
JOURNAL OF PROPULSION AND POWER

Vol. 16, No. 3, May–June 2000

Experimental Investigation of Rotor-Inlet Guide Vane
Interactions in Transonic Axial-Flow Compressor

Albert J. Sanders¤ and Sanford Fleeter†

Purdue University, West Lafayette, Indiana 47907

Experiments are performed in an advanced-design multistage axial-� ow compressor to investigate rotor-inlet
guide vane (IGV) unsteady aerodynamic blade-row interaction phenomena at both transonic and subsonic rotor
operating conditions. Nonlinear interaction effects were signi� cant at the transonic design speed, with very high
levels ofunsteady loadingoccurring in the vanetrailingedge regionbecause of interactions with the rotor-generated
shock waves. The impact of these shocks with the vane pressure surface resulted in a re� ected shock segment that
traveled across the vane passageas it propagatedupstream, eventually impactingthe suction surface of the adjacent
vane. Increasing the IGV-rotor axial spacing did not signi� cantly reduce the unsteady aerodynamic loadingcaused
by these interactions, with harmonics as high as 8 £ blade pass frequency still present in the vane response. These
nonlinear interactions did not occur at the part-speed operating condition in which the rotor � ow was subsonic,
with both the forcing function and vane response predominantly � rst harmonic.

Nomenclature
C = inlet guide vane chord
f = frequency
fBP = blade-pass frequency
Nc = corrected rotor speed
Pt = time–average inlet total pressure
p = airfoil surface static pressure
ps = forcing function static-pressure � uctuation
TBP = blade-pass period
t = time
x = chordwise location
D p = airfoil unsteady pressure difference, pps ¡ pss

Subscripts

ps = airfoil pressure surface
ss = airfoil suction surface

Introduction

T O meet the demands of higher thrust-to-weight ratios and re-
duced fuel consumption, the current trends in aircraft engine

compressor designs are toward higher tip speeds, higher airfoil
loading, more closely spaced blade rows, and fewer stages. As a
result, these advanced design compressors generally feature thin
low-aspect ratio airfoils that are highly susceptible to � ow-induced
vibrations. The driving phenomena for these � ow-induced vibra-
tions are the unsteadyaerodynamics,with high cycle fatigue (HCF)
a universal problem throughout the gas turbine industry. In fact, the
loss of blades, vanes, and disks because of HCF is the predominant
surprise engine failure mode in the � eld, with both mature and new
engine and blading designs experiencingHCF.

The prediction of blade-row interaction phenomena in transonic
compressors is most challengingbecauseof nonlinear aerodynamic
and strong blade-row coupling effects resulting from the highly
unsteady nature of the � ow� eld. When the axial velocity compo-
nent is subsonic, shock waves are formed near the leading edges
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of the rotor blades, which propagate upstream into the neighboring
inlet guide vane (IGV) row (Fig. 1). The upstream vane surfaces
re� ect and diffract these incident shock waves in a complex man-
ner, with a time-dependentwave pattern establishedin the upstream
vane passages caused by the periodic interaction process. Because
turbomachine stages generally feature unequal vane-blade counts,
these IGV-rotor interactions vary from passage-to-passagearound
the annulus of the compressor at any given instant in time.

Eulitz et al.1 investigated the response of an upstream stator to
shocks generated by the downstream rotor in a transonic compres-
sor using two-dimensional viscous and inviscid analyses. The in-
viscid analysis of three stator and two rotor passages indicated that
the rotor shocks interacted strongly with the upstream vane trailing
edges, re� ecting off the vane surfaces multiple times as they prop-
agated upstream through the vane passage. Fourier analysis of the
vane surface-pressuredistributionsindicatedthat the � rst harmonic-
pressure� uctuationscaused by this interactionwere as large as 10%
of the time-average values, with signi� cant second and third har-
monics also present.

Viscouscalculationsusinga one-equationturbulencemodel were
performed with the geometry scaled such that each airfoil row was
represented as a single passage. This pitch ratio change had a dra-
matic effect on the re� ected wave pattern in the upstream vane row.
Thesewave re� ectionsinducedunsteady� ow separationonbothair-
foil surfaces,with separationbubbles evolvingand vanishingover a
single blade-passingperiod. This � ow separation was most signi� -
cant on the vane suction surface, with the shock-inducedseparation
zone encompassing almost 40% chord before it reattached about
halfway through the cycle.

Liamis et al.2 analyzed transonic IGV-rotor interactions using a
quasi-three-dimensional Navier–Stokes analysis and reported sim-
ilar results. Namely, the rotor leading-edge shock waves generated
a re� ected wave pattern in the upstream vane passages, with the
incident shocks eventuallydegeneratinginto pressurewaves as they
propagated upstream through the vane row. This interaction caused
the IGV outlet � ow angle and velocity to vary signi� cantly over
one blade-passing period, with the outlet � ow angle experiencing
� uctuations of up to 8 deg.

