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Incidence Effects on Chordwise Bending Cascade
Unsteady Aerodynamics
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Purdue University, West Lafayette, Indiana 47907

Experiments directed at investigating and quantifying the effects of off-design conditions, including mean � ow
incidence and leading-edge � ow separation, on chordwise bending mode unsteady aerodynamics are described. An
in� uence coef� cient technique is used wherein a single airfoil in the cascade is oscillated in a chordwise bending
mode, accomplished with a piezoelectric crystal-based drive system. The resulting unsteady surface pressures on
the oscillatingairfoiland its stationaryneighborsare measuredand theunsteadyaerodynamicin� uence coef� cients
determined, with the cascade unsteady aerodynamics de� ned through a vector summation.Unsteady aerodynamic
data are obtained over a range of reduced frequency values and mean � ow incidence angles, with the effects of
steady loading and leading-edge separation examined. Signi� cant effects of mean incidence on cascade unsteady
aerodynamics that deviate signi� cantly from linearized theory occur near the leading edge, with the nonlinear
region increasing with increasing mean incidence. The large-scale effects of mean incidence on the leading-edge
unsteady aerodynamic loading are attributable to both steady loading and suction surface separation.

Nomenclature
Ac = chordwise bending mode shape amplitude
C = airfoil chord
C p = unsteady surface pressure coef� cient
Ĉn

p = unsteady pressure in� uence coef� cient induced
by airfoil n oscillations

h(x) = � rst harmonic normalized airfoil de� ection
k = reduced frequency, (x C / U )
p j = j th harmonic complex airfoil surface static pressure
U = freestream velocity
Wc = unsteady aerodynamic work per cycle
W̄c = dimensionless unsteady aerodynamic work per cycle
w = airfoil surface upwash velocity
w̄ = complex amplitude of airfoil surface upwash velocity
w̄ c = pressure difference displacement function
x = dimensionless airfoil chordwise coordinate

or percent chord
y = dimensionless coordinate normal to chordwise direction,

(Y / Ac)
ȳ = amplitude of airfoil surface displacement normal to chord
b = cascade interbladephase angle (positive-airfoiln + 1

leads airfoil n)
D CL = coef� cient of unsteady blade lift
D C p = unsteady pressure difference coef� cient
D Ĉn

p = unsteady pressure difference in� uence coef� cient
D L = unsteady airfoil lift
u p = unsteady pressure phase
x = airfoil oscillation frequency

Subscripts and Superscripts

j = j th harmonic of airfoil oscillation frequency
p = airfoil pressure surface
s = airfoil suction surface

Introduction

R ECENT efforts to increase gas turbine performance and re-
duce size and weight have led to changes in blade row de-

sign trends. Advanced turbomachineryfeature closely spaced blade
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rows that utilize thin, low-aspect-ratioblading operating with high
steady loading. Also, the mechanical damping is considerably re-
duced, particularly with integral blade–disk con� gurations (blisks)
and in those without shrouds. As a result, these con� gurations are
subject to higher stresses, both at and off-design, with low-aspect-
ratio bladingexhibitingsigni� cant unsteady� ow-induced vibration
problems. With the mechanical damping considerably reduced, the
motion-induced unsteady aerodynamics or aerodynamic damping
of the blade row determines the level of vibratory response. Thus, it
is important to investigate and quantify the aerodynamic damping
of low aspect ratio blade rows, particularly the effects of off-design
conditions, including mean � ow incidence and leading-edge � ow
separation.

The vibration characteristics of low aspect ratio blades more
closely resemble plates than beams. They have chordwise bend-
ing natural frequencieswithin the engine operating range, resulting
in � ow-induced chordwise bending vibrations becoming a signif-
icant development problem. Low-aspect-ratio blade vibration fre-
quencies, including chordwise bending modes, can be accurately
predicted with � nite element analyses. However, the emphasis of
unsteady aerodynamics has been on the aerodynamic damping of
vibration modes of importance to high-aspect-ratioblading, simple
bending and torsion. To this end, a number of fundamental bending
and torsion oscillating airfoil cascade experiments have been per-
formed. Unfortunately, there is a dearth of fundamental unsteady
aerodynamicdata for the chordwisebendingor two-stripe vibration
modes exhibited by advanced low-aspect-ratioblading.

The chordwisebendingunsteady aerodynamicsof a subsonic � at
plate airfoil cascade in a subsonic � ow was studied experimentally
by Ehrlich and Fleeter.1 With zero mean � ow incidence,theseexper-
iments simulated design point operating conditions. However, tur-
bomachinery blade rows operate over a wide range of conditions,
with off-design, nonzero mean incidence � ow-induced vibrations
being of signi� cant concern. Mean � ow incidence is a metric for
the level of steady loading. Thus, it is well known to have signi� -
cant effects on blade row steady aerodynamics, for example, � ow
separation, as well as unsteady aerodynamic response.

