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Combined/Simultaneous Gust and Oscillating
Compressor Blade Unsteady Aerodynamics

Kuk Kim Frey¤ and Sanford Fleeter†

Purdue University, West Lafayette, Indiana 47907

Experiments are performed in a three-stage axial � ow research compressor to investigate and quantify the si-
multaneous/combined gust- and motion-induced unsteady aerodynamic response of the � rst-stage rotor blades of
the compressor. The gust-response unsteady aerodynamics are experimentally modeled with a 2 per revolution
forcing function. The torsion mode unsteady aerodynamics is investigated utilizing an experimental in� uence coef-
� cient technique in conjunction with a unique drive system. Combined gust and oscillating unsteady aerodynamics
are obtained by the superposition of the oscillating blade row and the gust-response unsteady aerodynamics. Si-
multaneous gust- and motion-induced unsteady aerodynamic responses are obtained by driving the torsion mode
oscillation in the presence of the 2 per revolution forcing function. The effects of steady loading are quanti� ed.
Airfoil oscillation amplitude effects are also studied. The combined unsteady aerodynamics establishes superposi-
tion limitations at high oscillation amplitudes and high loading. In addition, the gust–blade motion phase angle is
identi� ed as a key parameter.

Nomenclature
CC

l = unsteady lift � rst harmonic
CC

m = unsteady moment � rst harmonic
CnC

p = � rst harmonic in� uence coef� cient,
nth rotor blade oscillating

OCC
p = unsteady pressure � rst harmonic

NCC
p .x/ = unsteady pressure coef� cient at location x

NP = rotor blade surface steady pressure
NPec = corrected static pressure at rotor midspan
pC = � rst harmonic unsteady pressure, psi
uC = � rst harmonic chordwise gust velocity
V = absolute � ow velocity
vC = � rst harmonic transverse gust velocity

Ny half-height of the cam follower rise
vC

v C p = measured transverse gust, vertical
and potential components

NW = mean rotor inlet relative velocity
®0 = time-variant rotor blade angular position
N® = real-valued torsion oscillation magnitude or mean

absolute � ow angle
®C = complex-valued torsion oscillation amplitude
1C p = unsteady difference pressure � rst harmonic
1CnC

p = � rst harmonic unsteady pressure
1p = � rst harmonic unsteady differential pressure
1pnC = reference blade � rst harmonic unsteady pressure
½ = mean air density
¾ = interblade phase angle

Subscripts

p = potential
v = vertical
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Superscripts

G = gust
M = oscillating blade motion
C = � rst harmonic

Introduction

F LOW-INDUCED vibrations, either forced response or � utter,
cause blade high-cycle fatigue, with rotor blades particularly

susceptible because of the large mean stresses from centrifugal
forces. Flutter is a self-excited vibration, with the unsteady aero-
dynamics dependent on the blade motion. Forced vibrations are
externally excited, with the forcing function that drives the blade
motion independentof that motion.

In linearizedmodels, the unsteady� ow is consideredto be a small
perturbation to the mean � ow. Furthermore, blade row unsteady
aerodynamics are assumed to be harmonic, with each harmonic
independent. Thus, the unsteady aerodynamic blade row response
to a forcing function comprises two components: the gust response
resulting from the disturbance being convected with the mean � ow
over nonrespondingairfoilsand the aerodynamicdamping resulting
from the airfoil response. With mechanical damping considerably
reduced in advanced designs, the aerodynamicdamping determines
the response.Thus, it is important to investigatethe motion-induced
unsteady aerodynamics, the aerodynamic damping, for both � utter
and forced vibrations.

Unsteady aerodynamicmodeling is continuallyimproving.How-
ever, the validity of the physical and mathematical assumptions,
their limitations, and their range of applicability have yet to be es-
tablished. New models are typically veri� ed by correlating predic-
tions with those of simpler models or with lightly loaded thin airfoil
cascade data due to the lack of appropriate data. Also, the use of
Navier–Stokes analyses in place of linearized analyses 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.

Experiments have been directed at either oscillating cascade
or gust unsteady aerodynamics. However, there are signi� cant
differences in oscillating cascade aerodynamic damping experi-
ments directed at � utter and forced response.For � utter, the issue is
stability, with the aerodynamic damping determined over the com-
plete range of interbladephase angles. For forced response, the key
is vibrationamplitude,with the aerodynamicdamping required at a
particular interblade phase angle.
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For experimentsdirectedat gustmodelveri� cation,if theassump-
tions inherent in the analyses are experimentally modeled, that is,
thin low camber airfoils at near zero incidence with attached � ow,
then the data and predictions are generally in agreement. For low
aspect ratio compressorbladesoperatingat design, thesemodels are
appropriate. However, at actual operating conditions, that is, � nite
camber, steady loading, or nonzero incidence, the data-prediction
correlations are not nearly as good.