Arnone and Pacciani3 analyzed IGV-rotor interactions in the tip
section of a transonic compressor stage using a two-dimensional
Navier–Stokes analysis, with the unsteady simulations performed
for several mass � ow rates ranging from choke to near stall. The
rotor bow shock was re� ected by the upstream IGVs back toward
the rotor,with thesere� ectionsbecomingmuchstrongeras themass-
� ow rate through the stage was reduced. At the near-stall operating
condition, the impact of the shock with the upstream vane trailing
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Fig. 1 IGV excitation caused by rotor leading-edge shock waves.

edge caused a large eddy to form, which convecteddownstreamand
was ingested into the rotor passage.

Time-accurate computational� uid dynamics (CFD) analyses are
being utilized to analyze nonlinear blade-row interactions in ad-
vanced turbomachine designs. However, these solutions are depen-
dent upon the particular turbulencemodel utilized,with the compu-
tationaldomain also reducedby scaling the geometrysuch that each
airfoil row is represented at most by a few passages. This greatly
reduces storage requirementsbut alters the fundamental periodicity
of rotor-stator interactions, i.e., the interbladephase angle speci� ed
by the blade-vane count ratio. Fundamental blade-row interaction
data are thus needed to assess the validity of these CFD analyses.

This paper addresses this need, with detailed benchmark IGV-
rotor unsteady aerodynamic blade-row interaction data acquired in
an advanceddesigntransonicmultistageresearchcompressor.These
detailed data include measurements of the rotor-generated forcing
functionand the resultantIGV response in the tip region of the com-
pressor resulting from transonic interactions.These measurements
are made at several steady operating points de� ned on the compres-
sor map, with the effects of axial spacing and part-speed operation
also investigated.

Research Facility
The Purdue Transonic Multistage Research Compressor features

a one-and-one-half-stage axial-� ow geometry, which is represen-
tative of that used in the front stages of advanced aircraft engine
high-pressure compressor designs. The drive system consists of a
400 horsepowerAC motor, a variable speed magneticclutch,and an
8:1 ratio gearbox, the output of which drives the compressor rotor
(Fig. 2). Atmospheric air is drawn into the test section through a
converging bellmouth inlet with a 16:1 contraction ratio and exits
the test section throughdischarge piping, which containsa butter� y
throttle valve to regulate the � ow rate.

The test section has a constant hub-tip ratio of 0.67 with a tip
diameter of 0.3 m (12.0 in.) and features an IGV row, a blisk with
19 rotor blades, and a downstream stator. The compressor design
speed is 20,000 rpm, with a maximumpressureratio of 1.38.The ro-
tor blades consist of NACA 65 series pro� les on circular arc mean-
lines with a 5.08-cm (2.0-in.) chord and a thickness distribution
varying from 10% at the root to 6% at the tip. The IGV and sta-
tor vanes are an advanced controlleddiffusion airfoil (CDA) design
with a 4.45-cm (1.75-in.) chord and a constant 7% thickness. Both

the IGV row and stator feature variable stagger angles, adjustable
axial spacings, and can be independentlycon� gured with either 18
or 20 vanes.Additionally,the IGV row is indexable,therebypermit-
ting vane-row clocking effects to be investigated, i.e., the IGV ring
can be clocked circumferentially relative to the downstream stator
and stationary instrumentationprobes.

Data Acquisition and Analysis
Measurementsof the rotor-generatedunsteadyaerodynamicforc-

ing function and the resultant IGV steady and unsteady surface-
pressure distributions are made at 90% span at several operating
points on the compressor map. An unsteady static-pressure probe
is used to measure the potential � ow-generated forcing function
upstream of the rotor, with vane mounted high-response Kulite
XCS-093 5 psi sealed gauge pressure transducers used to measure
the resultant IGV response. These transducersare reverse mounted
within the suction surface of one vane and the pressure surface of
an adjacent vane, with the chordwise tap locations shown in Fig. 3.
Preliminary CFD analysis performed during the compressor design
indicated that the rotor operateswith a single detachedleading-edge
shock wave, which is a signi� cant source of unsteady aerodynamic
excitation to the upstream IGV. Thus, the transducers are concen-
trated along the aft region of the IGV because this is where strong
interactions with the rotor-tip shock system are expected. To mini-
mize probe interference effects, the unsteady static-pressure probe
is located 21.4% vane chord downstream of the IGV and circum-
ferentiallypositionedat 44.55% pitch between the trailing edges of
the vanes adjacent to the instrumented passage (Fig. 3).

