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Experiments are performed in a research compressor directed at investigating the aerodynamic damping un-
steady aerodynamics of a rotor blade row. Speci� cally, the torsion mode unsteady aerodynamics of the � rst-stage
rotor of a research compressor are investigated and quanti� ed, including the effects of oscillation amplitude and
steady aerodynamic loading. An experimental in� uence coef� cient technique is implemented in conjunction with
a unique torsion mode drive system that provides rotor blade torsion mode oscillations without other motor drive
systems. The oscillatingairfoil surface unsteady pressure in� uence coef� cient data are acquired with dynamicpres-
sure transducers embedded in the rotor blades. The resulting rotor blade aerodynamic damping oscillating airfoil
data are then correlated with a linear theory prediction. In general, the unsteady pressure in� uence coef� cient
data decay rapidly with increasing distance from the reference blade, with different in� uences on the pressure and
suction surfaces. Oscillation magnitudeand steady loadinghave a signi� cant effect on both the in� uence coef� cient
data and the equivalent all-airfoils-oscillating unsteady pressure data.

Nomenclature
NC p = steady pressure coef� cient
NCnC

p = � rst harmonic unsteady pressure in� uence coef� cient
for nth blade oscillating

c = rotor blade chord
g = gravitationalacceleration
l = length of cylindrical joint lever arm
n = rotor blade number or harmonic number
NP = rotor blade surface steady pressure
NPe;c = corrected rotor blade exit midspan static pressure
p = time-variant rotor blade surface pressure
pC = � rst harmonic unsteady pressure, psi
U = rotor blade midspan wheel speed
NVx = mean axial velocity, determined by venturi ori� ce

meter
NW = mean rotor inlet relative velocity
Ny = half height of the cam follower rise
®0 = time-variant rotor blade angular position
N® = real-valued torsion oscillation magnitude or mean

absolute � ow angle
®C = complex-valued torsion oscillation amplitude
1CnC

p = � rst harmonic unsteady pressure difference in� uence
coef� cient for nth blade oscillating

1CC
p = � rst harmonic unsteady pressure difference coef� cient

1 NC p = steady differential pressure coef� cient
1pnC = reference blade � rst harmonic unsteady pressure

difference for nth blade oscillation, psi
1pC = � rst harmonic unsteady pressure difference, psi
½ = mean density of air
¾ = interblade phase angle
Á = steady � ow coef� cient, NVx =U
! = rotor blade oscillation frequency or forcing function

frequency, rad/s

Introduction

H IGH-CYCLE fatigue (HCF) of turbomachine blade rows is
caused by � ow-induced vibrations, with rotor blades particu-
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larly susceptible because of the large mean stresses from centrifu-
gal forces. For � utter, a self-excited vibration, the unsteady aero-
dynamic forces acting on the blading are dependent only on the
motion, that is, the blade displacement, velocity, and/or accelera-
tion, with the � ow� eld supplying the energy to sustain that motion.
Forced vibrations are externally excited blade vibrations in which
the unsteady aerodynamic forces that cause the blade motion are
independent of that motion.

The unsteady aerodynamics associated with � utter is analyzed
by considering a harmonically oscillating cascade to determine the
motion-induced unsteady aerodynamics or aerodynamic damping.
With regard to forced response,theunsteadyaerodynamicbladerow
response to a forcing function comprises two components: the gust
response and the aerodynamicdamping. With mechanical damping
considerably reduced in advanced rotor designs, the aerodynamic
damping determines the response level. Thus, it is important to in-
vestigate and quantify the motion-induced unsteady aerodynam-
ics, the aerodynamic damping, for both � utter and � ow-induced
vibrations.

Unsteadyaerodynamicmodeling is continuallyimproving, large-
ly due to the rapid technologicaladvancementsin computingpower
and ef� ciency. However, the validity of the physical and mathe-
matical assumptions inherent in these models, their limitations, and
range of applicability have yet to be established. For the most part,
new models are veri� ed by correlating predictions with those of
simpler models or with lightly loaded thin airfoil cascade data. This
is due to the lack of appropriatedata for model veri� cation, to deter-
mine necessary enhancements to current models, and to direct the
development of advanced ones. Also, the increased level of model-
ing from linearizedanalysesto Navier–Stokes methods is accompa-
niedby theneedfor signi� cantlyincreasedcomputationalresources.
Thus, the establishment of the applicability and the limitations of
the various models is also necessary to determine the most ef� cient
analysis for a particular application.

