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Abstract Introduction

Experiments were conducted on a NACA-O015 airfoil The flow phenomena associated with unsteady airfoil

undergoing low constant pitch rates to study the effects of motion have been a major research focus for the past two

dynamic stall formation on the airfoil upper surface pres- decades.' Specific attention has been given to dynamic stall

sure field. The airfoil was pitched about pivot locations of and its associated effects on the airfoil surface pressure

0.25c, 0.50c, and 0.75c at nondimensional pitch rates, c+, field.2' 3 The enhanced aerodynamic forces resulting from

below 0.2. Lift and drag coeflicients were evaluated for all pitching motions may lead to improved maneuverability of

cases, and smoke flow visualization at low pitch rates was high-performance aircraft. 4

studied for the quarter chord pivot location. Results indi- The phenomena of dynamic stall occurs when airfoils

cate that the greatest increases in lift due to thr pitching are pitch up rapidly beyond their static stall angiv of attack.

motion occur prior to the nondimensional pitch rate of 0.1 As the angle of attack increases, the flow separates and a

for all three pivot locations. The effects of pitch rate on the region of vorticity develops. The dynanic stall vortex forms

maximum lift and drag values appear similar for the three near the airfoil leading edge, grows a- the airfoil continues

pivot locations studied. Lift to drag ratios show significant its upward motion, and eventually moves along the airfoil

enhancement even at very low nondiimensional pitch rates, surface and detaches. Numerous studies have been done

Flow visualization indicates that the leading edge dynamic on sinusoidally oscillating airfoils to analyze the dynamic
stall vortex" is present even at very low nondiniensional stall vortex characteristics and the corresponding pressure

pitcl rates, field.5.6,7.8
Recent experimental studies have concentrated on the

simpler case of airfoils undergoing constant pitching mo-
lonmenclature tions. These investigations have focused on the developing

unsteady aerodynamic forces and the dynamic stall phenomn-
ena occurring on the surface. Dramatic increases in lift and

c airfoil chord drag from corresponding maximum static levels occur over a

Cd airfoil pressure drag coefficient wide range of nondimensional pitch rates, ae. 9'10 ' Flow
S lvisualization studies have also shown direct correlations be-C1, airfoil lift coeflicienmt

tween the dynamic stall vortex anti the tipper surface pres-
L/D airfoil lift to drag ratio = Gr,/C sure field.12 "13 '14

Re chord Reynolds number = 9 Experimental results are presented here to clarify the

UM freestrean velocity effects of pivot locations on airfoil performance at relatively
a pitch rate low nondimensional pitch rates. The concentration on low
a +  nondimnensional pitch rate= nondimensional pitch rates pursued in this work stems from
V kinematic viscosity previous experimental observations that the dependence of

unsteady aerodynamnic forces on pitch rate is especially strong

in this region. 15 This is one of the first attempts to corre-
late the effect of pivot location on the unsteady aerodyna||ic
forces at these low nondimensional pitch rates. In addition,
the influence of pitching motion and pivot location on lift
to drag ratios is explored to determine relationships between

Research Assistant, Student Member AIAA
Associate Professor, Member AIAA
Research Associate
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the upper surface pressure field on the airfoil and the dy- The relationship between the maximum lift coefficients
namic stall phenomena. The associated behavior of the dy- and the nondimensional pitch rate is shown in figure 2 for
namic stall vortex at low nondimensional pitch rates is also three different pivot locations. The behavior of the max-
examined using flow visualization results. imium lift coefficient with respect to cr is similar for the

three pivot locations. Maximum lift values increase rapidly
between a+ = 0 and 0.05, and then level off for the remain-

Experimental Methods der of the pitch rate range studied. This finding is similar to
result- reported by Francis and Keesee t 7 concerning airfoils

The experiments discussed here were conducted at the pitching in a similar a+ range with pivot locations of 0.32c
U.S. Air Force Academy in the Frank J. Seiler Research Lab- and 0.38c. Maximum lift coefficients are equal within the

oratory's 0.91 rn x 0.91 in low speed wind tunnel. The model indicated errors for all three pivot locations.
used was a NAdA 0015 airfoil with a 15 cm chord and a5 8 The iel~iiiip'btivih the draig c6efflci nt and-tne

cm span. The airfoil was pitched at a constant rate front 0°  attack angle corresponding to ot+ values between 0 and 0.15

to 60' around pivot locations of 25%, 50% and 75% of the is given in figure 3 for the 0.25c pivot location. Two peaks

chord. The airfoil motion was accomplished using a stepper are apparent in the a+ = 0.03 curve, wikh the latter peak

motor assembly controlled by a MASSCOMP 5500 micro- being slightly higher in magnitude than the first. Two peaks

computer system. Instantaneous surface pressure measure-, are again evident in the curve for cr+ = 0.1, although in this

ments were made using eighteen Endevco 8507-2 miniature case it is the first peak which coincides with the maximum

pressure transducers mounted in close-coupled connection to drag. Only one peak occurs in the curve at a+ = 0.15. The

surface pressure ports. magnitude of the maximum drag coefficient and the attack

Flow visualization was obtained using a 0.013 cm di- angle at which it occurs increases with increasing nondimen-

ameter tungsten wire located 30 cm upstream of the airfoil sional pitch rate for the four pitch rates shown.

