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obtained, for example, 0:4 <U=U ¤ < 0:9; and, an LCO with two
frequencies results in four points, etc. A large number of points
at some velocities indicates aperiodic or possibly chaotic motion,
for example, 0:27< U=U ¤ < 0:33. The � nite differenceresults give
only one stable solution for each given set of initial conditions and
velocity, whereas the describing function method produces all pos-
sible stable or unstable solution regardless of the initial conditions.

As shown in Fig. 2, the system has three stable LCOs and
one stable equilibrium solution below the linear � utter speed.
In addition to the LCO solutions, the � nite difference results
show nonperiodic type motions for some airspeeds, most notably
0:27 < U=U ¤ < 0:33. For a speed range U=U ¤ < 0:32, Fig. 2 indi-
cates the possibility of two stable period-one LCOs. These oscilla-
tionsare analyzedviapower spectraldensity.Power spectraobtained
for the two LCOs at each speed suggest that the frequency ratio of
the two oscillations is most probably irrational. This indicates the
possibilityof quasi-periodicoscillations,which is a precursor to the
quasi-periodic route leading to chaos.

For the given set of airfoil parameters and U=U ¤ D 0:3, phase-
plane plots suggest nonperiodic oscillations in all pitch, plunge,
and aileron motions. Figure 3 shows power spectral densities
and Poincaré sections of both the pitch and aileron motions at
U=U ¤ D 0:3. The broadband frequency spectrum (Fig. 3b) and
fractal-like pattern in the Poincaré map (Fig. 3d) are strong indica-
tors of chaotic motion for the aileron motion. For the pitch motion,
however, the frequency spectrum is less broadband, and it shows
broadeningof two frequencyspikes, possibly with an irrational fre-
quency ratio (Figs. 3a). Also, the Poincaré map of the pitch motion
is nearly a closed curve (Fig. 3c). These are characteristicsof either
a quasi-periodicoscillationor very mild chaos obtained through the
quasi-periodic route. To classify the pitch motion more precisely,
Lyapunovexponentsshouldbe calculated.The differencein dynam-
ics of the pitch and aileron motion might be explained by the weak
elasticcouplingbetween the structuralmodes and the aileronde� ec-
tion ¯ [that is, r¯ D 0:002 and x¯ D 0:002; see Eqs. (1–3)]. Based
on the preceding analysis and other frequency responses not pre-
sented here, it can be concluded that there is a quasi-periodic route
to chaos for this system. This clari� es the airfoil’s behavior below
the � utter speed, which is useful for preventing nonlinear � utter.
More results and analysis of the system behavior are presented in
Ref 7.

Conclusions
To properly study the three-DOF airfoil’s nonlinear dynamics,

aerodynamic forces for arbitrary motions of the three-DOF airfoil
are derived from Theodorsen’s equations by means of a Fourier
analysis. Behavior of the airfoil-aileron combination is then stud-
ied taking into account a freeplay nonlinearity in the aileron hinge
moment. Bifurcation analysis of the system indicates various LCO
solutions for velocities well below the linear � utter boundary. For
some range of airspeed, there exists two LCOs with irrational fre-
quency ratios giving rise to quasi-periodic oscillations. Depending
on the initial conditions and airspeed, quasi-periodic and chaotic
oscillationsare also observedfor the aileron motion. Thus, these re-
sults show that proper analysis of nonlinearitieswill lead to a better
explanation of classes of aeroelastic responses.
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Nomenclature
C = airfoil chord
f = frequency of oscillation
K = reduced frequency, K D ¼ f C=U1
k1; k2 = yaw factor
Re = Reynolds number
t = time
U1 = freestream velocity
u = velocity component
u 0 = turbulent velocity � uctuation
X; Y = streamwise, normal coordinates
® = instantaneousangle of attack
®0 = mean incidence angle
®1 = oscillation amplitude

Introduction

T HE study of the near-wake characteristicsof an oscillatingair-
foil has signi� cant scienti� c and engineeringapplications.The

near � ow behind a propellerand the near wake of a helicopter blade
are perturbed by unsteady incoming � ows. Both the mean velocity
defect and the turbulence properties of the wakes play a signi� -
cant role in the noise generation, inef� ciency, and performance of
the subsequencedevices (for example, propeller, rotor blades, etc).
Hence accurate prediction of the near-wake properties is necessary
in the design of ef� cient airfoils.

