to turbulence,and
thus, a shorter size of the separationregion.'®'” On the lower surface
atx/c =0.01, the pressureis influenced by the motion of stagnation
pointin responseto the changein pitch angle. The pressureinitially
rises toreacha maximum at T = (.25, and then it begins to decrease.
The decrease in pressure seems to be associated with the variation
of the leading-edge pressure on the upper surface. The most pro-
nounced phase delay that occurs for the negative offsetalso prompts
the lower-surface nose pressure to have a sharp drop to negative C,,.

The maximum values of suction pressure coefficient —C,, are
further plotted in Fig. 7 against the dimensionless time 7 at which
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Fig. 7 Cp vs 7 of maximum suction for the leading four pressure ports
atk =0.01.

the maximum occurs for the leading four upper-surface pressure
locations, x /¢ =0.005, 0.025, 0.075, and 0.0125. The dimension-
less time that represents the pitch angle has an uncertainty of about
40.005. This plot summarizes the influence of the vertical offset of
the disturbanceson the occurrenceof the maximumsuction. As com-
pared to the undisturbed case, which has a maximum leading-edge
(x/c=0.005) pressure of 3.5 in —C,, occurringat « = 11.0 deg, in
the disturbed circumstance the maximum suction pressure coeffi-
cient at the leading edge is increased to 4.9 and 6.1 at o = 12.8 and
15.0 deg for Y /c =0 and —0.133, respectively. Although the in-
troduction of freestream disturbancesresultsin a significant change
in pressures near the leading edge, the sectional lifts and quarter-
chord moments appear to have a lower disturbance influence. This
can be seen in Fig. 8 that shows the time histories of sectional lift
and moment for the disturbed and undisturbed pitches at k =0.01.
Until the airfoil pitches up to its correspondingstatic stall angle, the
lift curve behaves like the static airfoil. Thereafter, the lift contin-
ues to grow. For the undisturbed case, the maximum CI of 1.50 is
reached at o = 15.0 deg. When the disturbances are imposed, the
maximum C/ is slightly increased to 1.60 and 1.66 at « = 16.6 and
18.0 deg for Y /c =0 and —0.133, respectively. The time histories
of Cm drop sharply at the time nearing the dynamic stall. The sharp
drop of Cm also reflect a noticeable phase delay as a result of the
imposed disturbances.In comparison with the undisturbed case, the
drop is lagged by about 2.5 and 3.5 deg for Y /c =0 and —0.133,
respectively.

Higher Pitch Rates

The influence of freestream disturbances on the upper-surface
pressures near the leading edge at higher pitch rates k =0.02 and
0.04 are illustrated in Figs. 9 and 10, respectively. These figures,
like Fig. 7, show the values of pressure coefficient vs dimensionless
time of the peak suction occurring at x /c =0.005, 0.025, 0.075,
and 0.0125. It can be seen that an increase in pitch rate tends to
enlarge the magnitude of peak suction and delay the occurrence of
peak suction to a higher incidence for the pressures presented. The
introduction of freestream disturbances at higher pitch rates has a
similar effect to the one observed at the lower pitch rate k =0.01.
At k =0.02, in comparison with the undisturbed case the peak suc-
tion pressure at the leading edge, (x /c =0.005) is increased by 1.2
and 2.4 in —C, with a phase delay of 2.6 and 3.8 deg for Yz /c =0
and —0.133, respectively. For k = 0.04, the peak suction at the lead-
ing edge is increased by 1.3 and 2.4 in —C,, with a phase delay
of 1.6 and 2.8 deg for Yz /c =0 and —0.133, respectively. In the
disturbed circumstances, the absolute magnitude of the peak suc-
tion pressure downstream from the leading edge diminishes rapidly
with chordwise position. As a result, the influence of the freestream
disturbances on the sectional lifts and moments is less significant.
This is evidentin the comparison of the time histories of C/ and Cm

30
undisturbed
25k e YplC= -0.133
Yg/C=0.0
20

03+
undisturbed
ol o YRIC = 0.133
< Yg/C=0.0
080 02 o4 o6 o8 10 12
b) T

Fig. 8 a)Lift and b) pitching moment curves for disturbed and undis-
turbed cases at k = 0.01.
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Fig. 9 C, vs 7 of maximum suction for the leading four pressure ports
atk =0.02.

