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Unsteady Flow and Whirl-
Inducing Forces in Axial-Flow
Compressors: Part I—Experiment
An experimental and theoretical investigation has been conducted to evaluate the e
seen in axial-flow compressors when the centerline of the rotor is displaced from
centerline of the static structure of the engine. This creates circumferentially nonuni
rotor-tip clearances, unsteady flow, and potentially increased clearances if the rota
and stationary parts come in contact. The result not only adversely affects compr
stall margin, pressure rise capability, and efficiency, but also generates an unst
destabilizing, aerodynamic force, called the Thomas/Alford force, which contributes
nificantly to rotor whirl instabilities in turbomachinery. Determining both the directi
and magnitude of this force in compressors, relative to those in turbines, is espe
important for the design of mechanically stable turbomachinery components. Part I o
two-part paper addresses these issues experimentally and Part II presents analyse
relevant computational models. Our results clearly show that the Thomas/Alford f
can promote significant backward rotor whirl over much of the operating range of m
ern compressors, although some regions of zero and forward whirl were found nea
design point. This is the first time that definitive measurements, coupled with comp
analyses, have been reported in the literature to resolve the long-standing dispar
findings concerning the direction and magnitude of whirl-inducing forces important in
design of modern axial-flow compressors.@DOI: 10.1115/1.1378299#
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1.0 Introduction and the Nature of the Issues

1.1 Introduction. Increases in clearances resulting fro
rubs between rotating and stationary turbomachinery compon
operating at tight levels of clearance most frequently result fr
forces induced by the following situations: rotor unbalance~asso-
ciated with imperfections in rotor manufacture or assembly!, lat-
eral deceleration during a hard landing, lateral forces induced
high-g and high-rate-of turn maneuvers, thermal bowing and
asymmetric ovalization of the casing, especially for fans.

However, a potentially much more destructive mechanism
inducing rubs is whirl instability. Any radial deflection of th
rotor relative to the stator creates circumferentially nonunifo
clearances and unsteady aerodynamic forces on the rotor as
blade traverses the varying clearance gap. These unsteady f
are orthogonal to the deflection and therefore are a signific
driver of rotor whirl instabilities. The forces increase in magnitu
as the deflection increases so that above the onset speed, w
destabilizing forces overwhelm the stabilizing damping forces,
deflections are ultimately limited only by damage to the intera
ing parts or by damping forces. Consequently an accurate d
mination of their magnitude and direction is of major importan
in the design of safe, stable turbomachinery components.
amples of whirl are hysteretic whirl, whirl associated with flui
trapped within cylindrical rotor cavities and plain journal bea
ings, etc.

1.2 The Nature of the Issues. The unsteady, destabilizing
aerodynamic cross-axis stiffness force that promotes rotor w
was first postulated by Thomas@1# and Alford @2# to explain rotor

Contributed by the International Gas Turbine Institute and presented at the
International Gas Turbine and Aeroengine Congress and Exhibition, Munich,
many, May 8–11, 2000. Manuscript received by the International Gas Turbine I
tute February 2000. Paper No. 2000-GT-565. Review Chair: D. Ballal.
Copyright © 2Journal of Turbomachinery
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whirl instabilities seen in steam turbines and jet engines resp
tively. Therefore, this force is generally referred to as the Thom
Alford force.

Whirl in Turbines. For a deflected turbine rotor, it has bee
shown experimentally that the airfoils in the closure zone
more highly loaded by aerodynamic forces than the airfoils in
open clearance zone because the former are operating more
ciently @3#. This situation is shown schematically in Fig. 1~a! for a
turbine rotor whose centerline has been displaced upward a
the ordinate by an amount1Y. This gives minimum clearance a
the top of the turbine and maximum clearance at the bottom.
forces at these two locations are the vector sum of the mean b
force, Fm , and the unsteady blade force resulting from the c
terline offset,Fu . As suggested by Thomas@1#, summing the
forcesperpendicularto the axis of displacement results in a n
force,FX5Fm1Fu , due to the difference in airfoil loading. Sinc
FX acts normal to the axis of displacement, it is called a cross-a
~cross-coupled! stiffness force. As seen in Fig. 1~a!, the direction
of FX acts to drive the rotor in orbital~whirling! motion about the
nondisplaced centerline in the same direction as rotor rotat
i.e., FX promotes forward whirl for turbines. Thomas postulat
the following model to compute a cross-coupled ae
dynamic stiffness coefficient in terms of the acting torque andb
coefficient:

KXY5
FX

1Y
5

Tb

DPH
(1)

Measurements of transverse destabilizing forces in unshrou
turbines give positiveb values in the range from 2 to 5@4–7#.