Experiments have studied forcing functions,1¡3 with the key lin-
ear theory vortical gust characteristics identi� ed.4;5 When the ex-
perimental gust closely resembled a linear theory vortical gust, the
correlation between the gust response data and predictions was ex-
cellent. However, most airfoil gusts do not resemble vortical gusts,
and hence, there were poor correlation results. Another important
� nding was that the airfoil-generated static pressure � eld was of
equivalent magnitude to the vortical gust. Thus, both the vortical
and potential gust forcing functions must be considered.

Limited oscillating linear cascade data exist because of the dif-
� culties associated with oscillating airfoils over a wide range of
interbladephase angle values. This was overcomeby developingan
experimental in� uence coef� cient technique.6;7 Oscillating blade
row unsteady aerodynamics was investigated in an isolated low-
speed rotor, with the blades oscillated with constant amplitude at
different interblade phase angles.8 However, even though the am-
plitude of oscillation was small, the correlation of these data with
linear theory9 was poor as a result of leading-edge separation that
was not modeled. The experimental in� uence technique has been
successfullyapplied to a rotatingblade row with attached � ow, with
both motion-dependentand gust-responsedata obtained.7;10

This paper presents, for the � rst time, the detailed experimen-
tal investigation of the combined and simultaneous motion- and
gust-induced unsteady aerodynamic response of compressor rotor
blades from both � utter and forced response perspectives.Speci� c
objectivesinclude the following:experimentallyquantify the simul-
taneousand combinedtorsion motion and convectedgust-generated
unsteady aerodynamic response of compressor rotor blades and ad-
dress the fundamentalassumptionsinherent in linear unsteadyaero-
dynamicmodels, includingthe rangeof validityof the superposition
principle and small perturbationmodels.

Experiments are performed in the extensively instrumented
Purdue Axial Flow Research Compressor. Two plates in the inlet
generate a periodic 2 per revolution gust forcing function to the
� rst-stage rotor. The motion induced response is simulated by os-
cillating � rst-stage rotor blades in torsion with variable amplitudes
of oscillation.

For oscillatingblade experiments to be meaningful for forced re-
sponse, the blade row must be oscillated at a speci� ed interblade
phase angle, and the oscillation and gust frequencies must match.
The phasing problem and the high cost of oscillating airfoil ex-
periments are overcome by an experimental in� uence coef� cient
technique.6 The unsteadyaerodynamicsof an airfoil row oscillating
at a constant interbladephase angle is obtainedby oscillatingonly a
single airfoil, with the airfoil response measured on the oscillating

Fig. 1 Rotor blade oscillation mechanism.

airfoil and its stationary neighbors. This is the unsteady aerody-
namic in� uence coef� cient 1C n

p.x/. The unsteady aerodynamics
of an equivalent blade row oscillating at all interbladephase angles
¾ are then determined mathematically:

1C p.x; ¾ / D
NX

n D ¡N

1Cn
p.x/ein¾ (1)

The matching between the oscillation and gust frequencies is
achieved with a unique cam follower mechanism design. Because
both the gust generators and the cam that produces the rotor blade
oscillatory motion are stationary, the gust excitation and blade os-
cillation frequencies are exactly matched and proportional to com-
pressor speed.

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 geometry and � ow
conditions.The compressoris driven by a 15-hp dc electricmotor at
a speed of 2000 rpm. Each identical stage contains 43 rotor blades
and 31 stator vanes having a British C4 airfoil pro� le.

The rotor blade torsion mode drive system consists of three com-
ponents: the blade assembly, the cam follower assembly, and the
cam (Fig. 1). 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-frequencyharmonic motion.

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

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

The four rotor blades instrumentedwith dynamic pressure trans-
ducers, and blades n D ¡2, ¡1, 0, and 1 are individually oscillated
(Fig. 2). This is accomplishedwith four identicalmechanismsoper-
ated simultaneously.Individualblade oscillationsare accomplished
by indexingthe endplatewith the cam followerassembliesto the ap-
propriate blades. Different height cams vary the torsion amplitude.

Instrumentation
The detailed instrumentation is shown in Fig. 2. The oscillating

blademotion®0.t/ is determinedby a precisionrotarypotentiometer
with voltageoutput linearly proportional to angular position.These
data are accurate to within 0.15 deg. The � rst-stagerotor inlet � ow is
measured with a rotating cross hot wire mounted at blade midspan,
18.8% chord upstream of the blade leading edge and 65.5% span
circumferentially from an adjacent rotor blade. The hot wire is cal-
ibrated for velocities ranging from 100 (30.5) to 200 ft/s (61.0 m/s)
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Fig. 2 Rotor instrumentation.

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 blade steady loading is obtained with a rotor-based Scani-
valve system. Two blades are instrumented with 10 midspan static
pressure taps, 1 pressure surface and 1 suction surface. The blade
unsteady aerodynamics is obtained with 20 ultraminiature high-
response pressure transducers installed at midspan on four blades.
These transducers can operate to 10,000 g steady and 100 g of
2-kHz dynamic acceleration and are, thus, suitable for the experi-
ment steady rotating (1018 g) and dynamic (50 g at 66.67 Hz) envi-
ronments.The transducersare calibratedstaticallyand dynamically,
with a static calibration uncertainty of §4%. Dynamic calibration
for frequencies from 40 to 2700 Hz revealed a maximum gain and
phase error of §0.60 dB and §1.5 deg.