This paperdescribesa seriesof experimentsdirectedat investigat-
ing and quantifying the effects of off-design conditions, including
mean � ow incidence and suction surface leading-edge region � ow
separation, on chordwise bending mode unsteady aerodynamics.
An in� uence coef� cient technique is used wherein a single airfoil
in the cascade is oscillated in a chordwise bending mode, accom-
plished with a piezoelectric crystal-baseddrive system. The result-
ing unsteady pressures on the oscillating airfoil and its stationary
neighbors are measured, and the unsteady aerodynamic in� uence
coef� cients determined, with the cascade unsteady aerodynamics
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de� ned through a vector summation. Unsteady aerodynamic data
are obtained over a range of reduced frequencyvalues and mean in-
cidence angles, with the effects of steady loading and leading-edge
separation examined.

In� uence Coef� cient Technique
Oscillating airfoil cascade unsteady aerodynamic data are tra-

ditionally obtained by simultaneouslyoscillating all of the cascade
airfoilsat a constant interbladephaseangle,with theunsteadyairfoil
surface pressures then measured. These experiments are extremely
expensive,requiringcomplexdrivesystemsto oscillatean entirecas-
cade at realistic reduced frequencies and constant interblade phase
angle. They are also time consuming because they must be per-
formed over the complete interblade phase angle range.

The unsteady aerodynamic in� uence coef� cient technique pro-
vides an alternative method for obtaining experimental oscillating
cascade data. A single airfoil in the cascade is oscillated with the
resulting unsteady pressure induced on this oscillating airfoil, and
its stationary neighbors are measured. These unsteady pressures,
expressed as pressure coef� cients Ĉn

p(x), are the unsteady aerody-
namic in� uence coef� cients. The unsteady aerodynamics of a cas-
cade having all airfoils oscillating at a speci� ed constant interblade
phase angle are then obtained through a vector summation of these
unsteady aerodynamic in� uence coef� cients.

Consider a two-dimensional � at plate airfoil cascade (Fig. 1) os-
cillating simultaneously with a constant interblade phase angle b .
The unsteadypressurecoef� cientC p(x , b ) on the surface of a refer-
ence airfoil, airfoil 0, is represented by a Fourier series summation
of complex-valuedunsteady aerodynamic in� uence coef� cients:

C p(x , b ) =
+ 1

^
n = ¡ 1

Ĉ n
p (x)ein b (1)

where the index n indicates that the in� uence coef� cient Ĉn
p (x)

representsthe unsteadypressurecoef� cient inducedon the reference
airfoil by the oscillation of airfoil n.

For a speci� c cascade con� guration, the unsteady aerodynamic
in� uence coef� cients Ĉn

p (x) can be determined from the unsteady
surface pressure distribution on a typical airfoil in the cascade by
inverting Eq. (1). In this manner, airfoil unsteady aerodynamics
predicted by analytical oscillating cascade models can be used to
calculate in� uence coef� cients for comparison with data:

Ĉ n
p(x) =

1

2 p * p

¡ p

C p(x , b )e ¡ in b d b (2)

Validation of the unsteady aerodynamic in� uence coef� cient
technique has been achieved by several researchers through com-
parisonof in� uence coef� cient results with data obtained from cas-
cade experimentswith all airfoilsoscillating.Most recently,Kovats2

Fig. 1 Two-dimen-
sional in� nite cascade
model.

Fig. 2 Purdue annular cascade research facility.

showed favorable results for the comparison of predictionsof aero-
dynamic damping and stabilityof low-pressure turbine blades. Buf-
fum and Fleeter3 also found good agreement between the in� uence
coef� cient method and all of the airfoils’ oscillatingdata for torsion
� utter in a linear cascadeat moderate subsonic Mach numbers. The
water channel results of Hanamura et al.4 also appear to validate the
unsteady aerodynamic in� uence coef� cient technique.

Experimental Facility
The chordwisebending experiments are conducted in the Purdue

University annular cascade research facility (Fig. 2). It is an open-
loop,draw throughwind tunnel.A centrifugalfandownstreamof the
test sectionand driven by a 224-kW(300-hp) inductionmotor draws
air through the facility. This fan is capable of producing steady test
section velocities ranging from 6.4 m/s (20 ft/s) to 70 m/s (220 ft/s).

The test section is con� gured with an isolated row of 36 � at plate
airfoilsmountedat staggeranglesof 0, 4,and12deg, therebyvarying
the steady loading and mean � ow incidence. The airfoils have a
chord length of 17.78 cm (7.0 in.) and a span of 14.99 cm (5.9 in.),
resulting in an aspect ratio of 0.85 and a cascade solidityof 1.83. Of
the 36, 34 airfoilsare uninstrumented,havinga thicknessof 0.48 cm
(0.1875 in.). A stationary airfoil is instrumented at midspan with a
chordwise distribution of nine dynamic pressure transducers. To
mount these transducerswithin the airfoil, its thickness is increased
to 0.96 cm (0.375 in.). The � nal airfoil is the chordwise bending
mode oscillating airfoil that is also instrumented at nine chordwise
locations. Because an unsteady aerodynamic in� uence coef� cient
technique is used with one airfoil at a time oscillating, the different
thickness airfoils should have only minimal, if any, effect on the
resulting cascade data.