Limited aerodynamic damping oscillating cascade data exists,
with these experiments directed at � utter, even though these aero-
dynamic damping data are also of signi� cance to forced response.
This is due to the fundamental differences in aerodynamic damp-
ing for � utter and forced response. For � utter, the issue is stability,
with the aerodynamic damping needed over the complete range of
interblade phase angles, requiring extensive experimental time and
complex and expensive airfoil drive systems. For forced response,
vibration amplitude is key, with the aerodynamicdamping required
at a particularinterbladephaseanglevaluedat a frequencymatching
that of the forcing function.
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The dif� culty in oscillating a cascade of airfoils at a constant
interblade angle has been overcome by an experimental in� uence
coef� cient technique.1 The unsteady aerodynamics of the airfoil
row oscillating at a constant interblade phase angle are obtained
by means of in� uence coef� cients in which only a single airfoil
is oscillated, with the airfoil response measured on the oscillating
airfoil and its stationary neighbors.

Linear cascades are, however, subject to endwall effects that can
contaminate the oscillatingcascadedata.2 Although able to be over-
come, often with a great deal of effort, this dif� culty is not present
in a compressor blade row. Oscillating blade row unsteady aero-
dynamics was investigated in an isolated low-speed rotor, with the
blades oscillated with a constant amplitude at different interblade
phase angles.3 However, even though the amplitude of oscillation
was small, the correlationof these data with linear theory4 was poor
as a result of leading-edge separation that was not modeled.

Thus, it is important to investigate and quantify the motion-
induced unsteady aerodynamicsor aerodynamicdamping of realis-
tic airfoil con� gurations without endwall effects. For these unique
data to be appropriate for both � utter and forced response model
veri� cation and direction, the effects of blade oscillationamplitude
and steady loading over the complete interblade phase angle range
must be considered.

This paper addresses these needs, describing experiments per-
formed in a low-speedresearchcompressordirectedat investigating
the aerodynamic damping unsteady aerodynamics of a rotor blade
row. Speci� cally, the torsion mode unsteady aerodynamics of the
� rst-stage rotor are investigated and quanti� ed, including the ef-
fects of oscillation amplitude and steady aerodynamic loading. An
experimental in� uencecoef� cient technique is implementedin con-
junctionwith a unique torsionmode drive systemthat providesrotor
blade torsion mode oscillations without other motor drive systems,
that is, as long as the compressor is operating the mechanism oscil-
lates a rotor blade. The oscillatingairfoil surface unsteady pressure
in� uence coef� cient data are acquiredwith dynamic pressure trans-
ducers embedded in the rotor blade. The resulting oscillatingairfoil
data are then correlated with linear theory.

Experimental In� uence Coef� cient Technique
The unsteady aerodynamicsof the blade row oscillatingat a con-

stant interblade phase angle is obtained by means of in� uence co-
ef� cients in which a single instrumented airfoil, n D 0, and its ad-
jacent airfoils (Fig. 1) are individually oscillated. The in� uence of
the nth blade oscillation is measured on the instrumented reference
airfoil as an unsteady aerodynamic in� uence coef� cient 1CnC

p .x/.
Then, Eq. (1) determines the unsteady aerodynamics of an equiv-
alent blade row oscillating at a constant interblade phase angle ¾ .
Because this in� uence coef� cient technique involves the oscillation
of a � nitenumberof blades,thedrivesystemcostand complexityare
minimized.However, a disadvantageof this techniqueis the 2N ¡ 1
increase in experimental time required to individuallyoscillate each
blade (n D ¡N; : : : ; 0; : : : ; N ). Here,

1CC
p .x; ¾ / D

NX

n D ¡N

1CnC
p .x/ein¾ (1)

Fig. 1 Compressor bladerow
with instrumented oscillating
reference blade.

