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Axial Compressor Blade-to-Blade Unsteady
Aerodynamic Variability
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Experiments investigate axial compressor unsteady aerodynamics generated by the interaction of rotor blades
with the wakes from inlet guide vanes (IGVs). The variability of the unsteady velocity and the corresponding
unsteady aerodynamic rotor blade response are determined. The percentage of IGV wakes similar to the grand
average wake is calculated in and out of wake-affected regions. Also, the probability distributions of wake char-
acteristics are made, and the correlation between the forcing function and the response variability calculated.
Signi� cant blade-to-blade variability is found, with less than 50% of the wakes similar to the grand average per-
centage. The energy in the unsteadiness varies by as much as 100%. A strong correlation between the transverse
velocity and the resulting unsteady aerodynamicresponse is found. However, the correlation weakens at lower � ow
coef� cients due to stall on the suction surface of the IGV.

Nomenclature
Cl = lift coef� cient
CM = moment coef� cient
TBP = blade passing period
wc = wake width characteristic
w¿ = transverse gust component
wÃ = streamwise gust component
5 = compressor pressure rise coef� cient
¿ = direction normal to the steady rotor relative velocity
Ã = direction parallel to the steady rotor relative velocity

Subscript

gr = grand average

Superscripts

= time averaged
3 = ensemble averaged

Introduction

C URRENT models to predict the unsteadiness in turbomachin-
ery consider only the blade pass frequency and higher har-

monics. Thus, these models assume that all airfoils produce identi-
cal wakes and respond to unsteadiness in the exactly same manner.
However, no two wakes are ever identical. Hence, the goal of this
study is to investigate blade-to-blade wake and resulting unsteady
aerodynamicresponsevariability.Sources of this variability include
manufacturingdifferences,staggerand spacingvariances,and blade
row interactions.

The limited work done with blade-to-blade wake variability has
shownit to be signi� cant.Shermanetal.1 studiedthepressurebehind
an axial compressor rotor and computed a grand mean wake by
averaging the wakes from each rotor blade. They found that the
number of wakes that can be represented by a grand mean wake

Received 16 January 2001; revision received 2 October 2002; accepted
for publication10 November 2002. Copyright c° 2003 by Douglas M. Boyd
and Sanford Fleeter. Published by the American Institute of Aeronautics and
Astronautics, Inc., with permission. Copies of this paper may be made for
personal or internal use, on condition that the copier pay the $10.00per-copy
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923; include the code 0748-4658/03 $10.00 in correspondence with
the CCC.

¤Graduate Research Assistant, School of Mechanical Engineering; cur-
rently Project Engineer, System Performance, Rolls–Royce Corporation.
Member AIAA.

†McAllister Distinguished Professor, School of Mechanical Engineering.
Fellow AIAA.

varies in and out of the wake region. About 50% of the wakes were
considered to not be represented by the grand mean. Sanders and
Fleeter2 quanti� edwakevariabilityfor a rotorwakeand the resulting
unsteady lift of the downstream stator. At the design condition, the
variability of the velocity de� cit was about 13% of the maximum
de� cit, and the unsteady lift coef� cient varied by about 50%. At an
off-designcondition,the variabilityincreaseddue to � ow separation
on the rotor.

Experimental Methods
The compressor test section has inlet guide vanes (IGVs) and

two stages of rotor blades and stator vanes with a C4 pro� le and a
30-mm chord. The axial spacing between the IGVs and � rst rotor is
72.0% chord and 296% chord between the � rst stage rotor and the
next stator. Also, support struts (3.3 mm thick and 98 mm long) are
located 84 mm upstream of the test section.