Data Acquisition and Analysis
Chordwise Bending Airfoil Oscillation

The unsteady surface pressure in� uence coef� cient distributions
are produced by the two-dimensional chordwise bending mode os-
cillation of a single � at plate airfoil constructed from a 0.038-cm-
(0.015-in.-) thick sheet of stainless steel. The oscillating airfoil and
mounting con� guration (Fig. 3) are designed to maximize the am-
plitude and two dimensionalityof the chordwisebendingmode. It is
designed to resonate in a two-dimensionalchordwisebendingmode
at a frequencyof 66 Hz when excitedby a set of four surfacebonded
piezoceramic motor elements.1

Oscillating airfoil motion is determined by measurement of the
airfoil mounting shaft’s rotational oscillation. The oscillating air-
foil leading- and trailing-edge shafts are af� xed with linear ta-
per precision potentiometers. Output of front and rear airfoil shaft
potentiometer circuits are calibrated against airfoil leading- and
trailing-edge midspan surface de� ection measurements made us-
ing an Omron model 3Z4M laser displacement sensor. Shaft poten-
tiometer circuit calibrationsare performedin a calibrationwind tun-
nel at freestream velocities of 38.5, 25.5, and 19.1 m/s (121, 80.6,
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Fig. 3 Chordwise bending oscillating airfoil mounting con� guration.

Fig. 4 Oscillating airfoil mode shape.

and 60.5 ft/s), corresponding to reduced frequencies of k =2, 3,
and 4.

The oscillating airfoil mode shape is determined by measuring
the airfoil surface displacement at points on a 5 £ 11 point rectan-
gular grid with surface displacement data acquired at a sampling
rate of 1000 Hz in 2-s bursts. The airfoil surface displacement time
traces are Fourier transformed to obtain displacement magnitude
and phase information at each grid point. Airfoil motion is pri-
marily contained within the � rst harmonic, with higher harmonic
magnitudes always being less than 10% of the � rst harmonic. First
harmonic phase information determines the mode-shape node line
locations. The chordwise bending mode shape is characterized by
the normalized � rst harmonic midspan cross section of the airfoil
surfacedisplacementh(x) with theperiodicairfoilmotiondescribed
by

Y (x , t) = Re[Ach(x)ei x t] (3)

where Ac is the midspan leading-edge surface displacement, with
the positive leading edge up.

Figure 4 presents normalized � rst harmonic mode-shapedata for
the chordwise bending airfoil. The nearly straight chordal contour
lines indicate that the airfoil oscillates in a two-dimensional mode.
The mode exhibits two chordal node lines at the airfoil shaft loca-
tions of 20 and 80% chord, identi� ed as bold contours.The midspan

cross-sectionalmodedatashowa very slightdependenceon reduced
frequency and incidence. However, the airfoil is able to be charac-
terized by a single normalized mode-shape curve h(x) obtained by
� tting the nine mode shape data sets with a sixth-order polynomial
using the least-squaresmethod.

Unsteady Airfoil Surface Pressures
The magnitudeand phaseof the unsteadyairfoil surfacepressures

induced by the chordwise bending oscillation of a single airfoil in
the annular airfoil cascade are measured using PCB Piezotronics
Model 103A piezoelectric dynamic pressure transducers. Trans-
ducer signals are ampli� ed to required levels using a 12-channel
instrumentationampli� er and power supply.

Unsteady pressuremeasurementsare made on both the stationary
airfoil and the chordwise bending oscillating airfoil at nine chord-
wise locations, 2.5, 10.7, 23.2, 35.7, 50.0, 64.3, 76.5, 89.3, and
97.5% chord. On the stationary airfoil, nine PCB dynamic pressure
transducers are mounted inside the rigid airfoil. For the chordwise
bending oscillating airfoil, the elastic airfoil deformation restricts
the method in which surface pressure measurements can be made.
Thus, the nine PCB dynamic pressure transducers are mounted ex-
ternal to the chordwise bending oscillating airfoil and connected to
midspan static pressure taps by sensing lines. This transducer con-
� guration is chosen because the mass of the transducers mounted
on the airfoil surface would representa signi� cant percentageof the
airfoil mass and would distort the chordwise bending mode shape.
Mounting the transducers in the stationary frame also eliminates
problems associatedwith subjectingthe transducersto plate surface
accelerationsto 32g. Dynamic pressure sensing line systemsexhibit
nonlinear response and must, therefore, be calibrated to correct for
passage effects. Hoyniak and Fleeter5 have shown that dynamic
pressure transducer sensing lines can be calibrated for the accurate
measurementof unsteadypressureshaving frequenciesthat are well
below the natural frequency of the sensing system. Dynamic cali-
bration of the chordwise bending oscillating airfoil pressure sens-
ing lines is performed in a resonator tube in a manner similar to
that used by Henderson and Fleeter.6 Calibration of the oscillating
airfoil pressure sensing lines shows that the frequency of interest,
66 Hz, is well belowthe natural frequencyof the sensingsystemthat
is approximately350 Hz. Unsteady pressures having a fundamental
frequency of 66 Hz can, therefore, be accurately measured through
the transducer sensing line systems.