Table 1 Airfoil and compressor characteristics

Inlet guide
Airfoil type vane Rotor Stator

Number of airfoils 36 43 31
Chord C , mm 30 30 30
Solidity 0.96 1.14 1.09
Camber 2, deg 36.9 28.0 27.7
Stagger angle ° , deg 21.0 36.0 ¡36.0
Aspect ratio 2.0 2.0 2.0
Thickness/chord, % 10 10 10
Reynolds number, £ 105 6.3 6.3 5.0

Table 2 Additional rotor characteristics

Parameter Value

Design � ow rate, kg/s 2.03
Design axial velocity, m/s 24.38
Design rotational speed, rpm 2250
Number of stages 3
Design stage pressure ratio 1.0
Inlet tip diameter, mm 420.0
Hub/tip radius ratio 0.714
Stage ef� ciency, % 85

where 1CC
p .x; ¾ / and 1CnC

p .x/ are the � rst harmonic unsteady
pressure difference coef� cient and in� uence coef� cient for the nth
rotor blade oscillating.

Research Compressor
The Purdue Axial Flow Research Compressor models the funda-

mental turbomachineryunsteady aerodynamicphenomena, includ-
ing the incidence angle, the velocity and pressure variations, the
reduced frequency,and the rotor and stator row geometries and � ow
conditions. The compressor is driven by a 15-hp dc electric mo-
tor at a speed of 2000 rpm. Each identical stage contains 43 rotor
bladesand 31 statorvanes havinga British C4 airfoil pro� le. Table 1
presents the relevant compressor characteristics. Table 2 provides
additional rotor characteristics.

Rotor Blade Oscillations
The rotor blade torsion mode drive system consists of three com-

ponents: the blade assembly, the cam follower assembly, and the
cam (Fig. 2). As the compressor rotates, the cam follower rides
along the sinusoidal surface of a stationary cam, and its linear mo-
tion is translated into rotary motion via a lever arm � xed to the rotor
blade. The elegance of this system is that the pitching motion of the
rotor blades is achieved without employing any other motor drive
systems: The mechanism oscillates the rotor blade as long as the
compressor is operating.Also, the sinusoidal cam surface produces
a single frequency harmonic motion.

The angular de� ection amplitude for these experiments is 10-deg
or less. Hence, the rotor blade torsion motion ®0.t/ is

®0.t/ »D . Ny= l/ sin !t D N® sin !t (2)

Becausefour rotorbladesare instrumentedwith dynamicpressure
transducers, rotor blades designatedn D ¡ 2; ¡1; 0, and 1 are indi-
viduallyoscillated(Fig. 3). This is accomplishedwith four identical
mechanisms operated simultaneously.Individual blade oscillations
are accomplished by indexing the endplate with the cam follower
assemblies to the appropriate blades. First, the inner parts of the
rotor blade assembly are indexed to the particular blades to be os-
cillated.Then, the plate is engaged by rotating the endplateuntil the
cylindrical joint slips onto the cam follower shaft slot. Cams with
different vertical heights vary the torsion mode amplitude.

Instrumentation and Data Acquisition
The instantaneous motion of the oscillating rotor blades ®0.t/ is

determined by a precision rotary potentiometerwith voltage output
linearly proportional to angular position. These data are accurate to
within 0.15 deg.
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Fig. 2 Schematic of rotor blade oscillation mechanism.

Fig. 3 Rotor instrumentation.

The inlet � ow� eld to the � rst-stagerotor is measured with a rotat-
ing crosshot wire mountedat blademidspan,18.8% chord upstream
of the blade leading edge and 65.5% span circumferentiallyfrom an
adjacent rotor blade. The hot wire is calibrated for velocities rang-
ing from 100 ft/s (30.5 m/s) to 200 ft/s (61.0 m/s) and � ow angles
ranging from ¡40 to C40 deg, with the velocity and � ow angle
uncertainty estimated to be 5% and §0.5 deg.