Data Acquisition and Analysis
The rotor-based steady and unsteady data are transmitted to the

stationaryreference frame througha mercury-wetted slip ring. Low
noise-to-signal ratio is achieved by amplifying the low amplitude
dynamic pressure voltages 200 times.

The rotor blade instantaneous incidence is determined by su-
perimposing the instantaneous incidence variation due to the
blade oscillations on the measured gust incidence igust C torsion.t/ D
igust.t/ C itorsion.t/. The rotor blade oscillation mechanism is de-
signed to provide a sinusoidal variation. However, the blades may
not execute exactly harmonic motion due to manufacturing toler-
ances. Thus, a Fourier transform of ®.t/ is performed.

Blade Aerodynamic Response

The rotor blade loading is characterized by the steady pressure
coef� cient,

NC p.x/ D
NP.x/ ¡ NPec

½ NW 2
(3)

With thebladeand referencepressuresmeasuredat differentradii,
a correction is applied to the exit static pressure to account for
centrifugal effects. A correction is also applied to the rotor relative
dynamicpressurebecausethe velocityis measured in the rotor blade
potential � eld.

The unsteady aerodynamic response to the gusts is characterized
by the blade surface unsteady pressure coef� cient,

NC C
p .x/ D

pC.x/

½ NW 2vC
v C p

(4)

Blade surface unsteady pressures are Fourier decomposed, with
the � rst harmonic pressure nondimensionalized by the unsteady
dynamic pressure. Because the unsteady aerodynamic response is
generatedbyboth thevorticaland potentialgust components,the ap-
propriatenondimensionalization parameteris themeasuredvortical-
potential gust.

Blade Unsteady Pressures

The experimental in� uence coef� cient technique is utilized,with
only a single blade oscillated at a given time. Hence, the simul-
taneous gust and blade motion unsteady pressure data represent
the gust response and the in� uence of the nth blade oscillating on
the instrumented blade. The simultaneous data of interest are the
all-blades-oscillating and the gust-induced unsteady aerodynamic
response. Thus, the in� uence coef� cient technique6 is applied to
the simultaneous gust and oscillating blade data:

p.G C M /C D

(
NX

n D ¡N

£
pn.G C M /C ¡ pGC

¤
ei n¾

)
C pGC (5)

If the gust-only unsteady pressure were not subtractedbefore the
in� uencecoef� cient summation, then the combinedresponsewould
have 2N times the gust response. Thus, the gust-only response is
� rst subtracted from the simultaneous data, and then the in� uence
coef� cient summation is applied. The gust-only response is then
added to determine the simultaneousgust and all-blades-oscillating
aerodynamic response.

The combined gust and oscillating blade unsteady aerodynamic
response is also determined by superposition. The dimensional
gust-only generated unsteady pressure is added to the oscillating
individual blade-only unsteady pressure,

pn.G C M /C D pn.M /C C pGC (6)
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The superposition response for the combined gust and all blades
oscillating is determined by � rst applying the in� uence coef� cient
technique to the oscillating blade in� uence pressures to determine
the equivalent all-blades-oscillating response and then adding the
gust-only response:

p.G C M /C D pMC C pGC D

(
NX

n D ¡N

pn.M /Cein¾

)
C pGC (7)

The combined gust and oscillating blade unsteady pressure is
nondimensionalizedby the appropriate gust parameters: forced re-
sponse,½ NW 2.vC= NW /; � utter,½ NW 2®C; and combinedgust and blade
motion, ½ NW 2®C C ½ NW 2.vC= NW /. Note that the transverse gust ve-
locity v is the measured quantity that consists of both the vortical
and potential components. The unsteady differential pressure co-
ef� cient is determined by subtracting the suction surface from the
pressuresurfaceunsteadypressurecoef� cient,with the unsteadylift
and moment coef� cients then calculated.

Results
Experiments are performed directed at investigating and quan-

tifying the simultaneous and combined gust- and motion-induced
unsteady aerodynamic response, with the effects of steady loading
and blade oscillation amplitude effects addressed.

Rotor Blade Steady Pressures

The � rst-stage rotor steady pressures with and without gust gen-
erators are presented in Fig. 3. The gust generatorshave no notable
effect. The steady pressure distribution is a function of only load-
ing. The surface pressures are predominantly affected by the front
half-chord loading, with the pressure magnitude increased on the
pressure surface and decreased on the suction surface. Increased
loading results in increased pressure difference over the entire air-
foil, particularly in the front half-chord.

Overall, the steady data agree well with SFLOW, a nonlinear po-
tential code11 and INCMCSCD, an incompressible inviscid small
camber airfoil cascade analysis,12 except near the leading edge. IN-
CMCSCD predicts the maximum pressure difference location at

Fig. 3 Rotor blade surface steady pressures.

low loading, but not at high loading.Adjustments were made to the
rotor inlet � ow angle for SFLOW to achieve good data matching:
¯ D 57:5 deg and M D 0:133 for low loading and ¯ D 61:5 deg and
M D 0:128 for high loading.The high loading1C p correlationwith
SFLOW is better than with INCMCSCD because SFLOW includes
steady loadingeffects.Also note that INCMCSCD only predicts the
pressure difference 1Cp .