Most of the previous research efforts in this area are directed to
the phenomenon of the � ow structure over the streamlined sym-
metric airfoils. Hah and Lakshminarayana1 have studied the mean
velocity and turbulence structure in the near wake of a symmetric
airfoil (NACA 0012) experimentally and numerically. The results
showed the complex nature of the near wake and its asymmetrical
phenomena. Park et al.2 investigated the characteristicsof the near
wakes behind a NACA 0012 airfoil at a given combinationof mean
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incidenceand amplitudeof oscillation.The resultingwakes showed
that the ensemble-averagedmean velocity and turbulence intensity
pro� les were considerablydifferentfrom one anotherevenwhen the
instantaneous angles of attack were the same. Many researchers3;4

have already revealed that the characteristicsof the near wake were
highly in� uenced by the amplitude of oscillation and freestream
velocity. Attention has been rarely given to measurements of the
cambereffectsin near wakeof oscillatingairfoils.The cambereffect
can be consideredas an important parameter because the cambered
airfoil has better aerodynamic characteristics5 than the symmetri-
cal airfoil in practice. The primary purpose of present study is to
investigatethe camber effects in the near-wakeregionof an oscillat-
ing asymmetric airfoil (NACA 4412) by taking a symmetric airfoil
(NACA 0012) as a reference airfoil.

Experimental Setup and Procedure
The tests are carried out in a closed-circuit wind tunnel with a

square cross section of 0.9 £ 0.9 m and the test section length of
2.1 m. The chord and the aspect ratio of both NACA 0012 (non-
cambered symmetrical airfoil) and NACA 4412 airfoil (cambered
airfoil) models are 0.25 and 3.4 m, respectively.Measurements are
made at a freestream velocity of 12.4 m/s. The corresponding Re,
basedon the chord length, is 1:9 £ 105 , and the reducedfrequencyof
the present work is 0.1. Under these test conditions the freestream
turbulence intensity is less than 0.3%. Pitching oscillation about
the 1

4 -chord axis is provided by a crank-connecting rod mecha-
nism, driven by a variable-speed ac motor. The instantaneous an-
gle of attack of the model can be expressed as varied according
to ® D ®0 C ®1 sin 2¼ ft, where ®0 and ®1 are set at 0 and 6 deg,
respectively. Thus instantaneous angle of attack varies from ¡6 to
C6 deg.Limitedoscillationisproducedat a small variationof instan-
taneousangleof attackto preventa reverse� ow becausethehot-wire
anemometer is unable to measure the reverse� ow. Dantec’s Stream-
Line System for the hot-wire anemometer, MetraByte’s DAS1601
and sampling and hold unit (SSH-4A) are used for this measure-

Case 1: upstroke motion at 2 deg

Case 2: downstroke motion at 2 deg

Case 3: downstroke motion at ¡ 2 deg

Case 4: upstroke motion at ¡ 2 deg

Fig. 1 Streamwise velocity pro� les (u/U 1 ).

ments. The X-type hot-� lm probe (55R51) is mounted on a support
in the center of the airfoil model span. The wake pro� les are mea-
sured at four downstreamstations; X=C D 0.03, 0.08, 0.15, 0.5. The
intervals of measurement position are 2 mm in the region of wake
center. One-hundred-twenty samples of velocity data, distributed
evenly over one period of oscillation, are taken at a given probe
position with the sampling frequency of 0.192 kHz. For each phase
angle 300 ensembles are used for averaging.

The use of an X-type hot-� lm probe for velocity measurement
involvedthe sensitivityproblemwith � ow angularity.Typicalvalues
of sensitivity coef� cients k1, k2 are 0.28 and 0.32, respectively.The
velocity measurementuncertainties in the streamwise velocities are
about §2.0% at 20:1 odds. The temperature variations during the
run time are within §1.5±C. The compensation of hot-� lm output
for the change of � uid temperature is done according to Kanevce
and Oka’s expression.6

Results and Discussion
The measurement of the mean velocity and its � uctuation for the

unsteady case is carried out using an X-type hot-� lm probe at four
downstream stations. The term “upstroke motion” means the situ-
ation when the nose of the airfoil is moving upward and the term
“downstrokemotion”when thenose is movingdownward.Thus, the

Table 1 Airfoil motion classi� cation

Case Phase angle Remarks

1 0 deg < 2¼ ft · 90 deg Upstroke motion
at positive angle of attack

2 90 deg < 2¼ ft · 180 deg Downstroke motion
at positive angle of attack

3 180 deg < 2¼ ft · 270 deg Downstroke motion
at negative angle of attack

4 270 deg < 2¼ ft · 360 deg Upstroke motion
at negative angle of attack
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airfoil motion is classi� ed into the following four cases as shown at
Table 1.