The � rst-stagerotorblade steadyaerodynamicloadingis obtained
with a rotor-based Scanivalve transducer system. Two blades are
instrumented with 10 midspan static pressure taps, one pressure
surface, and one suction surface. The rotor blade unsteady aerody-
namics is obtained with 20 ultraminiature high-response pressure
transducers installed at midspan on four blades. These transducers
can operate to 10,000 g steady accelerationand 100 g of 2-kHz dy-
namic acceleration.Thus, the transducersare suitable for the steady
rotating (1018 g) and dynamic (50 g at 66.67 Hz) environments of
these experiments.To minimize the possibilityof � ow disturbances
associated with the inability of the transducer diaphragm to main-
tain exactly the surface curvature of the blade, a reverse mount-
ing technique is utilized. The transducers are calibrated statically
and dynamically, with the static calibration uncertainty estimated
to be §4%. Dynamic calibration for frequencies ranging from 40
to 2700 Hz revealed a maximum gain and phase error of §0.60 dB
and §1.5 deg.

A computer-controlleddigital data acquisition and analysis sys-
tem is based on the detailed instrumentation shown in Fig. 3. The
rotor-based steady and unsteady data are transmitted to the station-
ary reference frame through a mercury-wetted slip ring. Low noise
to signal ratio is achievedby amplifying the low-amplitudedynamic
pressure voltages 200 times.

The steady data are determined by averaging 100 samples of the
Scanivalvepressuresignalsand 200 samplesof the hot-wire signals.
Uncertainties in the mean values are calculated from the Student-t
95% con� dence distribution. The time-variant cross hot wires and
dynamic pressure transducer signals are remotely multiplexed and
then ampli� ed before being digitized. An optical trigger mounted
on the compressor shaft controls the acquisitionof the time-variant
signals.

The rotor blade loading is characterized by a steady pressure
coef� cient NC p.x/:

NC p.x/ D [ NP.x/ ¡ NPe;c]
¯

½ NW 2
adj (3)

where NP.x/ is the rotor blade surface steady pressure, NPe;c is the
corrected rotor blade exit static pressure for midspan, and NWadj is
the mean rotor inlet relative velocity adjusted for the rotor blade
potential � eld.
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The rotor blade torsion mode unsteady aerodynamics are char-
acterized by the unsteady pressure in� uence coef� cients [Eqs. (4)
and (5)] and the equivalent all-blades-oscillating unsteady pressure
coef� cients [Eqs. (6–8)]:

C nC
p .x/ D pnC.x/=½ NW 2®C (4)

1pnC.x/ D pnC
ss .x/ ¡ pnC

ps .x/ (5)

where pnC is the reference blade � rst harmonic unsteady pressure
in� uence for the nth blade oscillating and ½ NW 2 is the mean rotor
relative dynamic pressure. Hence,

1CnC
p .x/ D C nC

ss .x/ ¡ CnC
ps .x/ (6)

CC
p .x; ¾ / D

NX

n D ¡N

CnC
p .x/ein¾ (7)

1CC
p .x; ¾ / D

NX

n D ¡N

1CnC
p .x/ein¾ (8)

where CC
p is the � rst harmonic unsteady pressure coef� cient.

The � rst harmonic unsteady lift and moment coef� cients are de-
termined from the rotor blade surfaceunsteadypressuredifferences:

CC
l¤ D 1

1c

Z 81:0%c

5:5%c

1CC
p¤ dx

CC
m¤ D 1

.1c/2

Z 81:0%c

5:5%c

1CC
p¤.xea ¡ x/ dx (9)

where

1CC
p¤ D

PC
ss ¡ PC

ps

½ NW 2.®C= N®/

and 1c D 81:0%c ¡ 5:5%c.

Results
Experiments are performed in a research compressor directed at

investigating and quantifying the aerodynamic damping unsteady
aerodynamics of the � rst-stage rotor, including the effects of os-
cillation amplitude and steady aerodynamic loading. The resulting
steady and unsteady aerodynamic data are correlated with linear
theory predictions.