presentedin Figs. 11 and 12 fork = 0.02 and 0.04, respectively. The
maximum lift coefficient apparently has a larger magnitude and oc-
curs at a larger angle of attack for higher pitch rates, and so is the
maximum nose-down pitching moment coefficient —Cm. For the
undisturbed cases, the maximum C! of 1.85 and 2.65 are reached
at « =19 and 30 deg for kK =0.02 and 0.04, respectively. On the
other hand, the introduction of disturbances yields little effects on
magnitudes of maximum C! and Cm, except for a phase delay. For
k =0.02, the phase delay computed from both Cl/ and Cm time
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Fig. 10 C, vs Tof maximumsuction for theleading four pressure ports
atk =0.04.
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Fig. 11 a)Liftandb) pitching moment curves for disturbed and undis-
turbed cases at k = 0.02.

histories is about 3 deg in incidence. For k =0.04, the phase de-
lay is reduced to about 1.2 deg. At the higher pitch rates k =0.02
and 0.04, shifting the vertical offset between Y /c =0 and —0.133
seems to produce a negligible change in C! and Cm during the dy-
namic stall process, although it does create some distinct features
on the upper-surface pressures near the leading edge.

Some additional insight into the progress of the dynamic stall
phenomenonmay be obtained by further examination of the lift and
moment curves. For kK =0.02, the moment curves in Fig. 11b ex-
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20F
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.............. Yg/C=-0.133

Yg/C=0.0
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0.0 0.2 0.4 086 0.8 1.0 12
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0.0 0.2 04 08 08 1.0 1.2
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Fig. 12 a)Liftandb) pitching moment curves for disturbed and undis-
turbed cases at k = 0.04.

hibit a sudden dip at around t = 0.6-0.8. This dip is caused by the
presence of a leading-edge-vortex-nduced low-pressure cell mov-
ing over the airfoil as the vortex convects by the airfoil. The moment
curve showing such a dip may be taken as presumptive evidence of
the formation, detachment, and convection of the well-organized
DSV.* In regard to possible leading-edge bubbles mentioned in the
Introduction, it may be interesting to note that the lift curves in
Figs. 11aand 12a for the undisturbed airfoil actually show plateaus
that might indicate bubbles that reattach. These plateaus can be
found for all cases in Fig. 12, but for only the undisturbed case for
Fig. 11. This may suggest that a turbulent boundary layer alone is
notenough to delay the dynamic stall, so that the presence of the rod
is more like a vortex generator in terms of energizing the boundary
layer.

Conclusions

Pressure measurements have been made on a constant-ratepitch-
ing airfoil subjected to a disturbed environmentat a chord Reynolds
number of 8 x 10*. The disturbed environment was produced by
employing a thin circular rod at a certain distance upstream of the
NACA 0012 airfoil tested. When the upstream rod was placed at
nonpositive vertical offset values (Y /c =0 and —0.133), for all
pitch rates tested, the imposed freestream disturbances were able
to increase the absolute magnitude of the peak suction pressure
near the leading edge of the airfoil by as much as 50%, compared
with the undisturbed case, and the peak suction was reached at a
higher angle of attack. The pressure variation as a result of the
imposed disturbances was found to be appreciable only in approx-
imately the forward 20% chord from the leading edge. At a more
downstream chord, the pressures became less affected except for a
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noticeable phase lag. Although the freestream disturbances caused
a substantial effect on the upper-surface pressures near the leading
edge, the lift and pitching moment coefficients appeared to have
a lower disturbance influence. At higher pitch rates (k =0.02 and
0.04), the influence of the imposed freestream disturbances on the
sectional lift and pitching moment was less significant than that
at a lower pitch rate (k=0.01). The effects of the disturbed en-
vironment closely resemble those produced by the increase in the
chord Reynolds number.2%-?2 The results of pressure measurements
reported here indicate that the disturbed environment, having a flow
behavior comparable to that at higher Reynolds numbers, tends to
promote earlier transition of the unsteady laminar shear layer sepa-
rating from the leadingedge to turbulence, thus effectively reducing
the separationregion.
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