Instantaneous Rotor Blade Incidence

The blade torsion changes the gust-only instantaneous rotor in-
cidence. The circumferential orientation of the various amplitude
cams driving the blade motion is different relative to the � xed gust
generators (Fig. 4). Hence, the effective combined gust–oscillating
blade incidence is different for each oscillation amplitude.

igust C torsion.t/ D igust.t/ ¡ ®.t/ (8)

where the blade motion ®.t/ is distinguished from the oscillating
blade incidence i® by a 180-deg phase difference, that is, i® is the
negative of the oscillating blade position.

Figures 5–7 show the instantaneous incidence due to simulta-
neous gust and blade oscillations. The 3.5-deg blade oscillation
incidence is nearly out-of-phase with the gust incidence (Fig. 5),
therebycombiningdestructivelyto reduce incidence.The incidence
due to the 90-deg gusts and the 5-deg-blade oscillation are neither
in- nor out-of-phase. Rather, they combine constructively and de-
structively in various parts of the cycle (Fig. 6). The 10-deg-blade
oscillation incidence is nearly in phase with the 90-deg-gust inci-
dence (Fig. 7). Thus, the forcing functions combine constructively,
resulting in larger incidence.

In terms of blade motion, the 3.5-deg-blade oscillations and
45-deg gusts generate gust–blade motion phase angles of 0.32
and ¡0.03 deg for low and high loading. The phase angle dif-
ference between the 45-deg gusts and the 5-deg-blade motion is
¡65 deg for low loading. For the 90-deg gusts and 10-deg-blade
oscillationamplitude, the gust–blade motion phase angles are ¡140
and ¡130 deg for low and high loading. Because the instantaneous
incidence directly affects the rotor aerodynamics, the phase angle
between the gust and the blade motion is an important parameter in
the combined gust and blade oscillation experiments.
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Fig. 4 Cam orientation with respect to plate gust generators.

Fig. 5 Combinedgust and 3.5-deg blade oscillation incidence i: ¥, gust
and oscillating blade; , oscillating blade; and ¦, gust.

Superposition Principle Assessment

The superposition principle is examined by comparing data ob-
tained with simultaneousgust and oscillatingblade excitationswith
the corresponding superposition data determined by summing the
gust-only and oscillating-blade-only data. When the superposition
principle is valid, the superpositiondata denoted by the � lled sym-
bols [.G/ C .T /] coincide with the simultaneous data denoted by
the open symbols [.G C T /] in Figs. 8 and 9. Note that the com-
bined data are the sum of the gust-induced unsteady aerodynamics
and the unsteadyaerodynamicin� uence of the nth blade oscillating
on the reference blade. The in� uence coef� cient aerodynamics are
used because they are the raw simultaneous data, allowing super-
position to be investigatedwithout in� uence coef� cient summation
errors. The simultaneous and superposition unsteady pressures are
nondimensionalizedby the combinedgust and blademotion forcing
function b½ NW 2®C C ½ NW 2.vC= NW /c.

The validityof the superpositionprinciplevaries,primarily being
a function of oscillation amplitude although also affected by load-
ing (Figs. 8 and 9). Oscillation amplitude effects are revealed by
the clustering of the unsteady lift and moment coef� cient data for
3.5-deg-oscillationamplitude data (small symbols) and the spread
of the corresponding10-deg-oscillationamplitude data (large sym-
bols). Higher loading results in only a small change in the unsteady

Fig. 6 Combined gust and 5-deg blade oscillation incidence i: ¥, gust
and oscillating blade; , oscillating blade; and ¦, gust.

Fig. 7 Combined gust and 10-deg blade oscillation incidence i: ¥, gust
and oscillating blade; , oscillating blade; and ¦, gust.

lift and moment data, except for the 10-deg-blade oscillation data.
For most oscillatingblade positions, the agreement between the si-
multaneousand superpositiondata is poorer at the higheroscillation
amplitude indicated by the greater differences in the largest size
symbols.

The unsteady lift and moment coef� cients obtained by super-
position are normalized by the corresponding simultaneous data,
denoted Ls/L and Ms/M in Fig. 10. They are generally within the
data uncertainty for 3.5- and 5-deg-blade oscillation amplitudes at
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Fig. 8 Amplitudeeffect on combinedgustand oscillatingblade lift and
moment at low loading.

low steady loading, with the correlation of the simultaneous and
superposition unsteady moment data better than that for the un-
steady lift. Superposition does fairly well at the 3.5-deg oscillation
amplitude and high loading, with the exception of the n D 0 blade
oscillating moment. Thus, even at the low amplitude of oscilla-
tion, the combination with the gust excitation produces a nonlinear
response. However, with a 10-deg-oscillationamplitude, the simul-
taneous and superposition unsteady lift data correlate well but the
unsteady moment data do not. Increasing the steady loading makes
the simultaneous and superpositiondata correlationeven poorer, in
agreement with previous results.7 Increasing the oscillation ampli-
tude and steady loadingalso contributeto largerdifferencesbetween
the simultaneous and superpositiondata.