Steady Pressure Data

The effect of steady loading on the rotor blade surface steady
pressure distribution is shown in Fig. 4. Also presented are predic-
tions from the incompressibleinviscid small camber airfoil cascade
analysis INCMCSCD.5

The steadypressuredistributionis a functionof the steadyloading
only, as de� ned by the mean � ow incidenceangleor � owcoef� cient.
The steady pressure on both rotor blade surfaces is affected by the
loading level predominantly in the front half chord region, with the
pressure surface steady pressure increased and the suction surface
steady pressure decreased in this region. Increased steady loading
results in increasedsteady pressuredifferenceover the entire airfoil,
particularlyin the front half chord region. Overall, these steady data
agree well with the INCMCSCD predictions, except in the leading-
edge region, where the steady pressure gradient correlation is poor.
The INCMCSCD analysis correctlypredicts the chordwise location
of the maximum pressuredifferenceat the low steady loading level,
but not at the high steady loading level. The correlation at the high
steady loading level is not as good.

Rotor Blade Torsion Motion

Figure 5 shows the 10-degoscillationamplitudehigh steady load-
ing airfoil motion imparted to the four instrumented rotor blades by
the drive system. The drive system imparts a predominantly � rst

Fig. 4 Rotor blade surface steady pressure distributions.

Fig. 5 Rotor blade 10-deg torsion oscillation amplitude, high steady
loading.

harmonic torsion mode oscillation to the rotor blades, with the sec-
ond harmonic less than 3.5% and the third harmonic less than 10.7%
of the � rst harmonic.

First Harmonic In� uence Coef� cients

Figure 6 shows theeffectof oscillatingbladepositionon the refer-
ence blade suction surface unsteady pressure in� uence coef� cients
for oscillating blades in position from n D ¡2 to C1. In general,
the aerodynamic in� uence of the oscillating blade decays rapidly
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Fig. 6 Oscillating blade position effect on suction surface in� uence
coef� cient magnitude.

Fig. 7 Oscillating blade position effect on pressure surface in� uence
coef� cient magnitude.

with increasing distance from the reference blade. The n D ¡1 and
C1 blades generate aerodynamic in� uences of the same magnitude
on the reference blade, but affect different chordwise regions. The
n D ¡1 blade oscillation affects the reference blade leading-edge
region, whereas the n D 1 blade oscillation in� uences the trailing-
edge region. This is due to the n D ¡1 blade being closer to the
referenceblade leading edge, whereas the n D C1 blade is nearer to
the trailing-edge region. Also, there are strong effects of both os-
cillation amplitude and steady loading on the n D 0 reference blade
self-in� uence pressure coef� cient data. However, the effects of tor-
sion oscillation amplitude are smaller than those of steady loading
when the blades adjacent to the reference blade are oscillating.

The effect of blades in position from n D ¡2 to C1 oscillating
on the referenceblade pressure surface in� uence coef� cients is pre-
sented in Fig. 7. The reference blade pressure surface data decrease

Fig. 8 Oscillating bladepositioneffect onunsteadypressure difference
in� uence coef� cient magnitude.

in magnitude with increasingdistance from the reference blade, but
less rapidly than on the suction surface. The oscillation amplitude
has a greater in� uence on the pressure surface than on the suction
surface. Also, steady loading effects are prevalent on the reference
blade for each oscillating blade position.

Figure 8 shows the effect of oscillating blade position on the
reference blade unsteady pressure difference in� uence coef� cients.
These reference blade data are affected differently by oscillating
blades in different positions. In general, the pressure difference in-
� uence is largest for the n D 0 reference blade self-in� uence data,
with the in� uence rapidly decreasing with increased distance be-
tween the oscillatingrotor blade and the referenceblade.The effects
of oscillation amplitude are large with the reference blade oscillat-
ing,but smaller forotherbladesoscillating.However, steadyloading
effects are evident for each blade oscillating.

Also presented in Fig. 8 are predictions of the unsteady pres-
sure difference in� uence coef� cients determined from LINSUB, a
compressible � at plate cascade analysis.6 The reference blade un-
steady pressure difference in� uence coef� cients correlate relatively
well with LINSUB for blades n D 0; 1; and ¡1, but not as well for
n D ¡2. Note the improved correlationat low steady loadinglevels.
In addition, the correlation is better for the lowest amplitude of os-
cillation, 3.5 deg, especially in the front half chord region for blade
n D 0 oscillating.This is due to the stagger angle input to LINSUB
matching the inlet � ow angle and the low oscillationamplitudebest
matching the assumptions of LINSUB, that is, small perturbations
and low steady loading.The correlationis poorer in the aft chord re-
gion for blade n D 0 oscillatingbecause camber and steady loading
effects are present and not accounted for by LINSUB and because
the analysis stagger angle no longer matches the local real blade
� ow angle.