Whirl in Compressors. Alford @2# hypothesized the same phe
nomenon for compressors, whereby aerodynamic, cross-
forces caused by asymmetric tip clearance feed energy into
whirling motion of the rotor. Alford reasoned that during roto
whirl, the circumferential variation in radial tip clearance cause

45th
er-
sti-
001 by ASME JULY 2001, Vol. 123 Õ 433

6 Terms of Use: http://www.asme.org/about-asme/terms-of-use

https://core.ac.uk/display/83229514?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


434 Õ Vol. 123

Downloaded From: http://turbom
Fig. 1 Models of whirl-inducing forces in turbines and compressors. Net force FxÄFm¿Fu
acts perpendicular to the axis of displacement and drives rotor whirl; see Appendix B1.
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circumferential variation in efficiency so that the blading with t
smallest clearance would be the most efficient. Alford further
pothesized that the compressor would pump to a circumferent
uniform exit static pressure and therefore the more efficient b
ing at tight clearance would have a lower loading than the blad
with larger clearance 180 deg away. This situation, illustrated
Fig. 1~b!, shows that the net force,FX , tends to cause forward
rotor whirl. Thus, Alford concluded that compressors have po
tive b’s so that whirl-inducing forces for both compressors a
turbines are in the same direction.

Ehrich @8# hypothesized differently from Alford. He reasone
that compressor airfoils with the smaller clearance would susta
higher static pressure differential across their tips and wo
therefore be more highly loaded than the airfoils with larger cle
ance, 180 deg away. As shown in Fig. 1~c!, this dictates that the
net destabilizing force in compressors,Fx , tends to produce roto
whirl counter to the direction of rotation. Thus Ehrich conclud
that compressors tend to have negativeb coefficients so that the
direction of whirl-inducing forces for compressors would be o
posite to those for turbines.

There has been a disparity in the findings in the literature c
cerning the direction of rotor whirl in compressors. Vance a
Laudadio@9# found experimentally that the Thomas/Alford forc
is rotor-speed dependent and mostly positive, except for s
special combinations of rotor speed and stage torque where
direction of the force was reversed. Colding-Jorgensen@10# found
the same generality for the shape and slope of the relationsh
b coefficient versus flow coefficient as later reported by Ehr
@8#, but the Colding-Jorgensen results suggested a more pos
level of the parameter than the negative levels reported in Ehri
work. Ehrich @8# further showed that the experimental data
Vance and Laudadio@9# implied that, for certain values of torqu
and speed in their low-speed blower tests, the destabilizing fo
tend to drive backward whirl. Other evidence was also accum
lating in theoretical and experimental results of Yan et al.@11# to
indicate negativeb coefficients for compressors.

In engine field experience, aerodynamic cross-axis forces w
cited by Akin et al.@12# as the destabilizing mechanism in th
high-pressure rotor instability of the TF30 P1111 engine when it
went into production in mid-1986. Vibration reject rates were
high as 50 percent until the instability was eliminated by usin
squeeze-film damper at the high pressure turbine bearing.

In view of the importance of theb coefficient in designing
stable turbomachinery components, the disparity between
ford’s and Ehrich’s conjectures, the mixed findings of research
on the issues, the need for designers to often use very conserv
methods, and the absence of a decisive resolution of rotor w
issues, we formulated the experimental and analytic program
scribed in Parts I and II.
, JULY 2001
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2.0 Objectives and Definitions

2.1 Objectives. The overall goal of Part I was to provide
definitive resolution of the long-standing disparity in findings co
cerning the direction and magnitude of rotor whirl in compresso

There were three major objectives of Part 1. The first was
quantify any changes in compressor performance and airfoil lo
ing produced in compressors when the rotor centerline beco
displaced or offset from that of the stator. The second was
determine which of the two models best describes whirl in co
pressors, the Alford Model of Fig. 1~b! or the Ehrich model of
Fig. 1~c!. The third was to determine the direction and magnitu
of rotor whirl-inducing, aerodynamic forces in axial-flow com
pression systems used in modern turbomachinery, including t
design implications.