The applicabilityof the superpositionprincipleis furtherassessed
by correlating the simultaneous gust and all blades oscillating un-
steady lift and moment data determined from the in� uence coef� -
cient technique,with the correspondingsuperpositiondata, Table 1.
Even after considering the uncertainty propagated by the in� uence
coef� cient summation, the superpositionunsteady lift and moment
coef� cients do not correlatewell with the simultaneousdata at high
steady loading. The superpositionevaluation showed a stronger in-
� uence of oscillation amplitude than steady loading. However, in
terms of gust and all-blades-oscillating unsteady aerodynamics, the
applicabilityof superpositionappearsmore sensitiveto steady load-
ing. This in fact may be an indication that the experimental in� u-
ence coef� cient is not valid at high steady loading,with high blade-
oscillation amplitudes aggravating the matter.

Forced Response: Gust and Aerodynamic Damping

The combined gust and torsion unsteady aerodynamic data are
analyzed to quantify the aerodynamic damping in terms of the un-
steady aerodynamic lift and moment nondimensionalized by the
unsteady gust parameter. The simultaneous/combined and the su-
perposition/combined gust and oscillating blade aerodynamics are

Table 1 Combined gust and blade motion unsteady lift
and moment coef� cients

Superposition/data

Cl ¡ superposition

Cl ¡ simultaneous data

Cm ¡ superposition

Cm ¡ simultaneous data

3.5-deg torsion plus 45-deg 1:13 6 ¡6:3 deg 0:99 6 ¡108:5
perforated plate gust
at low loading

5-deg torsion plus 90-deg 1:09 6 ¡13:7 deg 1:13 6 ¡:50 deg
perforated plate gust
at low loading

10-deg torsion plus 45-deg 0:87 6 ¡11:01 deg 1:27 6 ¡3:35 deg
perforated plate gust
at low loading

3.5-deg torsion plus 45-deg 1:47 6 5:79 deg 1:65 6 99:97 deg
perforated plate gust
at high loading

10-deg torsion plus 90-deg 0:61 6 ¡1:88 deg 1:31 6 ¡6:26 deg
perforated plate gust
at high loading

Fig. 9 Amplitudeeffect on combinedgustand oscillatingblade lift and
moment at high loading.

considered, with the unsteady lift and moment coef� cients deter-
mined from the following pressure de� nitions:

p.G C M /C D
8
>>>>><

>>>>>:

(
NX

n D ¡N

¡
pn.G C M /C ¡ pGC

¢
ein¾

)
C pGC simultaneous

pMC C pGC D

(
NX

n D ¡N

pn.M /Cein¾

)
C pGC superposition

(9)
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Fig. 10 Superposition/simultaneous combined gust and oscillating blade unsteady aerodynamics.

Fig. 11 Gust and oscillating blade motion phase effect on unsteady
aerodynamicsat low loading:oscillationamplitude,gust only: u , 3.5 deg;
u , 5 deg; and u , 10 deg;G + T = §[(G + T)¡¡(G)] + G: , 3.5 deg; , 5 deg;
and , 10 deg; and G + T = §T + G: ², 3.5 deg; ², 5 deg; and ², 10 deg.

The phase between the gust and the blade motion (ÁvC ¡ Á® ) was
shown to be an important parameter. It is dependent on the blade
structural characteristics and the forcing function frequency ratio
Ä=!® and is, thus, � xed for a particular machine and � ow condi-
tions. However, the blade motion is mechanically imposed in these
experiments. Hence, (ÁvC ¡ Á®) is � xed for a given oscillation am-
plitude.The gust–blademotionphaseanglesare 0.32 and ¡0.03 deg
for 3.5-deg-bladeoscillations with low and high loading, ¡65 deg
(295 deg) for 5-deg-blade oscillationat low loading, and ¡140 deg
(220 deg) and ¡130 deg (230 deg) for 10-deg-bladeoscillationwith
low and high loading.

Figures 11 and 12 show the effect of the gust–blade motion phase
on thecombinedgustand oscillatingbladeunsteadylift and moment

Fig. 12 Gust and oscillating blade motion phase effect on unsteady
aerodynamics at high loading: oscillation amplitude, gust only: u ,
3.5 deg; and u , 10 deg; G + T = §[(G + T)¡¡(G)] + G: , 3.5 deg; and

, 10 deg; and G + T = §T + G: ², 3.5 deg; and ², 10 deg.