leading edge and perpendicular to the airfoil span. A smoke The relationship between the maximum drag coefficient
producing oil was coated on the wire and then heated electri- and the nondimensional pitch rate can also be seen in figure.

cally to create uniform streaklines. ligh speed movies were 4. All three pivot locations follow the same trend although
taken with a LOCAM 1116 mm high speed movie camera op-. values for the 0.50c pivot location deviate slightly from pat-
crating at 20.0 frames per second. Illumination was provided terns followed by-the other two cases between a+ = 0.075
by three Strobrite stroboscopic lights synchronized with the, and 0.15. The maxinum drag coefficients increase rapidly to
camera. Pressure meastirements were taken with a tunnel a local maximum at a+ = 0.075 for all three pivot locations.
speed of 7.62 m/s, corresponding to a chord Reynolds num-. Values gradually increase again between a+ = 0.1 and 0.2.

'ber of 60000, while flow visualization was done with a tunnel The attack angles coinciding to the maxinuinn lift and
speed of 6.10 m/s, corresponding to a chord Reynolds num- drag coefficients as a function of a+ are shown in figure 5 for
ber of 47000, allowing higher resolution. A range of nondi- pitching about the quarter chord. The attack angle corre-
mensional pitch rates a+, from 0 to 0.2 was evaluated in sponding to maximum lift curve exhibits behavior similar to
detail. It has been shown previously that a+ can be treated the maximum lift curve shown in figure 2. The maximum lift
as a similarity parameter in flows such as the one studied attack angle increases between a+ = 0 and 0.075, and then
here. 16  begins to level off. The attack angle corresponding to peak

drag follows the same trend as the peak drag curve shown in
figure 4. The maximum drag attack angle increases rapidly

Experinental ilesuLtLs between a+ = 0 and 0.075, decreases between c4 values of
0.075 and 0.1, and then begins to increase in a manner sim-
ilar to the maximum lift attack angles. The attack angles
corresponding to maxinun drag coefficient are significantly

Pressure Measurements higher than those coinciding to maxinmum lift coefficient be-
tween a+ values of 0.03 and 0.1.

The change in lift coefficient with respect to angle of The effects ofpitching motion and pivot location on the t10

attack is presented for the quarter chord pivot location in airfoil lift to drag ratios were also evalnated. Lift to drag ra-
figure 1 at nondimensional pitch rates, a+ between 0 and tios as a function of attack angle for the quarter chord pivot INPECOM
0.15. A significant increase in maxinmun lift coefficient from location are shown in figure 6 at the nondinmensional pitch
the static case is evident even at an a+ of 0.03. Maximum lift rates of 0, 0.02, and 0.1. Values for time static cas -are greater
coefficients continue to increase for the subsequent a+ values than those for the two dynamic cases between attackangles
of 0.1 and 0.15, although the differential between maxinmum of 0' and 140, where 14' corresponds approximately to static
lift coefficients diminishes as the nondimensional pitch rate stall. Lift to drag ratios for the static case drop off rapidly 'or
increases. after stall, but lift to drag ratios at corresponding attack an-

The angle of attack at which maximum lift occurs also gles for the dynamic cases are higher than time static ratios.
increases as the nondimnensional pitch rate grows. Two peaks The range over which lift to drag ratios are greater than the "
are apparent in the lift coefficient curve at a+ = 0.03, with static case increases with increasing pitch rate. Although ex- 1 3
the greatest lift value for that pitch rate occurring at the act values cannot be deternmined due to experimental errors, LO i|I
first peak. Only one significant peak is evident at a+ values an increase in lift to drag ratios for the dynamic cases over
of 0.1 and 0.15. There are slight peaks in the ce+ = 0.03 values for time static case is clearly evident. Both the curve
and 0.1 curves at attack angles higher than the maxinun at a+ = 0.02 and at a+ = 0.1 asymptote towards the static
lift angles, but it be noted that these peaks are not greater values later in the pitching cyc!e. )l/
than the experimental error. Figure 7 shows lift to drag ratios as a functioni of nondi- Lty Codo