Unsteady Aerodynamic In� uence Coef� cients and Airfoil Loading
Cascade chordwisebendingunsteadyaerodynamicloading is de-

termined by the in� uence coef� cient technique.With the oscillating
airfoil driven in the chordwisebending mode at 66 Hz, the unsteady
surface pressures induced by the oscillating airfoil on itself and its
stationary neighbors are measured at freestream velocities corre-
sponding to reduced frequencies of k =2, 3, and 4 at mean inci-
dence angles of 0, 4, and 12 deg. First, the oscillating airfoil data
determine the self-induced unsteady aerodynamics. Data from the
leading- and trailing-edge airfoil shaft potentiometer circuits and
the pressure transducersare acquired at a sampling rate of 5000 Hz.
From each transducer,100 bursts of 5000 samples of data represent-
ing 66 chordwise bending airfoil oscillation cycles are acquired.

Next, the unsteady pressures on the stationary airfoils generated
by the oscillating airfoil are measured. Unsteady pressure and suc-
tion surface pressure data are obtained with the oscillatingairfoil in
relativepositionsn = ¡ 1 and 1 (Fig. 1). Unsteady surface pressures
on the referenceairfoilwith the oscillatingairfoil in positionswhere
j n j · 1 were found to comprise 94% of the unsteady loading and
in� uence coef� cients induced by the oscillating airfoil in positions
with j n j > 1 are, therefore, neglected.1

The 100 bursts of airfoil surface pressure data acquired at each
transducer location are ensemble averaged to eliminate pressure
� uctuations not phase locked to the oscillating airfoil motion. The
resulting representative unsteady pressure signal is then Fourier
transformed to obtain unsteady airfoil surface pressure magnitude
and phase information. The chosen acquisition sampling rate and
duration provide a 1.0-Hz Fourier transform frequency resolution.
Harmonic pressure signal magnitudes and phases for frequencies
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corresponding to the � rst four harmonics of the airfoil oscillation
frequency, 66, 132, 198, and 264 Hz, are extracted from the trans-
formed signals and adjusted to account for the effects of the trans-
ducer mounting passages on the frequency response, as determined
from dynamic calibrations. In all cases, airfoil surface pressure
response is negligible at frequencies not corresponding to blade
motion harmonics. Airfoil motion magnitude and phase are deter-
mined by averaging,transforming,and scaling the oscillatingairfoil
leading-edgepotentiometercircuit signal in a manner similar to that
for the pressure signals.The airfoil motion is harmonic with motion
at the drivingfrequencyof 66 Hz accountingfor greater than 90% of
the airfoil motion and higher harmonic motion, if present, appear-
ing in the second harmonic of the airfoil driving frequency. Airfoil
motion at other frequencies is negligible. Airfoil surface pressures
are referenced to the airfoil motion.

The complex-valuedunsteadyaerodynamicpressureandpressure
difference in� uence coef� cients are de� ned as

Ĉn
p (x) =

p1(x)
q 0U 2( Ac / C)

, D Ĉ n
p = Ĉn

pu ¡ Ĉn
pl (4)

where p1(x) is the complex surface static pressure corresponding
to the j th harmonic of the airfoil oscillation frequencyand the sub-
scripts u and l indicate upper and lower airfoil surfaces.

The unsteadyaerodynamicsof a cascadehaving all airfoils oscil-
lating at speci� ed interblade phase angles are determined through
a vector summation of the unsteady aerodynamic in� uence coef� -
cients per Eq. (1), with summation limits from n = ¡ 1 to 1.

Results and Discussion
The chordwisebendingunsteadyaerodynamicsof an annularcas-

cade of � at plate airfoils are experimentally investigated,with data
obtained at mean � ow incidence angles of 0, 4, and 12 deg over a
range of reduced frequencyvalues. An unsteadyaerodynamicin� u-
ence coef� cient technique is utilized, with the in� uence coef� cient
data summed vectorially to determine the airfoil unsteady surface
pressure distributions for a cascade having all airfoils oscillating at
interblade phase angles of b =0, 90, and 180 deg.