Very large unsteady pressures on the vane surfaces exceeding the
quoted linearity range of the transducers are to be measured. Con-
sequently, the transducerswere statically calibrated over a pressure
rangefrom0–7 psi, with the sensitivityfoundto be nearly linearover
thispressurerange.Accountingfor nonlinearities,themaximumun-
certainty in the unsteady pressure measurements is estimated to be
0.5%, with the frequency responses estimated to be 50 and 70 kHz
for the unsteady static-pressure probe and instrumented vanes,
respectively.

The bridge voltage to the pressure transducers is provided with a
Syminex M1000 24-channel signal conditioning unit, with M1064
high-bandwidthAC coupledampli� ersused to conditionthe signals.
The instantaneous ampli� ed signals are simultaneously recorded
along with a once-per-revolutionpulse from a shaft mounted photo-
optic sensoron analogtape usinga TEAC XR9000 Super High Band
28 channelVHS Data Recorder. Approximately20,000 revolutions
(one min) of data are recordedat a tape speed of 76.2 cm/s (30 in./s)
for each operatingpoint,with the frequencyresponseof the recorder
80 kHz for this tape speed.

The data are processed off-line, with the signals digitized at a
rate of 1 MHz and phase-lock averaged over 500 revolutions us-
ing the once-per-revolutionsignal as the data initiationpulse. These
digitized signals are shifted in the time domain to represent the
time-variant � ow� eld of a single IGV passage,with 24 rotor blade-
passing periods (1.26 revolutions) of phase-lock averaged data for
this reference passage stored to disk for subsequent analysis. The
vane-blade initial position for these data correspond to the rotor
stacking axis being at the center of the reference passage at time
t = 0. For the data presentedherein the phase-lockaveragedsurface
pressurewaveforms for the lower vanehave also been shifted to rep-
resent the time-variant � ow� eld on the upper vane in the reference
passage, i.e., a single equivalent airfoil. The forcing function mea-
surements are not shifted and lead the measurements at the upper
vane trailing edge by 58.5% of a blade-pass period.

Results
The unsteady aerodynamic IGV-rotor interactions are investi-

gated at several steady compressor loading conditions, including
the effect of design (transonic) and part-speed (subsonic) rotor op-
eration and IGV-rotor axial spacing.For these experiments the IGV
and stator are each con� gured with 18 vanes set at their design
stagger angles (minimum loss incidence). The IGV row is � xed
in the unclocked position, i.e., the stacking axes of the IGV and
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Fig. 2 Purdue Multistage Transonic Compressor Research Facility.

Fig. 3 90% span instrumentation locations.

Fig. 4 Purdue Transonic Multistage Compressor Performance Map.

stator vanes coincide at the same circumferential position (Fig. 2).
Unless otherwise noted, the baselinecompressor geometry features
moderateaxial spacings,i.e., the IGV-rotor and rotor-statormidspan
axial spacings are set at 41.4 and 39.0% vane chord, respectively.

Measurementsof the baselinecompressorperformancede� ne the
operating points at which the detailed unsteady aerodynamic data
are acquired (Fig. 4). Data are acquired along three operating lines
at 75% (Nc =15,000 rpm) and 100% (Nc = 20,000 rpm) design
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speed. These operating lines correspond to low steady loading,
nominal loading at the aerodynamic design point, and a highly
loaded condition near the compressor stall boundary.

Rotor-Generated Forcing Function

The effect of steady compressor loading on the rotor-generated
unsteady static-pressure � eld, i.e., the forcing function to the up-
stream IGV, is shown in Fig. 5 for both design (transonic) and
part-speed (subsonic) rotor operating conditions. Presented is the

Fig. 5 Effect of steady loading on rotor-generated forcing function.

Fig. 6 Effect of axial spacing on rotor-generated forcing function.

Fig. 7 Unsteady IGV pressure envelopes.

time-variantstaticpressurenondimensionalizedby the time-average
inlet total pressure, with time nondimensionalized by the blade-
pass period. Note that the scales are different, with the maxi-
mum static-pressure � uctuations at the transonic operating condi-
tions three-and-one-half times larger than those for subsonic rotor
� ow.

These pressure� uctuationsare very large, with peak-to-peakam-
plitudesto 35and 10%of the inlet totalpressurefor the transonicand
subsonic rotor speeds, respectively. The very large � uctuations at
the transonicdesign speed are caused by the shock waves generated
by the rotor. Note that the forcing functions generated by subsonic
rotor operationare by no means insigni� cant. Rather, they are small
only in comparison to those generated at the transonic operating
condition. Notice also that the waveforms are signi� cantly differ-
ent, transitioning from a sawtooth-type pattern for subsonic rotor
� ow to a series of large amplitude periodic pulses at the transonic
design speed. However, steady compressor loading does not have a
strong effect on the forcing function,with the maximum amplitudes
nearly identical for all operating conditions.