The pro� les of the normalized streamwise velocity component
(u=U1 ) at ® D §2 deg are presented in Fig. 1. Although the
instantaneous angle of attack is the same for both case 1 and 2,
the wake locations are different from each other. We can see that
the velocity gradient of NACA 0012 airfoil at downstream stations
during the downstroke motion (case 2) is steeper than that in the
upstroke motion (case 1). These indicate that the velocity signal
sensed at downstream stations re� ects the data originated at an ear-
lier phase angle. Thus, the true instantaneousangle of attack for the
data during downstroke motion is higher than that during upstroke
motion. The motions of cases 1 and 3, cases 2 and 4 are symmet-
ric motions about X axis; hence, the velocity pro� le of symmetric
NACA0012 airfoil is symmetric about X axis as shown at Fig. 1.
We conjecture that the � ow on leeward surface during the upstroke
motion (case 1) and during downstroke motion (case 3) remains at-
tached to the airfoil resulting in a wake that is less turbulent as in
Ref. 7. The velocity pro� le shown at case 1 or 3 indicates that the
wake thicknessand behaviorof two airfoils are similar. The camber
effect cannotbe found explicitly in downstrokemotions as shown in
the case 3. The motion of lower surface during downstroke motion
at ¡® is identical with the motion of upper surface during upstroke
motion at C®. In these cases the leeward surfaces result in a thinner
wake; hence, the velocitypro� les are similar to each other in present
measurement. The upper surface shape of NACA 4412 airfoil has a
convexshape, similar to surfaceshapeofNACA 0012airfoil,but the
lower surfaceshapeof NACA 4412airfoil is very differentfrom that
of NACA 0012 airfoil. We thus conjecture that a small difference
in the velocity pro� les is noticed for different shapes of the airfoils
as a result of the � ow attachment to the leeward surface during the
upstroke and downstroke motions.

The velocity pro� les in case 2 indicate that the wake thicknessof
two airfoils is similar. The degree of � ow disturbance is much less
than that of other studies8 becauseof small oscillationamplitudeand

Case 1: upstroke motion at 2 deg

Case 2: downstroke motion at 2 deg

Case 3: downstroke motion at ¡ 2 deg

Case 4: upstroke motion at ¡ 2 deg

Fig. 2 Turbulence intensity pro� les.

instantaneous angle of attack. Although upper surfaces of two air-
foils undergodownstrokemotion, the widths of velocitypro� les are
similar when upper surfaceshapes of NACA 4412 airfoil are similar
to those of NACA 0012 airfoil. This re� ects that very similar wake
thickness and the behavior of two airfoils are caused by the similar
convex shapes of upper surfaces of NACA 0012 and NACA 4412
airfoil during the downstroke motion at C®. The airfoil section of
NACA 4412 is not symmetric, whereas the motions in cases 1 and 3
are symmetric about the X axis. In these cases the leeward surfaces
undergo motion that results in the � ow attachment.Cases 1 and 3 of
NACA 4412 airfoil are similar to each other in wake thickness and
behavior.

The big difference of near-wake characteristics of two airfoils
is noticed in the wake region for the case of upstroke motion at
® D ¡2 deg.The streamwisevelocitycomponentof the NACA 4412
airfoil in the wake region of lower surface is considerably large.
The motion of lower surface during upstroke motion at ¡® is iden-
tical with the motion of upper surface during downstroke motion at
C®. Furthermore the lower surface geometry of NACA 4412 airfoil
shows different surface shape (similar to � at plate) compared with
the upper surface shape of two airfoils. We thus conjecture that the
difference in velocity de� cits of two airfoils is caused by both the
different lower surface shape and the motion of the lower surface
that results in the � ow disturbance.