Comparing the results from analytical and computational m
els relative to the experimental data will be the subject of Par

2.2 Definitions. The following definitions will be helpful.
Rotor whirl instability: Unstable rotor whirl is defined as th

self-excited orbital motion of the rotor centerline about its nom
nal or undisplaced centerline induced by a destabilizing tangen
force, which overcomes the stabilizing external damping forc
There are several potential sources of such destabilizing for
This paper focuses on the Thomas/Alford forces.

Beta coefficient: the ‘‘Thomas/Alford Parameter,’’ originally
conceived as the change in thermodynamic efficiency per
change in blade tip clearance, expressed as a fraction of b
height. In practiceb, as defined by Eq.~1!, is a normalized value
of the cross-coupled stiffness.

Forward whirl: whirl whose direction is the same as that of th
engine rotor rotation or spin. Theb coefficient is positive for
forward whirl.

Backward whirl: whirl whose direction is opposite to that of th
engine rotor rotation or spin. Theb coefficient is negative for
backward whirl.

Aerodynamic cross-axis force: the net unbalanced aerodynam
force that acts perpendicular to rotor radial deflection to dr
rotor whirl.

3.0 Experimental Test Program
We set up a test program in the GE Low Speed Research C

pressor to simulate the eccentricity of a whirling rotor and m
sure the nonuniform, unsteady flowfield that develops.

3.1 Low Speed Research Compressor„LSRC…. The
LSRC is an experimental facility that duplicates the relevant ae
dynamic features of axial flow compressors in modern gas turb
engines in a large, low-speed machine where very detailed in
tigations of the flow can be made. Aerodynamic similarity f
Transactions of the ASME
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Mach number and Reynolds number is used in scaling the h
speed airfoils to their low-speed counterparts. This method of t
ing has proven reliable for over forty years in understanding
designing HP compression systems provided the phenomena
ing studied are Reynolds number dependent and not compres
ity dependent.

The LSRC, which has a constant casing diameter of 1.52
~60.0 in.!, was set up with four identical stages in order to sim
late the repeating stage environment. The third stage was the
stage. The blading was representative of current design prac

Three different low-speed blading configurations were tes
The first two, called CompressorsA andB respectively, are typica
of modern designs and have high hub/tip ratios of 0.85 with lo
aspect-ratio, high-solidity blading and shrouded stators. These
compressors are low-speed, aerodynamic models of the mi
and rear block of highly loaded, high-reaction~65–70 percent! HP
compressors in commercial gas turbine engines currently in
vice. CompressorC, also in commercial engine service, has ca
tilevered stators and blading with a lower hub/tip ratio of 0.7
lower reaction of 0.55, and higher aspect ratios than the ot
have. Additional information about the LSRC testing techniq
and the blading is available in@13–15#. Blading details for all
three compressors are given in Table 2 of Appendix A.

A cross section showing the test stage for CompressorA is
given in Fig. 2. The stators are shrouded so that there is no c
ance between the end of the stator airfoil and the hub under
airfoil. The seal tooth inhibits flow leakage from the trailing ed
region through the seal cavity upstream to the leading edge
gion. Consequently, the leakage flowfield across the rotor ti
very different from that in the stator hub.

Only CompressorA was tested with the stator centerline offs
from that of the rotor, as described below. All three compress
were tested at different axisymmetric clearances without offse
obtain the required input for the models in Part II.

3.2 Offset and Clearance Conditions. The use of large,
precision offset rings and offset bearing supports enabled u
assemble the LSRC with the centerline of the stator casing o
~displaced! relative to the centerline of the rotor and its driv
mechanism. The offset is shown schematically in Fig. 3. T
process of moving the entire stator assembly relative to the r
to achieve the offset significantly reduced both the cost and c
plexity of the test program as compared to moving the comp
and massive rotor drive mechanisms.

Tests were performed for Configuration A with two displac
ments of the casing centerline: a larger displacement of 0.1905
~0.075 in! and a smaller one of 0.0965 cm~0.038 in!. The larger

Fig. 2 Schematic showing cross section of compressor A
blading
Journal of Turbomachinery
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displacement exceeded the baseline rotor tip clearance by 0.
cm ~0.011 in.!. Therefore, to avoid both significant damage to t
LSRC test hardware from a rub and the resulting safety issues
ground the rotor tip and the stator shroud seal to allow both to
at the absolute minimum safe clearance judged to be 0.051
~0.020 in.!. This permitted the vehicle to enter rotating stall. A
though this process increased the magnitude of the average c
ances, the levels of centerline offset and clearance magnitu
bounded those of practical field experience where clearance
crease in high-time engines.