The effect of axial spacing on the rotor-generated forcing func-
tion is shown in Fig. 6 for the nominal operating line. For these
data the IGV-rotor midspan axial spacing was increased to 62.9%
vane chord while the rotor-statoraxial spacing was unchanged.Be-
cause the data are acquired at the same axial location relative to
the IGV trailing edge for both axial spacings, this � gure shows the
decay characteristicsof the unsteady aerodynamic forcing function
generated by the rotor.

Increasing the axial spacing causes the strength of the static-
pressure � uctuation to decrease for both transonic and subsonic op-
erating conditions.For the transonicdesign speed, the peak-to-peak
static-pressure � uctuation decreases nearly 30% as the axial spac-
ing is increased, with this decay attributed to nonlinear dissipation
mechanisms. For the subsonic part-speed operating condition the
decay of the rotor potential � eld is much more pronounced, with
the peak-to-peakpressure � uctuationdecreasingnearly 60% for the
increased axial spacing.

IGV Unsteady Aerodynamic Response

Because of the axial inlet � ow, the IGV row operates at minimum
loss incidence with nearly the same level of steady loading for all
operating conditions investigated in these experiments. Addition-
ally, the amplitude of the rotor-generated forcing function to the
IGV is not strongly affected by changes in the compressor loading.
Thus, the detailed IGV response is only investigatedat the nominal
operatingcondition,with the effects of subsonic and transonic rotor
operation as well as IGV-rotor axial spacing quanti� ed.

The unsteadinesson the IGV surfaces is shown in Fig. 7. Specif-
ically, the vane surface unsteady pressure envelopes along with the
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Fig. 8 IGV surface-pressure waveformsat20,000rpm(moderateaxial
spacing).

time-averagepressuredistributionsfor the moderate and large axial
spacings at the transonic and subsonic rotor operating conditions
are shown.

At the transonic design speed the maximum unsteady pressure
surface loadingis highestalong theaft 30% chord,decreasingas one
moves forward from 70 to 30% chord, and then remaining relatively
constant over the front 30% of the chord. Note that the suction
surfaceexhibitstheoppositetrend,with theunsteadyloadinghighest
near the leading edge, decreasing in a nearly linear fashion to 60%
chord, and then remaining nearly constant over the aft 40% chord.
This unsteadinessis very signi� cant, reachingamplitudesas high as
60% (maximum–minimum) of the inlet total pressure in the trailing-
edge region at the moderate spacing. Increasing the axial spacing
reduces the magnitude of the unsteady loading, but the loading still
reaches levels as large as 40% of the inlet total pressure, which
corresponds to nearly one-half of the steady loading in the trailing-
edge region. Also note that the vane suction surface unsteadiness
begins to increase at approximately the same chordwise location as
that at which the pressure surface unsteadinessbegins to decrease,
with the unsteadiness the same order of magnitude near the vane
leading edge on both vane surfaces.

The unsteady vane loading is considerably reduced at the sub-
sonic rotor operating condition, with the maximum peak-to-peak
pressure � uctuations at the moderate spacing only around 10% of
the inlet total pressure. Additionally, the pressure � uctuations are
highest over the central portion of the vane on both airfoil surfaces.
This is in contrast to the transonic rotor speed data where the � uc-
tuations were highest in the vane pressure surface trailing-edgeand
suction surface leading-edge regions. Because the forcing function
generated by subsonic rotor operation decays exponentially with
axial distance, the vane response might be expected to be highest in
the IGV trailing-edge region at this operating condition. The data,

Fig. 9 IGV surface-pressure waveformsat15,000rpm(moderateaxial
spacing).

however, indicate that the unsteadiness is the same order of mag-
nitude in the vane leading- and trailing-edge regions and highest
over the central portion of the vane. This can be caused by acoustic
phenomena, with IGV-rotor interactionsgeneratingacoustic modes
that propagate upstream through the vane passage. These acoustic
modes are contained in both the forcing function and vane response
data becausethey occur at multiplesof blade-passfrequencyand are
phase-lockedto the rotor.The forcingfunctiongeneratedin the tran-
sonic regime is three-and-one-halftimes larger than that generated
by subsonicrotor operation.However, the maximum unsteady load-
ing on the IGV at the designspeed as a result of this interactionis six
times larger than that at part-speed.We will show that this dramatic
increasein unsteadyloadingat transonicspeedsis caused,in part,by
nonlinear interaction effects in the vane trailing-edge region, with
these effects not present for subsonic rotor operating conditions.