- and/or
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mensional pitch rate for attack angles between 50 and 200. namic stall vortex can again be seen at a = 200 by close ob-
The highest cverall lift to drag ratios occur at ca = 50, with servation, but it's subsequent growth is noticeably delayed.
values at this attack angle being approximately constant be- At ca = 250, given in figure Ile, the dynamic stall vortex is
tween ct+ = 0.005 and 0.1, and then decreasing. For an clear but occupies a smaller surface region than it did for
attack angle of of = 150 lift to drag ratios are approximately the corresponding attack angle for or+ = 0.03. The vortex is
constant between cr+ = 0.005 and 0.075 and then begin to 'still involved with the airfoil surface at at = 300, but has de-
decrease. For the attack angle cc = 15° lift to drag ratios tached by a = 35°. A loose trailing edge vortex is evident at
increase rapidly between a+ = 0 and 0.005 and then remain this attack angle, shown in figure 1 g, and a second dynamic
constant for the higher pitch rates. Values for a = 200 show stall vortex appears to be forming.
a slight increasing trend between a+ - 0 and 0.02 and then The presence of more than one dynamic stall vorlex at
become constant. It should be noted for attack angles of 50 a4 = 0.03 and 0.05 seems to have a direct effect on the shape
and 100 that initial lift to drag ratios decrease from the static of the lift anddrag coefficient curves, since the peaks in these
case, ct+ 0, to the dynamic case of a + = 0.005, whereas curves coincide with the attack angles at which the dynamic
they increase in this range for an attack angle of 15*. This stall vortex is apparent on the airfoil upper surface. It has
is caused by the occurrence of static stall near a = 140 and been shown previously that movement of the dynamic stall
the subsequent drop in static lift to drag ratios. vorti-es on the airfoil is closely connecled to the aerodynamic

An evaluation was also made to determine the effect of forces generated, and that peaks in the drag coefficient with
pivot location on lift to drag ratios. Graphs for cy+ = 0.02 respect to attack angle curves correspond to detachment of
and 0.1 are shown in Figures 8a and 8b respectively. Prior to, the dynamic stall vortex from the airfoil surface.' 5

ca = 140, lift to drag ratios are slightly lower for the 0.25c and
0.75c pivot points than the 0.50c case at an a+ of 0.02, shown
in figure 8a. Lift to drag values for the 0.75c pivot location Conclusions
are the lowest of the three pivot cases in this region. This
trend continues for the case of a+ = 0.1, given in figure 8b.
Lift to drag ratios for the 0.75c pivot location are consistently The results of this study indicate that the greatest en-

lower than the other two cases, and values for the 0.50c pivot hancement of lift due to the constant pitching motion of the

locations are higher than those for 0.25c and 0.75c positions NACA-0015 airfoil occur at low nondinensional pitch rates,

prior to c = 200. Lift to drag ratios are similar for all three namely a+ below 0.1, for Ihe three pivot points evaluated.

pivot locations for attack angles greater titan a = 200. The range of nondimensional pitch rates between cc+ = 0.03
and 0.1 coincides with the region where the occurrence of
maximum lift significantly precedes maximum drag in the

-10 W -VQ.ySualLj~Qf pitching cycle. Lift to drag ratios were found to depend on
pivot position, with values being consistently lower for the
three-quarter chord pivot location than for the other two

Smoke flow visualization for the quarter chord pivot cases. It was found that lift to drag ratios are greater for the
point is sliowi in figure 9 for cx+ = 0.01. The flow ap. dyiamic cases than the static case at high angles of attack.
pears symmetric at a = 5'. At & = 10, a separation region Flow visualization showed that the dynamic stall vortex is

has formed near the trailing edge and is moving upstream, present eve at a nondimensional pitch rate of 0.01, and that

The flow is separated over a large percentage of the airfoil presene o usqen vorticesconrthe upper a l sur-
surfce t a= 1'. losel deine dyami stll ortx Lthe presence of subsequent vortices on the upper airfoil sur-
surfce t a= 15. Alooelydefied lynmic tal votex face during the pitching cycle creates local maxima in the

covering virtually the entire upper surface is clearly evident

at c = 200. Unfortunately, the flow visualization methods lift and drag coefficients.

used in this experiment did not allow flow observations at
higher attack angles for this nondimuensional pitch rate.
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0C a

b) a =10' d =.20'

Figure 9. Smoke flow visualization. Pivot loca-
tion =0.25c. a+ =0.01.
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a) a=50e) or= 250

b) a 100 f) 300

c) a, 150 g) ar 35

Figure 10. Suuioke flow vistiaizattion. Plivot loca-

tioni 0.25c. a+ - 0.03.

d)a=200
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a) =o5 
e) a =250

b)a100 :f) a =300

c) a= 15 0

g) a = 350

Figure 11. Smoke flow visualization. Pivot loca-
tion = 0.25c. a+ = 0.05.

d) a = 200

462