Equivalent All Airfoils Oscillating Unsteady Aerodynamics

The number of blades to be oscillated to obtain equivalent all-
airfoil-oscillatingdata per Eq. (1) was experimentally investigated.
As shown in Fig. 9, the unsteady lift requires four terms, including
the n D ¡2 to C1 blade oscillations to de� ne the � ve-term n D ¡2
to C2 summation within 0.6% and 3-deg phase shift for the 101
case and within 1.7% and 1-deg phase shift for the 5-deg oscillation
amplitude. However, the unsteady moment coef� cient is closest to
the � ve-term summation with only three blades oscillating in posi-
tion from n D ¡1 to C1. The three-term summation magnitude is
within 0.23% with less than 9-deg phase shift for the 10-degoscilla-
tion amplitude and within 1.1% with 7-deg phase shift for the 5-deg
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oscillation amplitude. The primary reason for the n D 2 blade hav-
ing such a reduced effect on the overall unsteady aerodynamics is
that the aerodynamic in� uence from blades above the reference
airfoil, n D 1 and 2, is largely over the aft portion of the refer-
ence airfoil, where the unsteady pressures are of low magnitude.
Conversely, the aerodynamic in� uence of blades oscillating in po-
sitions below the reference airfoil is largely over the leading-edge
region,wheretheunsteadyaerodynamicpressuresare large.Thus, in
these experiments,only blades fromn D ¡2 to C1 were individually
oscillated.

Equivalent All-Airfoils-Oscillating First Harmonic Data

Figures 10 and 11 show the effect of oscillation amplitude and
steady loading on the suction surface, pressure surface, and pres-
sure difference magnitude and the phase data for the equivalent
rotor row with all blades oscillating for an interbladephase angle of
¡16.74 deg and reduced frequency k D 0:282 at low steady loading
and k D 0:290 at high steady loading level.

There is a pronouncedeffect of oscillatingamplitude on the pres-
sure surface unsteady pressure. Namely, a region of large unsteady
pressure is evident over the front half of the rotor blade, whose size
is largelydependenton oscillationamplitude.At the 3.5-degoscilla-
tion amplitude, the region of large unsteadypressureoccurs over the
front 20% chord followed by a region of reduced unsteady pressure

Fig. 9 Effect of in� uence terms on unsteady lift and moment.

Fig. 10 Equivalent all-airfoils-oscillating unsteady pressure data at low steady loading.

over the next 20% chord. A 5-deg oscillationamplitude extends this
region to 40% chord,and a 10-degoscillationamplitudeextendsthis
region farther to 55% chord. At all three oscillationamplitudes, the
pressure surface unsteady pressure is small and relatively constant
beyond this region (Fig. 11). Steady loading reduces the region of
large unsteady pressure. The oscillation amplitude affects the un-
steady pressure phase when the value is changed from 3.5 to 5 deg,
with no effect when the oscillatingamplitude is increased to 10 deg.
Increased steady loading causes a large phase response over the aft
chord region.

Both the oscillation amplitude and the steady loading affect the
entire suction surface, but these effects are smaller than on the pres-
sure surface. In the leading-edge region, the unsteady pressure de-
creases with increased oscillation amplitude and increased steady
loading. Over the front 20% chord, steady loading has a larger ef-
fect on the unsteady pressuremagnitude than oscillationamplitude.
However, oscillation amplitude effects dominate in the midchord
region. Here the unsteady pressure decreases, with the decrease
being more rapid with increased oscillation amplitude. The mini-
mum unsteadypressureoccursat 72% chord for 3.5-deg,65% chord
for 5-deg oscillation amplitude and 40% chord for 10-deg oscilla-
tion amplitude at low steady loading. The effect of steady loading
on this minimum is mixed. Large effects of oscillationamplitudeon
the suction surface phase data are evident, with a large shift in suc-
tion surface phase occurring earlier across the chord with increased
oscillation magnitude. In contrast, steady loading delays the onset
of the sudden suction surface phase shift.