Figures 8 and 9 show the vane surface time-variant AC coupled
pressures used to construct the unsteady envelopes for the moder-
ate axial spacing at transonic and subsonic rotor operating condi-
tions. At the transonic design speed the waveform on both vane
surfaces changes noticeably with chordwise location. In fact, the
waveformchange with chordwise locationcorrelatesvery well with
the changesin amplitudenotedfor the unsteadyenvelopes.In partic-
ular, the pressure surface � uctuations are very sharp and impulsive
over the aft 30% of the vane where the rotor generated unsteadiness
is largest. The waveform, however, transitions to a sawtooth-type
pattern over the centralportionof the vane as the unsteadinessatten-
uates, then becoming uniform again over the front one-third of the
chord. A similar trend is apparent on the suction surface, with the
waveform changing noticeably along the chord as the unsteadiness
increases from the trailing to the leading edge.

Upstream propagating wave phenomena are clearly evident on
the vane pressure surface, with the maximum pressure � uctuations
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occurringat later times as waves propagateupstream along the vane
chord. The pressure and suction surface waveforms are also notice-
ably different at the vane trailing edge, but become very similar
to one another near the leading edge. The surface-pressure� uctua-
tions are in phase at the trailing edgebut nearly 180 deg out of phase
at the leading edge. This indicates that a time-dependentwave phe-
nomenonis establishedin the vanepassagebecauseof its interaction
with the downstream rotor.

Analogous results are presented in Fig. 9 for the part-speed sub-
sonic rotor operating condition.The waveform changeswith chord-
wise location again correlate with the amplitude changes of the
unsteady pressure envelopes, but are not as dramatic as those noted
for transonic rotor operation. On both vane surfaces the waveform
is nearly sinusoidal over the front half chord, with the amplitudes
nearly identical but the � uctuations sharper on the pressure surface.
As the trailing edge is approached, the amplitude of the unsteadi-
ness attenuates, and the waveforms become more erratic, most no-
tably on the pressure surface. The wave phenomena observed at
the transonic design speed are no longer present, with the maxi-
mum pressure � uctuationson each vane surface occurring at nearly
the same time for all chordwise locations. Additionally, the � uctu-
ations on each surface are nearly 180 deg out of phase along the
entire chord, in contrast to the trend noted for the transonic rotor
speed.

Instantaneous IGV Pressure Distributions

To gain insight into the evolutionof the unsteadiness,the instanta-
neous IGV surface-pressuredistributionsgeneratedat the rotor tran-
sonic design speed over one periodic cycle are examined.Figure 10
shows the phase-lock averaged surface-pressuredistributions at 10
equally spaced increments over one blade-passperiod for the mod-
erate axial spacing.Also shown for reference in the center of Fig. 10
is the rotor-generatedunsteady aerodynamic forcing function. Re-
call that this forcingfunctionis measuredat approximatelymidpitch
and leads the measurements at the reference vane trailing edge by
58.5% of the blade-pass period. To compensate for this time delay,
the pressure � uctuations associated with the passing of the rotor
shock at each time increment are indicated on the forcing function
waveform by the open symbols for one vane response cycle.

Fig. 10 Instantaneous IGV pressure distributions at 20,000 rpm (moderate axial spacing).

Upstream travellingwave phenomenaare clearly evident on both
vanesurfaces,with thepressureandsuctionsurfaceresponsesnearly
180 deg out of phase along most of the chord. This behavior is
attributed to a time-dependent wave pattern being generated in the
IGV passage caused by the interaction of the rotor shock waves
with the upstream vane row. The rotor shocks periodically impact
the trailing-edge region of the upstream vanes, with a re� ection of
the incident shock wave occurring on the pressure (upper) surface
and diffractionoccurringon the suction (lower) surfaceas the shock
bends around the trailing edge (Fig. 11).

The re� ection of the shock by the vane pressure surface causes
a signi� cant increase in the static pressure (overpressure zone) to

Shock interaction with vane trailing edge

Shock interaction with vane leading edge

Fig. 11 Shock-wave interaction with an isolated vane.
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occur in the region aft of the re� ection point (p3 > p2 ). Because
the IGV � ow� eld is subsonic, a pressure wave is generated in
the trailing-edge region that equalizes the pressure in the overpres-
sure zone with the lower pressure region aft of the diffracted shock
on the suction surface. This process is periodic because the shock
waves translate with the rotor, with the re� ection point moving up-
stream along the chord and the re� ected shock segment continuing
to propagate upstream toward the suction surface of the adjacent
vane as the cycle progresses.As the re� ection point moves past the
nose of theairfoil,anotherpressurewave is generatedin the leading-
edge region to equalize the pressureon the upper and lower surfaces
and the re� ected shock segment is diffracted as it bends around the
nose. Note that cascade effects can cause secondary re� ections to
occur, with the re� ected shock segments impacting the surface of
adjacentvanes or the multiple leading-edgeshocksgeneratedby the
rotor as they propagate upstream.Particle image velocimetry (PIV)
measurements of the vane-to-vane � ow � eld currently in progress
have veri� ed this interaction process.4