As a reference, data are correlated with predictions from
LINSUB,7 which solves the inviscid subsonic linearized continu-
ity and momentum equationsfor a two-dimensionalcascadeof zero
mean incidence oscillating � at plate airfoils. To predict chordwise
bending mode unsteadyaerodynamics,the LINSUB boundarycon-
ditions are modi� ed. The airfoil surface � ow tangency boundary
condition is enforced by equating the normal � ow velocity on the
airfoil surface to the velocity of the moving airfoil surface. The
nondimensionalvelocity normal to the airfoil surface, the upwash,
for an arbitrary harmonic airfoil motion y = ȳ(x)ei x t is

w̄(x)
U

=
@ ȳ(x)

@x
+ ik ȳ(x) (5)

where ȳ(x) and w̄(x) are the airfoil oscillationand upwash oscilla-
tion amplitude distributions.

Chordwise bending mode oscillationsare speci� ed by the airfoil
oscillation amplitude:

ȳ(x) = ( Ac / C)h(x) (6)

where Ac and h(x) are the measured chordwise bending amplitude
and normalized mode shape.

Airfoil Steady Loading and Separation Characteristics
Three mean incidence angles are considered: 0, 4, and 12 deg.

The a = 0 deg data serve as a baseline,havingno steady loadingand
matching the LINSUB modeling. At 4 and 12 deg mean incidence,
the airfoils have steady loading and, as determined by steady � ow
visualizationexperiments,exhibita leading-edgeseparationbubble.
At steady freestreamvelocitiescorrespondingto k =2, 3, and 4, the
chordwise extent of the separationbubbles increase with increasing
mean � ow incidence and decrease with increasing steady velocity
(Table 1).

Table 1 Steady leading-edge separation
bubble length (% chord)

U , ft/s

a , deg 60.5 80.6 121

4 10 9 8
12 35 31 27

Fig. 5 First harmonic unsteady pressure difference coef� cient distri-
bution: k = 2.0 and ¯ = 0 deg.

Chordwise Bending Unsteady Aerodynamics
Representative chordwise bending unsteady pressure distribu-

tions are determined from the measured unsteady pressure in� u-
ence coef� cients for interblade phase angles of b = 0, 90, and
180 deg. The 99% con� dence uncertainties are §8% in magnitude
and §6 deg in phase.

The cascadeunsteadyaerodynamicsare obtained with the chord-
wise bending airfoil oscillating harmonically at 66 Hz with a
leading-edgede� ectionamplitudeof §1.0% chordcorrespondingto
a change from ¡ 3 to § 3 deg in instantaneousleading-edge� ow in-
cidence angle. For a linear system, response is expectedexclusively
at the frequency of motion of the oscillating airfoil. A nonlinear
system, however, will evoke response at frequencies other than the
frequencyat which it is excited.For the chordwise bendingcascade
studied herein, the airfoil motion amplitude is small and limited
primarily to a single frequency. Under these conditions, the sys-
tem is expected to exhibit linear response characteristics.However,
leading-edge separation, if present, may introduce nonlinearities
producing response at harmonics of the airfoil motion frequency
because the separation is a result of this motion. To this end, the
linear system response at the airfoil oscillation frequency is � rst
considered. Nonlinear system response, that is, response at higher
harmonics, is then examined.

Figures 5–7 present the � rst harmonic unsteady pressure differ-
ence coef� cients at mean incidenceanglesof 0, 4, and 12deg and the
linear theory prediction at k =2, 3, and 4 and b = 0 deg. This cor-
responds to a superresonantcascade mode, with waves propagating
away from the oscillatingairfoil row unattenuated.Two phenomena
affect the unsteady aerodynamic loading of a cascade at positive
mean incidence:steady loadingand the formationof a leading-edge
separation bubble. Both effects are evident in the data.
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Fig. 6 First harmonic unsteady pressure difference coef� cient distri-
bution: k = 3.0 and ¯ = 0 deg.

Fig. 7 First harmonic unsteady pressure difference coef� cient distri-
bution: k = 4.0 and ¯ = 0 deg.

Figure 5 shows the effect of steady loading and mean incidence
on the airfoil surfacepressuredifferencedata at k =2 and b = 0 deg.
The a = 0 deg magnitude data attain a maximum near the leading
edge, rapidly decrease to a local minimum near 10% chord, then
increase to a local maximum near 50% chord, and decrease to near
zeroat the trailingedge.The chordwiseunsteadypressuredifference
phase distribution is nearly linear with chord, out of phase with the
airfoil motion at the leading edge, lagging the airfoil motion over
the forward half of the airfoil while leading the motion over the aft
half of the airfoil.