With regard to the unsteady pressure difference, the effects
of oscillation amplitude and steady loading seen on the individ-
ual airfoil surfaces are manifest. The primary effect of increased
oscillationamplitudeis to decreasethe unsteadypressuredifference
in the leading-edgeregion. Increasedoscillationamplitudealso sup-
presses the local unsteadypressuredifferenceincreaseat 45% chord
for 3.5 and 5 deg of oscillation. Increased steady loading results in
decreased unsteady pressure difference over the front half chord.
The effects of oscillationamplitude and steady loading are also evi-
dent on the unsteady pressure differencephase. Over the front 40%
chord, the phase is relatively constant for the 5- and 10-deg oscil-
lation amplitudes, but linearly increase for the 3.5-deg oscillating
amplitude.However, aft of 40% chord, the phase is affectedby both
the steady loading and oscillation amplitude.
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Fig. 11 Equivalent all-airfoils-oscillating unsteady pressure data at high steady loading.

Figures 10 and 11 also show the correlation of the 3.5-, 5-, and
10-deg oscillation amplitude, all-airfoil-oscillatingdata with LIN-
SUB predictionsfor low andhighsteady loading.Note that in pertur-
bation analyses such as this, the magnitude of the unsteady aerody-
namics is linearly proportional to the oscillation amplitude. Hence,
there is only one prediction for all three oscillation amplitudes at
a particular steady loading. The unsteady pressure difference data
generallycorrelatewell with LINSUB in trend,but a higherdecrease
in magnitude is predicted along the front half chord and a lower de-
crease in magnitude over the aft chord region. The large shift in
the phase data over the aft chord region is not predicted. Overall,
the 3.5-deg oscillation amplitude data at low steady loading corre-
late the best. However, the chordwise magnitude and phase data do
not match the predictions because, even at low steady loading with
small perturbations,the rotor blade camber causes steady lift that is
not considered.

First Harmonic Unsteady Lift and Moment Coef� cients

The linearity of the oscillating airfoil unsteady aerodynamics is
addressed by considering the effect of oscillation amplitude on the
unsteady lift and moment at low steady loading. The phase of the
lift and moment in� uence coef� cients should be constantwith oscil-
lation amplitude because it is nondimensionalizedby the complex
blade motion. The magnitudes of the lift and moment coef� cients
are nondimensionalizedby the rotor relative dynamic pressureonly
and, thus, should increase linearly with increasing oscillation am-
plitude N®, as indicated by a linear reference line extended from zero
oscillation amplitude to the low oscillation amplitude data.

Figure12 shows theeffectof oscillationamplitudeon the � rst har-
monic unsteady lift in� uence coef� cient magnitude and phase. For
blade n D 0 oscillating, the phase data are relatively constant as the
oscillation amplitude is increased, in agreement with linear theory.
With blades in other positions oscillating, the unsteady lift phase
data shifts 30 deg or less between the 3.5- and 5-deg oscillationam-

Fig. 12 Oscillation amplitude effect on unsteady lift.

plitudes, but is relatively constant between the 5- and 10-deg oscil-
lationamplitudes.However, the lift magnitudedata exhibit different
behavior.The 5- and10-degoscillationamplitudelift in� uencecoef-
� cients are consistentlysmaller than the linear magnitude reference
line extended from the 3.5-deg oscillationamplitude, except at low
values of lift magnitudes for blades oscillating in positions n D ¡2
and 1. The n D ¡2 oscillating blade in� uence magnitude data are
linear for all oscillation amplitudes. Also, summing the in� uence
coef� cients from blades n D ¡2 to 1 for lift, the nonlinearities in
the in� uence coef� cients magnitudes offset one another, with the
equivalent all-airfoils-oscillating unsteady lift magnitudes deviat-
ing less from the linear line extended from the 3.5-deg oscillation
amplitude. Clearly, nonlinear response is encountered for blades
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oscillating at amplitudes larger than 5 deg. Note that, although the
in� uence coef� cient technique is linear, nonlinearunsteadyaerody-
namic effects are captured in the experiments, that is, the in� uence
coef� cient technique is fundamentallya Fourier transform analysis
of nonlinear data and, as such, does not linearize the data.