The rotor-based instrumentation is shown in Fig. 1. Two-
dimensional velocity measurements are accomplished with a ro-
tating TSI 1240-T1.5 cross hot wire capable of accurate measure-
ments to 200 kHz. The hot wire is located at midspan, 18.8% chord
upstream and 17.4% blade spacing circumferentiallyfrom the near-
est rotor blade and is calibrated for velocities from 21 to 61 m/s
and angles to §36 deg. The � rst stage rotor blade unsteady static
pressuresare measured using 20 Kulite XCS-093-2A transducersat
midspan, with four blades used due to space limitations.A dynamic
transducer calibrationdetermined that the maximum gain error was
0.60 dB and phase angle was 1.5 deg from 40 to 2700 Hz.

Data Analysis
The velocity and blade surfaceunsteadypressuresignals are sam-

pled at 100 kHz, with 606,000samples taken correspondingto over
200 rotor revolutions with 3000 points each and the ensemble av-
erage

_
z. j/ and ensemble standard deviation

_
z¾ . j/ calculated. The

crosswireand the four unsteadysurfacepressurebladesare at differ-
ent rotor locations.Hence, the ensemble average signals are shifted
in time to simulateone rotor location.To determine if wakes are like
a grand average,1 � rst the 3000-pointensemble averageddata signal
is divided into 36 random vectors Xi corresponding to the 36 IGV
wakes. Because there are 3000 points and 36 wakes per revolution,
there are 83.333pointsper wake, that is, not a whole number.There-
fore, only 83 points are taken for each wake with one point skipped
every third wake. A dif� culty arises from the interactionof the � ve
upstreamsupport struts with the IGVs. The � ve affected IGV wakes
are not used in the variability analysis, leaving 31 random vectors
for variability analysis.

The variability analysis determines whether the variabilityof the
31 IGV wakes is due only to a statistical variation. The estimates
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Fig. 1 Rotor-based instrumentation.

of the ensemble standard deviations
_
z¾ calculated in the ensemble

averaging are divided into 31 random vectors Yi as were the en-
semble averages. Also, grand average and grand standard deviation
vectors from the 31 wakes are calculated [Eq. (1)]. The grand av-
erage speci� es the average wake, with the standard deviation quan-
tifying the difference between the individual wakes and the grand
average:

Xgr. j/ D
1

Nwakes

NwakesX

i D 1

Xi . j/

Ygr. j/ D

vuut 1
Nwakes0

Nwakes0X

i D 1

[Xi . j/ ¡ Xgr. j/]2 (1)

where Nwakes is the number of wakes used to make the grand aver-
age (31).

The Smith–Satterthwaite test compares two independentrandom
samples that are assumed to be from normal distributionswith un-
equal variances and is used to compare each of the 83 points of the
grand average and the individualwake ensemble averages [Eq. (2)].
The degrees of freedom and test statistics are calculated for each
point of each wake. Finally, for each of the 83 points of the wake
ensembles, the fraction of wake ensembles that can be represented
by the grand average wake ensemble is calculated. A high fraction
(>0.71) means the grand average is a good representation of the
wakes and the wake-to-wake variability is due to chance: Fig. 2 Wake shapes.
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Fig. 3 Forcing function mean, standard deviation, and acceptance levels.
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where Di . j/ is the number of degrees of freedom of the j th point
in the i th wake, ti . j/ is the test statistic of the j th point in the i th
wake, Nrev is the numberof revolutionsused in the ensembleaverage
(200), and Nwakes0 is the number of wakes used to make the grand
average wake (31).

The variability is further examinedby quantifyingthe wake char-
acteristicdistributions.The streamwiseand transversevelocitiesare
again used for the forcing function, with the unsteady lift and mo-
ment coef� cientsused for the rotor blade response.The four charac-
teristics analyzed are the delay, width, amplitude, and energy of the
wake or response.The delay is the time between the start of the time
trace and a set event. Width is a measure of how long the wake ef-
fect lasts. Amplitude de� nes the peak-to-peakchange caused by the
wake. The energy is a measure of the total unsteadiness, quanti� ed
by the sum of the square of the unsteady signal.