As the mean incidence is increased,there is a considerablereduc-
tion in the � rst harmonicmagnitude in the leading-edgeregion.This
is attributed to the leading-edge suction surface separation bubble,
with steady separation experiments having shown an 9%-chord-
long bubble at 4-deg incidence and a 31%-chord-long bubble at
a = 12 deg. The chordwise extent of these steady � ow separation
bubbles is indicative of the size of the separated regions during
small-amplitudechordwisebendingoscillation.The differencesbe-
tween the unsteady aerodynamics at a =0 and 4 deg aft of 20%
chord are attributedprimarily to steady loading effects,whereas the
unsteady loading distribution at a = 12 deg is due to the combined
effect of steady loading and the formation of a large leading-edge
separation bubble. In the midchord region between the chordwise
bending node lines at 20 and 80% chord, the a =4 deg data show
slightly decreased unsteady loading as compared to the baseline.
However, the a = 12 deg data show the loading magnitude is re-
duced just aft of 20% chord, exceeds the baseline loading at 35%
chord,and is essentiallyequal to thebaselineloadingbetween50and
80% chord. With the exception of slight differences in and around
the leading-edge separation bubble and the discontinuity near the
a = 12-degseparationbubblereattachmentpoint, the unsteadypres-
sure differencephase distributiondata at a =0, 4, and 12 deg mean
incidence are essentially identical. The linear predictionsgenerally
correlate well with the data, the exception being the leading-edge
unsteady loading magnitude, attributed primarily to separation ef-
fects. Also, unpredicted discontinuities in phase are observed near
the leading-edgeseparation bubble reattachment point.

The trends exhibited by the k =3 and 4 data are similar to those
seen at k = 2, with an increase in the unsteady loading magnitude
over the entire airfoil surface (Figs. 6 and 7). However, leading-
edge unsteady loadingdistortionat a =12 deg is more pronounced.
This is due to the reduced frequency being increased by decreasing
the freestream velocity, thereby resulting in a longer leading-edge
separation bubble. Thus, the increases in unsteady pressure differ-
ence magnitude in the k =2 data at 10 and 37% chord attributed to
the leading-edge separation bubble motion are larger in the k = 3
data. Discontinuities in the unsteady pressure difference phase are
again seen at the steady separation bubble reattachment points at
both a =4 and 12 deg. As expected, the trends in the unsteady
pressure difference magnitude and phase distributions remain un-
changed whereas the magnitude of the unsteady loading over the
entire airfoil surface increases with the increase in reduced fre-
quency. Discontinuities in phase are still present near the steady
� ow reattachmentpoints.

Further insight into the effects of steady loadingand leading-edge
separation on the unsteady aerodynamics of a chordwise bending
cascade is gained by examining the airfoil pressure and suction sur-
face unsteady pressure coef� cients individually. Pressure and suc-
tion surface � rst harmonic unsteady pressure coef� cient distribu-
tions for a = 0, 4, and 12 deg and b = 0 deg at a k =3 are presented
in Figs. 8 and 9.

The pressure surface leading edge unsteady pressure magnitude
decreases with increasing mean incidence, with a major decrease
from a =0 to 4 deg and an additional minor decrease to a =12
deg. With the chordwise bending airfoil oscillations, the mean in-
cidence at the leading edge changes over an oscillation cycle. The
oscillationamplitudeis such that the instantaneousincidenceranges
from ¡ 3 to +3 deg at zero mean incidence.As the airfoil oscillates
between positive and negative incidence, the pressure and suction
surfaces reverse roles, with the pressure surface becoming the suc-
tion surface at negative instantaneous incidence.This results in the
large pressure � uctuations near the leading edge. The 9%-chord
steady separation bubble at a = 4 deg suggests that at zero mean
incidence, a dynamic separation bubble alternately forms and col-
lapses on the pressure and suction surfaces. When the mean inci-
dence is increased to 4 and 12 deg, the instantaneous incidence is
positive through the entire airfoilmotion, and the pressuresurface is
no longer prone to separation during the oscillation.This results in
reduced pressure surface unsteady loading magnitude. Aft of 10%
chord, the unsteady loading magnitude increases with increasing
mean incidence, attributed to increased steady loading.

On the suction surface, increasing the mean incidence also de-
creases the leading-edge unsteady pressure magnitude but not as
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Fig. 8 Pressure surface � rst harmonic unsteady pressure coef� cient
distribution: k = 3.0 and ¯ = 0 deg.

Fig. 9 Suction surface � rst harmonic unsteady pressure coef� cient
distribution: k = 3.0 and ¯ = 0 deg.

pronounced as on the pressure surface. At zero mean incidence,
� ow symmetry dictates that pressure and suction surfaces exhibit
the same response with a 180-degphase shift, thus, the high suction
surface leading-edge unsteady loading. The steady separation ex-
periments suggest that increasing the mean incidence to 4 deg, the
9%-chord-long leading-edge separation bubble grows and remains
present over a longer portion of the oscillation cycle, or no longer
completely collapses but only changes length during an oscillation

cycle, with this separation bubble damping the suction surface un-
steady surface pressure. Aft of 10% chord with a = 4 deg, the sep-
aration bubble no longer affects the unsteady pressure magnitude,
and the reduction seen in the unsteady pressure magnitude distri-
bution is attributed to steady loading. At a = 12 deg, the steady
separation bubble extends to approximately 37% chord, resulting
in the increase in unsteady loading magnitude between 10 and 37%
chord. Between 37 and 65% chord, the unsteady pressure magni-
tude falls off rapidly due to a combinationof separation and steady
loading effects. Discontinuities in the unsteady pressure phase that
are absent from the pressuresurface data appearnear the steadysep-
aration bubble reattachment points, supporting the hypothesis that
these discontinuitiesare the result of separation.