The maximum pressure � uctuation associated with the rotor-
generated forcing function occurs at time t / T = 0.8, whereas the
vane response to this forcing function is � rst evident at t / T = 0.9.
This time lag is caused by the rotor leading-edge shock waves be-
ing inclined to the axial direction,with the axial separationdistance
between the trailing-edge transducer and unsteady static pressure
probe 31.4% vane chord. At time t / T = 0.9 the impact of the rotor
shock causes an increase in the unsteady pressure surface loading
in the trailing-edge region of the vane. Note that a suction surface
response to the rotor shock is not yet evidentat this time for the 90%
chord transducer location becauseof the diffractionof the shock by
the lower surface of the vane.

At the next time instant, the overpressure caused by the shock
re� ection on the pressure surface is clearly visible, with the suc-
tion surface of the vane also beginning to respond to the passing
of the rotor shock. Note that the pressure surface loading decreases
sharply aft of the re� ection point, with the loading on both vane
surfaces approaching the same value as the trailing edge is ap-
proached. Also, the unsteady loading generated by the re� ected
shock is very signi� cant, with the maximum unsteady pressure dif-
ference across the vane nearly 50% of the time-average inlet total
pressure.

As the re� ection point moves upstream, the unsteady pressure
surface loading aft of the re� ection continues to increase to a max-
imum at time t / T =0.2, after which it decreases and then remains
about the same throughout the remainder of the cycle. This behav-
ior is attributed to the decay of the incident shock waves as they
interact with the upstream vane row and dissipate energy through
the re� ection and diffraction process. The re� ected shocks, how-
ever, continue to propagate upstream as the cycle progresses. At
time t / T =0.3 the shock re� ected by the pressure surface of the
adjacentvane during the previouscycle has traveledacross the vane
passage and impacts the suction surface of the reference vane in the
leading-edge region, causing the unsteady loading near 20% chord
to increase noticeably.

Spectral Analysis

The phase-lock averaged rotor-generated forcing function and
the resultant IGV unsteady aerodynamic response are decomposed
into blade-pass frequencyharmonics using a fast Fourier transform
(FFT) algorithm, with the data window encompassing one com-
plete rotor revolution.Figure 12 presents the spectral content of the
forcing function at the moderate axial spacing for the transonic and
subsonic rotor operating conditions. Six harmonics are required to
describe the forcing function to the upstream IGV at the transonic
design speed, with harmonics higher than this negligibleas they are
less than 0.5% of the inlet total pressure. These � rst six harmon-
ics are quite large, with amplitudes of 15.1, 6.2, 2.7, 2.5, 1.3, and
0.7% of the inlet total pressure. Only three harmonics are required
to describethe rotor-generatedforcing functionat the subsonicpart-
speed operating condition.These harmonics are much smaller than
those at the transonic design speed, having amplitudes of 4.1, 1.0,
and 1.1% of the inlet total pressure.

Fig. 12 Forcing function harmonic content (moderate axial spacing).

Fig. 13 IGV surface-pressure harmonic content at 20,000 rpm (mod-
erate axial spacing).

Figures 13 and 14 show the harmonic content of the upstream
IGV surface-pressure � uctuations corresponding to these forcing
functions. At the transonic design speed there are several higher
harmonics that were not present in the unsteady aerodynamic forc-
ing function, most notably in the vane trailing-edge region on the
pressure surface. This is indicativeof nonlinear interactionscaused
by the re� ectionof the rotorshockby the vanepressuresurface,with
harmonics as high as 9 £ band-pass� lter (BPF) present in the vane
response. These higher harmonics rapidly attenuate upstream, with
the harmonic content on the pressure surface in the leading-edge
region similar to that of the forcing function. Notice that the op-
posite trend occurs on the suction surface, with higher harmonics
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Fig. 14 IGV surface-pressure harmonic content at 15,000 rpm (mod-
erate axial spacing).

present in the vane leading-edgeregion but not at the trailing edge.
These higher harmonics are generatedby the impact of the re� ected
shock segment with the vane suction surface near the leading
edge.