The turbulenceintensity(T.I.) pro� les at ® D §2 deg,correspond-
ing to the streamwise velocitypro� les of Fig. 1, are shown in Fig. 2.
The pro� les of cases 1 and 3 and cases 2 and 4 indicate that the
turbulenceintensitypro� les of NACA 0012 airfoil show symmetric
pro� les about the X axis, respectively,as a result of the symmetryof
motion and airfoil shape. The pro� les of cases 1 and 3 indicate that
the turbulence intensity pro� les of NACA 4412 airfoil show nearly
symmetric pro� les about the X axis. We can see that the turbulence
intensitypro� les are similar to each other as shown at cases 1 and 3.
The upper shape of NACA 4412 airfoil has a convex shape, similar
to NACA 0012 airfoil shape, but the lower shape of NACA 4412
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airfoil is very different from that of NACA 0012 airfoil. In case 3
we can see that the lower surface motion of NACA 4412 is identical
with the upper surface motion as in case 1. Furthermore case 2 indi-
cates that the turbulenceintensitypro� les of NACA 4412 airfoil are
similar to those of NACA 0012 airfoil. Although leeward surfaces
of two airfoils undergo downstroke motion, the turbulence intensity
pro� les have very small difference when lower surface shapes of
airfoils are different. This re� ects that very similar wake thickness
and behavior of two airfoils is caused by the upward motion of the
different lower surface shapes of NACA 0012 and NACA 4412. We
thus conjecture that a small difference in the turbulence intensity
pro� les is noticed for different shapes of the airfoils as a result of
the � ow attachment to the leeward surface.

The signi� cant difference of turbulence intensity pro� les of two
airfoils is shown in the wake region for the case of upstroke motion
at ® D ¡2 deg (case 4). It is observed that the width of turbulence
intensity is small for the NACA 0012 airfoil, whereas for NACA
4412 airfoil the width of turbulence intensity is much larger. When
lower surface motion of NACA 4412 airfoil is identical with upper
surface motion during the downstroke motion at C®, the turbulence
intensity in the wake region of lower surface is much larger than
the other cases. This signi� es that the � ow is highly disturbed, so
that the � ow becomes very diffusive when the airfoil pitches up at
a negative angle of attack. The difference in turbulence intensity of
two airfoils is caused by both the different shape and the motion
direction of lower surface.

Conclusions
Phase-averaged mean velocity and its � uctuations in the near

wake of oscillatingairfoils are presented.The near-wake character-
istics of a NACA 0012 airfoil at §® show symmetric pro� les about
the X axis as a result of the symmetry of motion and airfoil shape.
The velocitypro� les and the turbulent intensitypro� les of a NACA
4412 airfoil have small difference with those of a NACA 0012 air-
foil except upstrokemotion case at a negativeangle of attack.These
are attributableto either similar upper shape or the motion direction
of the leeward surface, which result in the � ow attachment to the
surface. On the other hand, the signi� cant difference of near-wake
characteristicsbetween NACA 0012 and NACA 4412 airfoil is ob-
served in the case of upstroke motion at negative angle of attack. It
is found that the streamwise velocity and turbulenceintensity of the
NACA 4412airfoil in the wake regionof lower surfaceare consider-
ably large. These differencesin streamwise velocity and turbulence
intensityof two airfoils are caused by both the different lower shape
and the motion direction.
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Nomenclature
A = axial distance from model nose tip
Cy = side force coef� cient, Fy=.0:5½U 2

1 S/
Cy.A/ = local side force coef� cient, local side force/

.0:5½U 2
1 D sin2 ®/

D = cylinder diameter
dparticle = average diameter of aluminum oxide particles
Fy = side force
I = turbulence intensity
P = pressure on model surface
P1 = freestream static pressure
ReD = Reynolds number, U1 D=º
S = model base area, ¼ D2=4
U = time-average freestream velocity
® = angle of attack
±N = tip half-apex angle
µ = azimuth angle around circular cross section

measured from the most leeward position
º = kinematic viscosity of � uid
½ = density of � uid
Á = roll angle

Introduction

T HE experiments reported in the present Note and a related
Note1 are the extensionof earlier work,2 which experimentally

studies the effects of freestream turbulence on the side force acting
on an ogive cylinder at high incidence. In Ref. 2, the results indi-
cate that freestream turbulencehas different effects on � ow past the
ogive cylinder set at different roll angles. This is probably caused
by different (nonuniform) microsurface imperfections on the body.
Another factor that could play an important role is the state of the
boundary layer. An earlier study3 has shown that a boundary layer
that is at/near a state of transition, that is, near the critical Reynolds
number, is more responsive to freestream turbulenceand undergoes
an early transition to become a turbulent boundary layer. This has
been known to cause a reduction in the aerodynamic loading on the
body.

In Ref. 2, because of the speed (and, hence, Reynolds number)
limitation of the wind tunnel used, the boundary layer of the ogive
cylinder in the experiment was not near the transition state and the
freestreamturbulencedidnot cause theboundarylayer to go through
an early transition. To work around the described limitation and
bring the boundary layer to the desired transition state, the authors
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