Figures 10 and 11 show the � rst harmonic unsteady pressure dif-
ference data at k =3 and b = 90 and 180 deg. These cascades are
subresonant, that is, waves decay exponentiallywith distance from
the oscillating airfoil row. The trends in the unsteady pressure dif-
ference magnitudeand phase data follow those of the superresonant
case. The unsteady pressure magnitudes increase with increasing
interblade phase angle over the entire airfoil surface. Agreement
between these subresonantdata and linear theory is not as satisfac-
tory as in the superresonantcase. The unsteady pressure difference
magnitudes aft of 10% chord are overpredicted in all cases, with
this overprediction increasing with interblade phase angle. As in
the superresonant case, the leading-edge region unsteady pressure
differencemagnitudesare signi� cantly underpredictedat a =0 deg,
with predictions improving with increasing mean incidence.

The nonlinearunsteady aerodynamicresponseat higher harmon-
ics of the oscillation frequency is now examined. The chordwise
bending oscillatingairfoil resonant drive system is designed to pro-
videpurelyharmonicmotionat a discretefrequency.However, small
amplitude higher harmonics of the forcing frequencyare present in
the airfoil motion. The magnitudes of these higher harmonic mo-
tions are less than 1% of the fundamental airfoil motion magni-
tude at all frequencies and mean incidence angles with the excep-
tion of the second harmonics at a =4 and 12 deg, which are 4
and 9%, respectively.Thus, any airfoil loading responseat frequen-
cies other than the fundamental are attributed to nonlinear system
response.

Figures 12–14 show � rst, second, third, and fourth harmonic
(n = 1, 2, 3, 4) airfoil pressureand suctionsurfaceunsteadypressure

Fig. 10 First harmonic unsteady pressure difference coef� cient distri-
bution: k = 3.0 and ¯ = 90 deg.
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Fig. 11 First harmonic unsteady pressure difference coef� cient distri-
bution: k = 3.0 and ¯ = 180 deg.

Fig. 12 Harmonic unsteady pressure coef� cient magnitude distribu-
tion: ® = 0 deg, k = 3.0, and ¯ = 0 deg.

coef� cientmagnitudesat k =3 and b =0 deg at mean incidencean-
gles of 0, 4, and 12 deg.

At a = 0 deg, signi� cantly higher harmonic loadings are present
on both the pressure and suction surfaces near the leading and trail-
ing edges,with minimallyhigherharmonic responsenear midchord.
The largest higher harmonic loading is seen near the airfoil leading
edge, where the formation of a dynamic leading-edge separation
bubble is expected.Additionalhigherharmonic activity is seen near
the trailing edge and may be due to trailing-edge separation.

Increasing a to 4 deg results in suction surface loadings that
are similar to those for a =0 deg, with magnitudes at all harmonics
reducedover the entire chord. Again, leading-edgehigherharmonic
loadings are highest due to the separated � ow. As expected, there is
minimally higher harmonic response on the pressure surface where
dynamic separation has been eliminated at positive incidence.

Further increasing the steady loading to a =12 deg, the suction
surface higherharmonic loadingmagnitudedata differ considerably
fromthoseat a =0 and4 deg.Higherharmonicloadingsat theairfoil
leading edge are diminishedwhereas loadingsbetween 10 and 40%
chord increase considerably.At this high mean incidence, a steady
separation bubble on the airfoil suction surface extends to 31%

Fig. 13 Harmonic unsteady pressure coef� cient magnitude distribu-
tion: ® = 4 deg, k = 3.0, and ¯ = 0 deg.

Fig. 14 Harmonic unsteady pressure coef� cient magnitude distribu-
tion: ® = 12 deg, k = 3.0, and ¯ = 0 deg.

chord. Dynamically, it is expected that this 31%-chord-long sep-
aration bubble advances and retreats along the suction surface in
this region, introducing substantial higher harmonic loading. On
the pressure surface, as at a = 4 deg, minimally higher harmonic
loadings are observed.

The unsteady lift coef� cient provides an overall measure of the
effect of cascade unsteady aerodynamics on the airfoil loading:

D CL = D L / q 0U
2 (7)
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Fig. 15 Unsteady lift coef� cient through one oscillation cycle: k = 3.0
and ¯ = 0 deg.

where D L is the airfoil instantaneous lift minus the time mean lift,
positive upward.