The offsets gave the corresponding values of minimum a
maximum clearance for the rotor-tip and the stator shroud s
tooth as shown in Table 3 of Appendix A. Precision run-outs ga
clearance variations from nominal around the circumference
60.0152 cm~0.006 in.!. The offset was measured to be accura
to within 60.0102 cm~0.004 in.!.

While the rotor did not actually whirl in these tests, the sta
shaft offset was intended to approximate the flowfield presen
whirling rotor motion to allow evaluation of the dominant aer
dynamic forces contributing to rotor whirl. The effects of the a
ditional forces in an actual whirling rotor are analyzed in Part

3.3 Instrumentation

Steady-state Instrumentation.High-resolution pressure trans
ducers, accurate to60.010 percent of the full-scale values of e
ther 0.068 or 0.136 bar~1 or 2 psi!, were used to record steady
state static and total pressures for determining both ove
compressor performance and the static pressures on the stato
foil surfaces. Frequent calibrations were conducted. A strain-g
torque meter, accurate to60.07 percent of measured torque, w
used to deduce shaft work input to quantify compressor efficien
Overall measurement accuracy is as follows: Flow coefficient
pressure coefficient are accurate to within60.15 percent and ef-
ficiency to within60.25 points.

Dynamic Instrumentation. A total of 64 ultra-miniature, high-
response Kulite model LQ-125 pressure transducers, having a
quency response of 20 kHz, were imbedded inside the rotor ai
surfaces to measure the unsteady static pressures acting o
suction and pressure surfaces. The locations of the Kulites, sh
in Table 4 of Appendix A, were selected to provide resolution
both chordwise and spanwise gradients. Small pressure p
pneumatically connected the sensor to the measurement sur

Fig. 3 LSRC configuration for centerline offset tests showing
circumferential variation in rotor tip clearance «R , and stator
shroud seal clearance, «s . Looking down on spinning, non-
whirling eccentric rotor with casings moved relative to rotor
assembly; see Appendix B2.
JULY 2001, Vol. 123 Õ 435
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The port diameters were sized properly at 0.08128 cm~0.032 in.!
and the lengths were small enough at 0.0406 cm~0.016 in.!, as
defined by Doebelin@16#, so as not to attenuate the periodic u
steady pressures.

The transducers were calibrated after installation in the airf
by using both a pressurized/evacuated chamber and a dyn
frequency-response calibrator. The transducer accuracy was61.0
percent. The response was unattenuated with no phase shiftin
to 1400 Hz~the limit of the calibrator used! or two times blade
passing frequency.

Data Sampling and Signal Processing.The signals from the
pressure transducers were digitized and ensemble-averaged.
netic System analog-to-digital converter was used to digitize
data signals using phase locked sampling at constant time in
ments. The analog data were low-pass filtered at 1 kHz to av
aliasing. The use of 200 ensemble averages greatly reduce
effects of time-unresolved unsteadiness. A once-per-revolu
pulse from an optical encoder in the casing sensed the trig
airfoil on the rotor blade and initiated the sampling for the d
windows for each rotor revolution.

3.4 Data Reduction

Calculation of Unsteady Pressures.Since the pressure trans
ducers were mounted in seven different airfoils on the 54-bla
rotor disk, great care was taken in time-shifting and synthesiz
these data onto one representative airfoil to construct the unst
pressure variation experienced by the rotor airfoils during a ro
revolution. The raw pressure data for each transducer were
cessed using fast Fourier transform~FFT! methodology to give a
filtered waveform consisting only of the first harmonic. An e
ample of the raw data is presented in Fig. 4~a! and the results from
its FFT analysis to obtain the Fourier coefficients are shown
Fig. 4~b!. The first harmonic is dominant. The 54th and 74th h
monics in the figure are associated with 54 rotors and 74 sta
An example of the circumferential variation of unsteady press
determined from the first harmonic is shown in Fig. 4~c!.

The unsteady pressures measured at the discrete location
the airfoil surfaces were bidirectionally curve-fit along the rad
and chordwise directions to obtain continuous pressure distr
tions on the suction and pressure surfaces. Our confidence le
in being able to integrate the unsteady blade pressures for
given Kulite coverage was about 95 percent. This was assesse
randomly removing data from several kulites from the analy
re-processing the data, and comparing the forces obtained
the pressure integration. DC-level comparisons were not m
because the Kulite transducers were not installed in the cente
rotor configuration.