at low and high loading. Presented are the simultaneous and super-
positiondata for comparisonwith thegust-onlydata.At low loading,
combining the 3.5-deg amplitude oscillation with the 45-deg gust
data, .ÁvC ¡ Á® / D 0:32 deg, results in a 27% decrease in the un-
steady lift magnitude and a phase shift of approximately ¡45 deg
as compared to the gust-only data. When the 5- and 10-deg am-
plitude oscillations interact with the 90-deg gust, the unsteady lift
magnitudeincreasessigni� cantlyas comparedto the gust-onlydata,
on the order of two for the 5- and three for the 10-deg-oscillation
amplitudes. However, the phase shift is smaller than the gust-only
data. The high loading unsteady lift results are similar. Combining
the high loading3.5-degamplitudeoscillationwith the 45-deg gust,
.ÁvC ¡ Á® / D ¡0:03 deg, the unsteady lift coef� cient magnitude
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decreases by 20% as compared to the gust-only data but shifts in
phase by almost ¡60 deg. For the 10-deg amplitude oscillation and
the 90-deg gust data, .ÁvC ¡ Á®/ D ¡130 deg, the combined lift
magnitude increases by a factor of six and the phase increases by
20 deg.

The unsteady moment also changes signi� cantly from the gust-
only value, with the magnitudechange dependent on the oscillation
amplitude or the gust-blade motion phase. Combining the 3.5-deg
amplitude oscillation with the 45-deg gust at low loading, the un-
steady moment magnitude decreases by more than 80% to near
zero, with the phase decreasing approximately ¡60 deg (Fig. 12).
Combining the 5-deg amplitudeoscillationand the 90-deg gust low
loading data, .ÁvC ¡ Á®/ D ¡65 deg, the unsteady moment coef� -
cient magnitude is only minimally affected,but the phase decreases
by ¡60 deg. Combining the 10-deg amplitude oscillation and the
90-deg gust low loading data, .ÁvC ¡ Á® / D ¡140 deg, the gust-
only unsteady moment coef� cient magnitude increases by a factor
of two, but the phase decreases by only ¡30 deg. When Figs. 11
and 12 are compared, steady loading has a negligible effect on the
combined gust and blade motion unsteady aerodynamics.The high
steady loading results for the unsteady moment are similar.

Thus, a gust–blademotionphasenear 0 deg results in an unsteady
lift and moment decrease and a large phase shift as compared to the
gust-onlydata. A gust–blade motion phase near ¡180 deg results in
a large unsteady lift and moment increase but a small phase change.
Hence, the gust–blade motion phase has a signi� cant effect on the
combined gust and aerodynamic damping unsteady aerodynamics.

The nonapplicabilityof superpositionfor the combined gust and
blade motion unsteadyaerodynamicsis apparent in Figs. 11 and 12,
indicatedby the large differencesbetween the superpositionand the
simultaneous data, particularly at the high-oscillation amplitudes.
For the 3.5-deg oscillations and the 45-deg gust, the superposition
and simultaneous unsteady lift magnitudes are in agreement at low
loading but not at high loading. However, the superposition mo-
ment magnitude data do not agree well with the simultaneous data
at either low or high loading. The superposition and simultaneous
unsteady lift phase shifts at 3.5-deg-bladeoscillation,particularlyat
high loading.However, in this particularcase, it may notbe superpo-
sition but rather that this phase difference is largely due to the com-
bined gust and blade motion data having a small magnitude, mak-
ing the phase measurement more dif� cult. With a 5-deg-oscillation
amplitude, superposition works well for both the unsteady lift and
moment. With a 10-deg-oscillationamplitude, superpositionunder-
predicts the unsteady lift at low and high steady loading by 14 and
41%. However, the superposition unsteady lift phase agrees well
with the simultaneousdata. The superpositionmethod overpredicts
the moment at low and high steady loading by 26 and 22%. Thus,
superposition is not applicable to high-oscillation amplitudes and
high steady loading.

Because the gust–blademotion phase is differentfor each oscilla-
tion amplitude,there is someambiguityas to whether the gust–blade
motion phaseor the oscillationamplitudeitself is responsiblefor the
differencesin the combinedgust and blade motionunsteadyaerody-
namics. The combined gust and blade motion forcing function data
reveal that these differences are most likely due to the gust–blade
motion phase. When the gust–blade motion phase is near 0 deg, the
gust is in-phase with the blade motion but out-of-phase with the
oscillating blade incidence. Thus, the gust unsteady aerodynamics
destructively combines with the oscillating blade aerodynamics, a
direct result of the gust interactionwith the blade motion generated
unsteady � ow. At every instant, the rotor incidence changes with
blademotion and with the gust.Thus, the instantaneousincidenceto
the rotorbladeis differentthan that for thegust forcingfunctiononly.