Figure 15 shows the instantaneous unsteady lift coef� cient over
one cycle of motion at k =3, b = 0 deg, and mean incidence angles
of 0, 4, and 12 deg. Both themeasured lift and the lift due only to � rst
harmonic unsteady loading are shown, with the lift loops traversed
counterclockwiseas time progresses.Mean incidence signi� cantly
affects the oscillatingairfoil unsteady lift. As the mean incidence is
increased, the envelope of unsteady lift increases, indicated by the
increasing lift loop size. This demonstrates the coupling between
steady loading and the unsteady aerodynamics.Note that, unlike an
airfoil oscillating in torsion, lift decreases with increasing instanta-
neous leading-edgeincidence and increaseswith decreasing instan-
taneous incidence.This suggests that the airfoil camber change due
to the chordwise bending motion dominates the effect of increased
leading-edge incidence. As the airfoil leading edge pitches up, the
trailing edge pitches up an equal amount, thereby inducing nega-
tive camber in the instantaneous airfoil shape. Despite the positive
incidenceat the leadingedge, negative lift is inducedby the negative
camber. As the airfoil leading edge pitches down, leading-edge in-
cidence is reduced, but the airfoil motion produces positive camber
that increases lift.

The shape of the lift loops also change with increasing mean in-
cidence. At a =0 deg, symmetry exists between the positive and
negative instantaneous incidence portions of the lift loop. This is
due to the role reversal of the airfoil pressure and suction surfaces
discussed earlier. The a =0 deg data also show a relatively smooth
transition from increasing to decreasing lift and vice versa near
the limits of blade travel. Increasing the mean incidence to 4 deg
destroys the lift loop symmetry, as expected.The transitionfrom in-
creasing to decreasing lift as the airfoil moves through its minimum
instantaneous incidence becomes smoother, whereas the transition
from decreasing to increasing lift at maximum instantaneous inci-
dence becomes more abrupt. This may be due to the suction surface
leading-edge separation bubble forming and collapsing near max-
imum incidence and the lach of separation bubble near minimum
incidence. Increasing a to 12 deg, this trend is further exaggerated,
with an abruptchangefrom decreasingto increasinglift now present
at maximumincidence.The change in characterof the lift loopscon-
taining all harmonics of airfoil response is not seen in the elliptical
� rst harmonic lift loops, thereby demonstrating the inability of a
� rst harmonic analysis to capture nonlinear separation events.

Conclusions
A series of experiments was performed directed at investigat-

ing and quantifying the effects of off-design conditions, including
mean � ow incidence and suction surface leading-edge region � ow

separation,on chordwisebendingmode unsteadyaerodynamics.An
in� uence coef� cient technique was used wherein a single airfoil in
the cascade was forced to oscillate in a chordwise bending mode,
accomplished with a piezoelectric crystal-based drive system. The
resulting unsteady surface pressures on the oscillating airfoil and
its stationary neighbors were measured, the unsteady aerodynamic
in� uence coef� cients determined, with the cascade unsteady aero-
dynamics de� ned through a vector summation. Unsteady aerody-
namic data were obtained over a range of reduced frequencyvalues
and mean � ow incidence angles, with the effects of steady loading
and leading-edgeseparationexamined.The � rst harmonic unsteady
surface loadings were correlated with linear theory.

A peak in the � rst harmonic unsteady loading magnitude that
diminishes with increasing mean incidence occurs near the lead-
ing edge. At both 4- and 12-deg mean incidence, a suction surface
discontinuity in the phase of the � rst harmonic unsteady loading
occurs near the leading-edge separation bubble reattachment posi-
tion. Agreement between data and linear theory unsteady loading
aft of 40% chord is good but exhibits dependence on the cascade
mode, being better when the cascade is superresonantthan when it
is subresonant.

Higher harmonic loadings of signi� cant amplitude are limited to
the leading-edge region for 0- and 4-deg mean incidence, whereas
signi� cant higher harmonic loadings extend to nearly 40% chord
at 12-deg mean incidence. Also, camber effects dominated the un-
steadylift characteristicsof thechordwisebendingoscillatingairfoil
cascade.

At a = 0 deg, a small leading-edgeseparationbubble persists for
a portionof the airfoil chordwisebendingmotion.By the increaseof
the mean incidenceto 4 deg, the separationbubbleno longerappears
on the airfoil pressure surface whereas the suction surface separa-
tion bubble grows slightly and/or persists for a longer portion of the
oscillation cycle. At a = 12 deg, the suction surface leading-edge
separation bubble persists over the entire airfoil motion cycle and
advances farther along the chord. The leading-edgeseparationbub-
ble both introducesnonlinearhigher harmonic responseand distorts
the � rst harmonic response to the chordwise bending oscillations.
Also, increasing the mean incidence also increases the steady aero-
dynamic cascade loading.
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