The characteristicvalues are correctedby the grand averagechar-
acteristic.The correcteddelay is calculatedby subtractingthe grand
average delay from each of the wake delays with the difference di-
vided by the blade passing period, that is, the corrected delay is the
difference from the grand mean delay as a fraction of the blade pass
period. The corrected width, amplitude, and energy are calculated
similarly, but the difference from the mean is divided by the grand
average. The corrected amplitude and energy are calculated in the
same manner. A corrected value of zero means that the width of a
wake is equal to the width of the grand average. A corrected value
of one means the width of a wake is twice that of the grand average.

To � nd if the blade-to-blade variability of the unsteady aero-
dynamic response is related to that of the forcing function, the cor-
relation coef� cient is calculated,

correlation coef� cient

D
N

N ¡ 1

cov.wcff; wcres/p
cov.wcff; wcff/ ¢ cov.wcres; wcres/

(3)

where the covarience
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N

X
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High � ow coef� cient Low � ow coef� cient

Fig. 4 Grand average aerodynamic blade response and acceptance level.

Once the wake-to-wake variability due to chance has been de-
termined, the variability can be further examined by quantifying
the distribution of the wake characteristics. The streamwise and
transverse velocities are again used as the forcing function signals.
However, for the rotor blade response, the unsteady lift and moment
coef� cients are analyzed. There are two types of wake shapes for
these signals, as shown in Fig. 2. One type is similar to an impulse,
whereas the other is similar to a sinusoidal wave. The transverse
gust and unsteady lift have impulse shapes whereas the streamwise
gust and unsteady moment have sinusoidal variations.

The four wake characteristicsanalyzed are the delay, width, am-
plitude, and energy of the wake or response. The delay is the time
between the startof the time trace and a set event.Width is a measure
of how long the wake effect lasts. Amplitude is a measure of the
peak-to-peakchange caused by the wake. For pulse shaped signals,
the AmericanNationalStandardsInstitute/Instituteof Electricaland
Electronics Engineers 194-1977 standard for pulse terms and de� -
nitions is used. The sinusoidal signals are analyzed by determining
local maximums and minimums caused by the wake. The energy is
a measure of the total unsteadiness and is found by taking the sum
of the square of the unsteady signal.

Results and Discussion
The blade-to-bladevariabilitiesat the high and very low � ow co-

ef� cients on a constant-speedoperating cure are compared herein.
The acceptance testing is applied to two forcing function parame-
ters, streamwise velocity wÃ and transversevelocity w¿ , with Fig. 3
showing the degree of unsteadinessvs the fractionof the rotor blade
pass period. Figure 3 shows the 31 ensemble averagewakes as light
lines and the grandmean wake as the dark line. Note that the stream-
wise unsteadyvelocity is much smaller. The standard deviationplot

shows the 31 ensemble average standard deviations and the grand
average standard deviation.

The 31 wÃ ensemble averages follow the same trend as the grand
average; however, the location and magnitude of the local maxi-
mum changes. The 31 ensemble standard deviations have a maxi-
mum, whereas the velocity is changing from the highest to lowest
point that is in the wake region. For the high � ow coef� cient, the
grand average standard deviation has two local maximums that cor-
respond to the minimum and maximum of the grand average mean.
As the � ow coef� cient is lowered, the grand average standarddevia-
tion decreases.The resulting acceptancelevel is generally higher in
the wake region than in the freestream. The maximum acceptance,
above 71%, occurs during a short time in the wake region for the
high � ow coef� cient and even longer for the very low � ow coef� -
cient. In the freestream, the acceptance is 20–40% with the lower
� ow coef� cient having higher acceptance.

The 31 w¿ ensemble averages have larger unsteadiness than wÃ .
All 31 wakes form a positivepulse in the wake region,with the pulse
amplitude decreasing with � ow coef� cient. The ensemble average
standard deviations have two local maximums that correspond to
the maximum and minimum of the ensemble averages. The ensem-
ble average standard deviation decreases with � ow coef� cient. The
grand average standard deviations also have two local maximums
that decrease with � ow coef� cient. For w¿ , the acceptance is lower
in the wake region,oppositefrom wÃ . In the wake region, the accep-
tance has two local minimums at the beginningand end of the wake
with a maximum in the middle. In the freestream, the acceptance
levels are generally higher at the low � ow coef� cient.