The effect of oscillation amplitude on the equivalent all-airfoils-
oscillating blade row � rst harmonic instantaneous lift coef� cients
variation with instantaneous incidence is presented in Fig. 13. The
unsteady magnitude and phase effects are evident at the same time,
with the area of the instantaneouslift-incidencecurves correspond-
ing to the magnitudeand the ellipse skewness the phase.The arrows
on the individual loops indicate the direction of time. For linear un-
steady aerodynamics, the smaller oscillation amplitude data would
be enclosed within the larger oscillation amplitude results, with
the loop size proportionallylarger with increased oscillationampli-
tude. Clearly, the oscillation amplitude affects both the equivalent
all-airfoils-oscillating � rst harmonic lift data magnitude and phase.
Also, the � rst harmonic unsteady lift data are not linear at an oscil-
lation amplitude of 10 deg.

Higher Harmonic Unsteady Aerodynamics

Figure 14 presents the variation with instantaneous incidence of
the sum of � ve harmonics of the instantaneouslift coef� cients. Be-
cause the blade motion is essentially a � rst harmonic motion, the
sum of the � ve harmonics of the instantaneous lift data being sig-
ni� cantly different from the � rst harmonic implies that the oscil-
lating airfoil unsteady aerodynamics are nonlinear, that is, higher
harmonics are signi� cant. Also, the � ve-harmonic instantaneous

Fig. 13 Equivalentall-airfoils-oscillating� rst harmonicinstantaneous
lift with incidence.

Fig. 14 Equivalent all-airfoils-oscillating instantaneous lift variation
with incidence, � ve harmonics summed.

lift loops are very different from one another at the three oscillation
amplitudes.

Summary and Conclusions
Experimentswere performeddirectedat investigatingand quanti-

fying the aerodynamicdamping unsteadyaerodynamicsof the � rst-
stage rotor of a research compressor, including the effects of os-
cillation amplitude and steady aerodynamic loading. The resulting
rotor blade aerodynamic damping oscillating airfoil data were then
correlated with a linear theory prediction.

In general, the unsteady pressure in� uence coef� cient data de-
cayed rapidly with increasing distance from the reference blade,
with the in� uences different on the pressure and suction surfaces.
Signi� cant effects of oscillationamplitude and steady loading were
evident on the in� uence coef� cient data, as well as the equivalent
all-airfoils-oscillating unsteady pressure data.

Equivalentall-airfoils-oscillating unsteadypressuredata wereob-
tained by summing the in� uence coef� cient data for blades n D ¡2
to 1 oscillating. Although oscillation amplitude effects were evi-
dent on both blade surfaces, it had a larger effect on the pressure
surface magnitude. Steady loading had a signi� cant effect on all
of the equivalent all-airfoils-oscillating unsteady pressure data. In
general, increased oscillationamplitude and increased steady load-
ing resulted in reduced unsteady pressure response magnitude and
larger chordwise phase data shifts. Correlation with LINSUB pre-
dictions was relatively good. However, the chordwise magnitude
and phase unsteady pressure difference data did not match the pre-
dictions because this classical linear theory does not account for
blade camber or steady loading.

Analysis of the unsteady lift harmonics indicated a nonlinear
response in the oscillating blade row unsteady aerodynamics for
oscillation amplitudes greater than 5 deg. The unsteady lift from
individual blade oscillations exhibited a more nonlinear response,
which when summed to compute the equivalent oscillating blade
row unsteady lift showed an extended linear response region. The
nonlinear response resulted in a decreased � rst harmonic unsteady
lift at the higher oscillation amplitudes. These results indicate that
performing a � rst harmonic analysis may not be suf� cient to de-
termine oscillating airfoil aerodynamics for � utter and forced re-
sponse at high amplitudes of oscillation because signi� cant, higher
harmonic, nonlinear effects might be neglected.
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