At the subsonic rotor operating condition, the vane response is
predominantly� rst harmonic (Fig. 14). Responsesto the second and
third harmonics of the forcing function are also present in the vane
trailing-edgeregion, with the amplitudes of these higher harmonics
rapidly attenuated upstream toward the leading edge. Note that for
this operating condition the vane response spectrum correlates very
well with that of the forcingfunction,indicatingthat the interactions
are linear for subsonicrotoroperationbecauseof the rotor-generated
forcing function having a much smaller amplitude at the part-speed
operating condition.

The rotor-IGVinteractionsat the rotor transonicdesign speed are
inherently nonlinear because of the high level of unsteadinessgen-
erated by the rotor shock system. To examine how these nonlinear
interactionsmight impact forced response of the IGV, the harmonic
content of the unsteady pressure difference, i.e., the unsteady aero-
dynamic loading, across the vane is examined. Figure 15 shows the
unsteady pressure difference spectrum for the moderate and large
axial spacings.Nonlineareffectsare presentat both axial spacingsin
the trailing-edge region, with several higher harmonics in the vane
response that are not containedin the unsteadyaerodynamicforcing
function. Note that the unsteady loading at the trailing edge is very
large at the moderate axial spacing, around 9% of the total pressure
for the � rst two harmonics, 5.3% for the 3rd, and between 3–4%
for the 4th–8th harmonics. Increasing the axial spacing causes the
amplitudeof the vane unsteady loading to attenuate slightly,but it is
still very signi� cant for the higher harmonics, ranging from 2–3%
of the inlet total pressure for the 4th–8th harmonics.

It is not possibleto eliminateall resonantcrossingsfrom the oper-
ating range of a turbomachine, particularly intersectionsof higher-

Fig. 15 IGV unsteady pressure difference harmonic content at
20,000 rpm.

order airfoil vibration modes with multiple harmonics of engine
orderexcitations,i.e., 3 £ BPF andhigher.Thesehigher-ordervibra-
tion modes are usually characterizedby edgewise bending patterns,
with the thin trailing-edge region of the airfoil most susceptible to
HCF failure.

These data show that blade-row interactionsin the transonic � ow
regimecause signi� cantunsteadyloadingin the trailing-edgeregion
of the upstream vane row, with harmonics as high as 8 £ BPF, a sig-
ni� cant source of unsteady aerodynamic excitation to the vanes.
Recall that the unsteady aerodynamic forcing function consisted
only of the � rst six harmonics of blade-pass frequency, with the
4th–6th harmonics attenuating rapidly with increasing frequency.
Thus, nonlinear interactionsare responsible for the higher harmon-
ics in the vane response, with these higher harmonics a signi� cant
sourceof unsteadyaerodynamicexcitationto the higher-orderedge-
wise bending modes of vibration.Additionally, increasing the axial
spacingdid not signi� cantly reduce the upstream vane trailing-edge
loading for these higher harmonics. This indicates that simply in-
creasing the IGV-rotor axial spacing will not alleviate the problem.
Rather, design systems must account for nonlinear unsteady aero-
dynamic interactions when analyzing the forced response behavior
of transonic stages.

Unsteady Aerodynamic Transfer Functions

The � rst harmonic unsteady aerodynamic transfer functions, i.e.,
the response nondimensionalizedby the forcing function, are pre-
sented in Figs. 16–18. For a linear system these transfer functions
should be identical for both axial spacings.

Figure 16 shows the amplitude and phase of the normalized pres-
sure and suction surface responses at the transonic design speed.
The agreement for both the magnitudeand phase is very good along
the entire vane pressure surface. The suction surface responses,
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Fig. 16 Normalized � rst harmonic unsteady surface-pressure distri-
butions at 20,000 rpm.

Fig. 17 Normalized � rst harmonic unsteady surface-pressure distri-
butions at 15,000 rpm.

Fig. 18 Normalized � rst harmonic unsteady pressure difference dis-
tributions.

however, do not collapsefor the two axial spacings.The magnitudes
exhibit similar chordwise trends, but the nondimensional response
for the moderate spacing is approximately 20% smaller. Addition-
ally, the agreement in phase angle is excellent along the � rst 75%
of the chord, but signi� cant differences exist near the trailing edge.
In fact, the phase angles over the aft 25% of the vane for the two
axial spacings follow opposite trends, with this behavior attributed
to nonlinearinteractions.Note that the linear increasein phase angle
indicates that disturbancespropagateupstream along the vane. This
trend is present on the pressure surface and the � rst 75% of the suc-

tion surface, adding further support to the conclusion that upstream
propagatingwave phenomenaare present in the vane passage at the
transonic operating condition. In addition, the magnitudes on both
vane surfaces exhibit very similar characteristics to the numerical
results of Eulitz et al.,1 particularlythat the locationof the minimum
response occurs near midchord on the pressure surface and near the
trailing edge on the suction surface.