For a 3.5-deg-oscillationamplitude, the gust–blade motion phase
is such that the incidence change due to the blade motion cancels
or decreases the blade incidence due to the gust-only,Fig. 5. There-
fore, decreasedunsteady lift and moment magnitudes result. With a
5-deg-oscillationamplitude, the incidence resulting from the blade
motion is such that it both increasesand decreasesthe instantaneous
incidence due to the gust at different points of the blade oscillation
(Fig. 6). The resulting instantaneous incidence is increased over-

Table 2 Gust–blade motion phase angle effect on interacting gust
and blade motion unsteady lift

Unsteady lift

Interacting gust and blade motion Magnitude range Phase range, deg

3.5-deg torsion plus 45-deg 0.2 to 2.0 110
perforated plate gust at low loading

5-deg torsion plus 90-deg 0.0 to 1.7 300
perforated plate gust at low loading

10-deg torsion plus 45-deg 0.7 to 2.5 360
perforated plate gust at low loading

3.5-deg torsion plus 45-deg 0.1 to 1.6 360
perforated plate gust at high loading

10-deg torsion plus 90-deg 0.8 to 1.9 360
perforated plate gust at high loading

Fig. 13 Gust–blade motion phase effect on combined gust and os-
cillating blade lift: ¤, 3.5-deg oscillating airfoil and 45-deg perfo-
rated plate gust at low loading; , 5-deg oscillating airfoil and
90-deg perforated plate gust at low loading; ¦, 10-deg oscil-
lating airfoil and 90-deg perforated plate gust at low loading;
¥, 3.5-deg oscillating airfoil and 45-deg perforated plate gust at high
loading; and r , 10-deg oscillating airfoil and 90-deg perforated plate
gust at high loading.

all as compared to that due to the gust-only, but not as much as
if the gust–blade motion interaction was completely constructive.
Thus, the unsteady lift and moment magnitudes increasemarginally
due to the blade motion interacting with the gust. For the 10-deg-
oscillation amplitude, the gust–torsion phase is such that almost a
completeconstructiveinteractionoccurs (Fig. 7).Thus, the unsteady
lift and moment magnitudes increase signi� cantly with very little
change in phase.

The unsteady aerodynamics due to the combined gust and oscil-
latingblade are strongly in� uencedby the gust–blademotionphase.
Figure 13 shows the variation in the unsteady lift as a function of
the gust–blade motion phase angle with these results also summa-
rized in Table 2. In general, the unsteady lift range of values varies,
dependent on the relative magnitudes of the aerodynamic damping
and the gust unsteady aerodynamics.

These interacting gust and oscillating blade unsteady aerody-
namic results suggest the possibility of controlling the gust–blade
motion phase to reduce the blade row unsteady aerodynamic load-
ing. Furthermore, these data indicate that superpositionmay not be
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applicable for forced response when the vibration amplitudes are
large and at high steady loading,particularly for gust–blade motion
phase angles such that the gust and aerodynamic damping combine
constructively.

Flutter: Gust and Aerodynamic Damping

The effect on stabilityof combiningthe gust and oscillatingblade
aerodynamics is considered, with stability speci� ed by the sign of
the unsteady aerodynamic work. When it is positive, the � ow� eld
supplies energy to the blade row, and hence, the blade row is un-
stable. For an oscillating blade row, a gust changes the unsteady
aerodynamics, thereby potentially affecting its stability.

To investigategust–oscillating blade interactionson stability, the
gust and blade motion data interbladephase angles and frequencies
must match. Also, the combined gust and blade motion unsteady
lift and moment are nondimensionalized by the oscillating blade
parameter, ½ NW 2®C, with the unsteady lift and moment coef� cients
determined per the pressure de� nitions of Eq. (9). Note that the
blade row is stable when the phase of the unsteady aerodynamic
moment is between 0 and 180 deg.

Figures 14 and 15 show the combined gust and oscillating blade
unsteady lift and moment coef� cients as a function of the gust–
blade motion phase together with the oscillating blade-only data.
At low steady loading, the blade motion unsteady lift magnitude is
decreasedby nearly 20%, whereas the phase is increased by almost
90 deg when the 45-deg gusts interact with the 3.5-deg oscillat-
ing blade. With a 5-deg-oscillation amplitude at low steady load-
ing, a ¡65-deg gust–blade motion phase results in a 45% increase
in the blade motion-only lift magnitude and a 50-deg phase shift.
With a 10-deg-oscillationamplitude at low steady loading, a ¡140-
deg gust–blade motion phase nearly doubles the blade motion-only
unsteady lift magnitude and shifts the phase by 10 deg. As com-
pared to the blade motion-only data, the gusts decrease the un-
steady moment magnitude to near zero for the 3.5-deg-bladeoscil-
lations but increases 10 and 15% for the 5- and 10-deg-oscillation
amplitudes.

Fig. 14 Gust and oscillating blade phase effect on aerodynamicdamp-
ing at low loading: oscillation amplitude, oscillating airfoils only: u ,
3.5 deg; u , 5 deg; and u , 10 deg; G + T = §[(G + T)¡¡(G)] + G: , 3.5 deg;

, 5 deg; and , 10 deg; G + T = §T + G: ², 3.5 deg; ², 5 deg; and ²,
10 deg.

Fig. 15 Gust and oscillating blade phase effect on aerodynamicdamp-
ing at high loading: oscillation amplitude, oscillating airfoils only: u ,
3.5 deg; and u , 10 deg; G + T = §[(G + T)¡¡(G)] + G: , 3.5 deg; and ,
10 deg; G + T = §T + G: ², 3.5 deg; and ², 10 deg.