All 20 of the surface unsteady pressures are acceptance tested,
analogous to the forcing function. The grand average pressures
across the suctionand pressuresurfacesare shown in Fig. 4. Regions
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Fig. 5 Unsteady lift and moment coef� cient from 31 IGV wakes and the grand average.

with acceptance above 71% are outlined by white lines. As shown
by the large unsteadiness, the IGV wake is on the rotor blade from
about 0.25 to 0.45t=TBP. On the suction surface, the wake causes a
negative pressure shown by the dark color, whereas on the pressure
surface, the wake increases the pressureand, thus, the color is light.

On the rotor blade suction surface, the regionsof high acceptance
change with � ow coef� cient. At the high � ow condition, the high
acceptanceregion is present from 20 to 35% chord at the beginning
and end of the wake-affected region. At the low � ow condition, the
other high acceptance region develops aft of the stall vortex. The
stall vortex is shown by a negative pressure than goes from about
25% chord to the trailing edge during the blade pass period. Before
the vortex reaches a part of the rotor blade, there is a region of
high acceptance. This is likely due to the high ensemble standard
deviation that is a result of the stall vortex having an inconsistent
formation and propagation rate. On the pressure surface, the high
acceptance is concentrated in regions unaffected by the wake. At
the high � ow coef� cient, high acceptanceis present between 20 and
30% chord except when the wake is present and between 60 and
75% chord. These high acceptance regions grow with lower � ow
coef� cient.At the very low � ow coef� cient, there is high acceptance
for all but the front 10% chord.

Because blade-to-blade wake variability was found in both the
forcing function and unsteady aerodynamic response, the distribu-

tion of the wake characteristic is of interest. For the forcing func-
tion, the unsteady streamwise and transverse velocities are again
examined,with the unsteady lift and moment used as a summary of
the rotor unsteady suction and pressure surface pressures (Fig. 5).
Shown are the 31 ensemble responses, the grand average and its
standard deviation. The 31 ensemble responses vary more that one
standard deviation from the grand average. However, the blade-to-
blade variability decreases with lower � ow coef� cients.

The wake characteristic probability distributions are shown in
Fig. 6. The delay is predominantly within §20 and §10% of the
IGV/rotor blade pass period for the high and very low � ow coef� -
cients.The width of the velocitywakecoef� cients is very consistent,
especially at the low � ow condition. The amplitude characteristics
havemorevariancethan thewidthcharacteristics.The wÃ amplitude
has a broad distribution of §60% of the mean. The w¿ amplitude
distributionhasmanyvalueswithin 20%of themean,with thewhole
distributionwithin §40% of the mean. The wÃ energy is distributed
evenlyand broadlyover §100% of the mean value. The distribution
for the w¿ energy is slightly smaller. Therefore these high-energy
variance values indicate that the blade-to-blade wake variability is
signi� cant.

The characteristicdistributionsfor the unsteady lift and moment
coef� cients are shown in Fig. 7. The delays of the unsteady lift and
moment have similar distributions.The delay distributionsbecome
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Fig. 6 Forcing function wake characteristic probability distributions.

narrower with lower � ow coef� cient. The distributionsof the width
characteristic for the unsteady lift and moment are very different.
The width of the unsteady lift coef� cient varies within §100% of
the mean. Conversely, the width of the unsteadymoment coef� cient
only varies §20% for all � ow coef� cients. The amplitude distri-
butions of the unsteady lift and moment coef� cients are similar,
stayingwithin §50% of the mean. The variance is lower at the very
low standard � ow coef� cient than at the high � ow coef� cient. The
energy of the unsteady lift and moment coef� cients stays within

60% of the mean value for both � ow coef� cients. Even though the
unsteady lift and moment coef� cients are calculatedby integration,
these results show signi� cant blade-to-bladevariance.