Figure 17 shows analogous results for the subsonic part-speed
rotor operating condition. The trendwise agreement is excellent,
but the magnitude and phase angle distributions for the two axial
spacings are offset from one another.This trend is apparenton both
vane surfaces, with the magnitude for the large axial spacing ap-
proximately 20–30% larger and the phase angle 5–10 deg greater
across the entire chord. Note that the magnitude offset was also
present in the data at the transonic design speed, being most notice-
able on the suction surface. This offset may be caused by acoustic
interactions between the IGV and rotor. Speci� cally, IGV-rotor in-
teractions result in the generation of spinning acoustic modes at
blade-pass frequency harmonics. Only certain of these modes are
cut-on and propagate to the far � eld, with the cut-off modes decay-
ing exponentiallywith axial distance. The unsteady static-pressure
probe measurements include these interactioneffects in addition to
the forcing function generated by the rotor. Because the vane re-
sponse is nondimensionalized by the forcing function, the offset
may be caused by the presence of these interaction effects in the
data. Note that the vane response may also be affected by these
interactions, particularly by upstream propagating modes passing
through the vane passage.

Figure 18 compares the nondimensional unsteady pressure dif-
ference across the vane for the transonic and subsonic rotor speeds.
Consistentwith the individualsurface-pressuredata, the nondimen-
sional loading for the large axial spacing is approximately 25%
larger and offset from that of the moderate axial spacing. At the
transonicdesign speed this trend is present over the � rst 70% of the
chord, with the magnitude and phase angle distributionsvery simi-
lar for both axial spacings.However, signi� cant differencesexist in
the trailing-edgeregion becauseof nonlinear interactioneffects. As
the trailing edge is approached,the unsteadypressuredifferenceap-
pears to approachzero for both axial spacings,with the trailing-edge
loading largest for the moderate axial spacing.The phase angles are
also in excellent agreement over the � rst 85% chord, but differ by
nearly 180 deg at the 90% chord transducer location. At the sub-
sonic rotor operating condition these nonlinear interaction effects
are not present, with the magnitude and phase angle distributions
very similar for both axial spacings.

Conclusions
Unsteady aerodynamicinteractionsbetween the IGV and rotor of

an advanced design transonic multistage compressor have been ex-
perimentally investigated,with the rotor-generatedforcing function
and resultant IGV response measured and analyzed at both design
and part-speed operating conditions.

The unsteady static-pressure � eld generated by the rotor, i.e.,
the forcing function to the upstream IGV, was three-and-one-half
times larger at the transonic design speed. The increase in unsteady
aerodynamic loading on the upstream IGV as a result of this in-
teraction was even more pronounced, being six times larger at the
transonic design speed compared to the part-speed subsonic rotor
operating condition. This dramatic increase in unsteady vane load-
ing was attributed to nonlinear interaction effects caused by the
high level of unsteadiness generated by the passing of the rotor
shocks.

The impact of the rotor leading-edge shocks with the vane trail-
ing edge resulted in the incident shock being re� ected by the vane
pressure surface and diffracted by the suction surface. The re� ec-
tion pointmoved upstreamas the cycleprogressed,with the incident
shock decaying as it propagated through the vane passage because
of its interaction with the vane row. The re� ected shock segment,
however, traveledacross the vanepassageas it propagatedupstream
and eventually impacted the suction surface of the upper vane in the
leading-edgeregion.
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The unsteady aerodynamic loading on the vanes resulting from
these transonic IGV-rotor interactions was very signi� cant, with
the maximum peak-to-peak static pressure � uctuations over the
aft region of the vane as large as 60% of the inlet total pressure
for the moderate axial spacing. Nonlinear interaction effects also
introducedseveralhigherharmonicsinto thevaneresponsethatwere
not present in the unsteady aerodynamic forcing function, with the
pressure � uctuations on the vane aft region having components as
high as 9 £ BPF. These nonlinear interactions did not occur at the
part-speedsubsonic rotor operatingcondition,with both the forcing
function and resultant vane response primarily � rst harmonic.

The higher harmonics generated by nonlinear interactions at the
transonic design speed may be a signi� cant source of forced re-
sponse excitation to the vane, with the unsteady pressure difference
amplitudes across the thin trailing edge ranging from 3–4% of the
inlet total pressure for the 4th–8th harmonics. Increasing the IGV-
rotor axial spacing did not alleviate this problem, with the higher
harmonics attenuated only slightly. Thus, these higher harmonics
may be a potential source of excitation to higher-order vibration
modes that could lead to HCF failure of the thin trailing edges. Be-
cause it is impossible to eliminate all resonant crossings from the
compressor operating range, design systems must account for these

nonlinear interaction effects when analyzing the forced response
behavior of transonic stages.
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