With increasing oscillation amplitude, the all blades oscillat-
ing unsteady lift and moment coef� cients are essentially unaf-
fected by the gust, with the small differences due to the nonlinear
large-oscillationamplitude effects discussedearlier. The oscillating
blade-only unsteady aerodynamic moment phase is approximately
170 deg, corresponding to stability but near the 180-deg boundary.
When gust interacts with the oscillating blade, the resulting com-
binedunsteadymomentphase is increasedby120,60, and 15 deg for
the 3.5-, 5-, and 10-deg-blade oscillation amplitudes, respectively,
with these combinedgust and blade motion unsteady aerodynamics
corresponding to instability.

The high steady loading results are similar. At 10-deg-oscillation
amplitude, a ¡130-deggust–blade motion phase results in a 15-deg
increase of the oscillating airfoil-only unsteady moment phase,
thereby corresponding to instability. In contrast to the low loading
3.5-deg-oscillationamplitude 45-deg gust results, the high loading
moment phase is between0 and 180 deg, correspondingto increased
stability over that of the oscillating blade only.

Thus, stability is affected by the gust, with this effect dependent
on the gust–blade motion phase. When the gust-blademotion phase
is near 0 deg, the blade row becomes unstable at low loading but
remains stable at high loading. As the gust–blade motion phase ap-
proaches¡180 deg, there is a smallershift in the combinedunsteady
moment phase.However, even this shift may destabilizea nominally
stable blade row.

Figures 14 and 15 also show that superpositioncan lead to errors
in evaluating the effect of the gust interacting with the oscillating
blade, evident by the differences between the superposition data
(dark symbols) and the simultaneousdata (light symbols). In partic-
ular, considerthe 3.5-degamplitudeoscillationhigh loading results.
The superpositiondatapredictinstability,with the simultaneousdata
showing the opposite.

Figure 16 shows that the gust–blade motion phase should be be-
tween 20 and 180 deg for stability. These gust and blade motion
unsteady aerodynamic effects are a direct result of the rotor inci-
dence change caused by the interactingunsteadyaerodynamicforc-
ing functions. Similar to the forced response aerodynamicdamping
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Fig. 16 Gust–blade motion phase effect on combined gust and oscil-
latingblade moment: ¤, 3.5-degoscillatingairfoil and 45-degperforated
plate gust at low loading; , 5-deg oscillating airfoil and 90-deg perfo-
rated plate gust at low loading; ¦, 10-deg oscillating airfoil and 90-deg
perforated plate gust at low loading; ¥, 3.5-deg oscillating airfoil and
45-deg perforated plate gust at high loading; and r , 10-deg oscillating
airfoil and 90-deg perforated plate gust at high loading.

and gust unsteady aerodynamics, a gust–blade motion phase that
results in a constructive unsteady aerodynamic interaction leads to
increasedunsteady lift and moment magnitudes,whereas a destruc-
tive interactionleads to decreasedmagnitudes.The unsteadylift and
moment phase angles are controlled by leading or lagging the gust
excitation with respect to the blade motion. The gust–blade motion
phase angle could be controlled by appropriately indexing the gust
generators with respect to the blade motion.

Summary
Experiments were performed in the Purdue 3-Stage Axial Flow

Research Compressor to investigate and quantify the simultane-
ous/combined gust- and motion-induced unsteady aerodynamic
response of compressor � rst-stage rotor blades for both forced re-
sponse and � utter. The gust unsteady aerodynamics were experi-
mentally modeled with a 2 per revolution forcing function to the
� rst-stage rotor blade row, generated by two perforated plates in-
stalled in the compressor inlet. The torsion mode unsteady aero-
dynamics were investigatedutilizing an experimental in� uence co-
ef� cient technique in conjunction with a unique drive system that
provides rotor blade torsion mode oscillations without other motor
drive systems. The combined gust and oscillating unsteady aero-
dynamics were determined by the superpositionof the separate os-
cillating blade row and gust response unsteady aerodynamics. The
simultaneous gust- and motion-induced unsteady aerodynamic re-
sponse were obtained by driving the torsion mode oscillation in the
presence of the 2 per revolution forcing function.

The combined gust and oscillating blade unsteady aerodynamic
response established the applicability limits of superposition at
high-oscillation amplitudes and high loading, with superposition
generallyleading to underpredictionof the unsteady lift but an over-
predictionof the unsteadymoment. Also, the combinedgust and os-
cillatingbladeunsteadyaerodynamicswere signi� cantly in� uenced
by the gust–blade motionphaseangle.Gust–blademotion phase an-
gles resulting in a constructiveinteractionof the gust with the oscil-
lating blade aerodynamics increased the unsteady lift and moment
magnitudes with small changes in phase. In contrast, a gust–blade
motion phase angle resulting in a destructive interaction decreased
the unsteady lift and moment magnitudes with large changes in
phase. Thus, these results show that neglectingaerodynamicdamp-
ing can lead to serious errors in forced response prediction,depend-
ing on the gust–blade motion phase angle. Also, combining a gust
excitation with an oscillating blade row could alter the blade row
stability, depending on the gust–blade motion phase angle.
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