Both the forcing function and unsteady aerodynamic response
contain signi� cant blade-to-blade variability. Because the forcing
function is the primary source for the unsteadinessof the unsteady
aerodynamicresponse, there should be a correlationbetween them.
However, some of the unsteady response is due to the interactionof
the forcingfunctionand the rotorblades,such as the formationof the
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Fig. 7 Lift and moment characteristic probability distributions.

stall vortex.Therefore,theremay be some variabilityin the response
not present in the forcing function.To measure the forcing function
and aerodynamic response correlation,the correlationcoef� cient is
calculated between each of the forcing function characteristicsand
the response characteristics.

The delay characteristic shows a strong relation between the
transverse velocity and unsteady aerodynamic response. Between
the delay of the transverse unsteady velocity and that of the un-

steady lift, the correlation coef� cient decreases from 0.90 at the
high � ow condition to 0.65 at the very low � ow coef� cient. The
correlation coef� cient between the delay of the transverse velocity
and the unsteadymoment also decreases,but only from 0.94 to 0.81.
These high correlations show that the timing of the unsteady blade
response is closely tied to that of the unsteady transverse veloc-
ity. However, this relation decreases at the lower � ow coef� cients,
indicating other factors are affecting the response, for example,
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Fig. 8 Unsteady lift and transverse velocity energy characteristic relation.

suction surface stall. The energy characteristic also shows a strong
relation between the transverse velocity and the unsteady lift. The
correlation coef� cients between them are 0.85 and 0.86. Therefore,
the amount of unsteadiness in the transverse velocity is closely re-
lated to the respondingunsteady lift. These characteristicsare plot-
ted in Fig. 8 and show the linear relationship.

The correlationcoef� cients between the energy of the transverse
velocity and the unsteadymoment are also strong, 0.81 and 0.77 for
the four � ow coef� cients. The lower correlationvalues at the lower
� ow coef� cients indicate that the energy in the unsteady moment
coef� cient becomes less dependent on the transversevelocity. This
lack of correlation is likely due to the stall vortex effects that be-
come a signi� cant in� uence on the unsteady moment coef� cient at
low � ow conditions. Notice that, at the low � ow condition, there
is a weaker relationship between the transverse velocity and the
unsteady moment coef� cient.

Summary
Experiments investigatedaxial compressorunsteadyaerodynam-

ics generatedby the interactionof rotor blades with the wakes from
IGVs. The vane-to-vane variability of the rotor inlet unsteady ve-
locity and the correspondingunsteady aerodynamic response of the
rotor blade row were determined. The percentage of wakes simi-
lar to the grand average IGV wake was calculated in and out of
wake-affected regions. Also, the probability distributions of wake
characteristics were made, and the correlation between the forcing
function and the resulting unsteady aerodynamic response variabil-
ity was calculated.

Blade-to-blade variability of the forcing function and resulting
unsteady aerodynamic response was signi� cant. The streamwise
unsteady velocity has low blade-to-bladevariability in the wake re-
gion, but not in the freestream. Conversely, the transverse unsteady
velocity is like the grand average in the freestream and not in the
wake. On the suctionsurface, the responseblade-to-bladevariability
is low except in wakeand stallvortex-affectedregions.The response
on the pressure surface is like the grand average. The characteristic
of the wakes and response vary by as much as 100%. The forcing
function and response characteristics show a strong correlation be-
tween the transverse velocity and the unsteady lift coef� cient for
both the timing and the amount of unsteady energy.The correlation
between the transverse velocity and the unsteady moment coef� -
cient decreases signi� cantly for the very low � ow coef� cient due to
the effects of blade stall. In summery, blade-to-bladevariability can
lead to variability in the unsteady aerodynamicresponse, but at low
� ow conditions, the correlation weakens.
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