Calculation of the Thomas/Alford Force.By using the un-
steady pressure distributions computed above and the geom
orientation of the airfoil surfaces in the compressor, we integra
over the airfoil surfaces to obtain the unsteady forces acting on
various airfoils around the circumference. We resolved the
steady forces into their tangential and radial components using
local blade coordinate system shown in Fig. 5; see Appendix B

Next we computed the component of force acting perpendic
to the direction of rotor offset,Fx ~the Thomas/Alford force!. To
do this, we transformed the tangential and radial blade force
the local blade coordinate system of Fig. 5 to the global coo
nate system fixed to the bladed disk, also shown in Fig. 5.
then algebraically summed the individual forces to get the
cross-axis stiffness forceFx , and the net direct positive stiffnes
force FY ; see Appendix B3b.

Calculation of the Beta Coefficient.The Beta coefficient is
calculated from Eq.~1! using the torque and the slope~cross-axis
stiffness,KXY! of the Thomas/Alford forceFX plotted versus rotor
offset.
436 Õ Vol. 123, JULY 2001
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sFig. 4 Typical example showing the circumferential variation

in unsteady static pressure obtained from a Kulite pressure
transducer embedded in a rotor airfoil „96 percent span and 50
percent chord for the large rotor offset …: „a… raw data, „b… FFT of
raw data, „c… filtered signal.
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4.0 Effects of Clearance Variation and Centerline Off-
set on Overall Compressor Performance

Compressor performance is presented in this section as a
stage average of pressure coefficient and efficiency plotted
function of flow coefficient. The curve of pressure coefficient v
sus flow coefficient is called the pressure characteristic. Stall m
gin is computed for these low-speed tests in terms of thro
margin, TM, as defined in the nomenclature.

Variations in loading levels from high flow~low-loading! to
stall were achieved by varying mass flow rate through the co
pressor using a discharge throttle. Lines of constant throttle se
are shown in the figures to indicate the different loading lev
along the pressure characteristic. The tests were run at the d
tip speed of 64.0 m/s~210 ft/sec!, which required a rotationa
speed of approximately 804 rpm. This gave a Reynolds numbe
3.63105, which is sufficiently above the knee in the Reynol
number-loss curve to be representative of engine conditions.

4.1 Baseline Performance. The baseline performance o
Compressor A, shown as Curves A1 in Figs. 6 and 7, was es
lished with no centerline offset and with circumferentially un
form, nominal levels of rotor-tip clearance and stator shroud-s
clearance given in Table 3 of Appendix A. The design point
shown in both figures. The negative slope of the baseline pres
characteristic over all of the flow range from high flow to ne
peak pressure provides stable operation over this range,
which it begins to roll over. Stall occurs at a flow coefficient
about 0.335, as indicated by the short vertical line at the low-fl
end of the pressure characteristic. Baseline Compressor A
high efficiency that peaks at 90.4 percent. It also has a g
throttle margin of 30.2 percent, as indicated by the 17.9 perc
flow range from the design point to stall. This baseline is
performance standard against which all of the other configurat
will be compared.

4.2 Effect of Axi-symmetric Clearance Variation on Per-
formance. The effects of varying axisymmetric~circumferen-
tially uniform! clearance on the performance of Compressor A
shown relative to the baseline performance in Fig. 6. The cle
ance variation was obtained without centerline offset and thu
typical of what occurs in a uniform rotor tip rub. Both rotor ti
clearance and stator shroud-seal clearance were varied inde
dently so that we could separate the effects. Detailed survey
flow properties~not included in this paper! showed that when
rotor tip clearance alone was increased, the dominant effect
seen in the outer 25 percent of span. Similarly when the stator
clearance alone was increased, the dominant effect was seen
inner 25 percent of span.

Looking first at Curves A2 in Fig. 6 showing the effects
doubling only the stator shroud-seal clearance, we see that
pressure rise and efficiency are reduced by 3.4 percent and

Fig. 5 The two coordinate systems used to resolve blade
forces: „1… blade fixed coordinate „Ttan ,R…, „blade geometry de-
fined in this system …; „2… rotating coordinate „X,Y… „the blade
azimuth angle u is defined in this coordinate system …; see Ap-
pendix B3
Journal of Turbomachinery

rom: http://turbomachinery.asmedigitalcollection.asme.org/ on 10/24/201
our-
s a
r-
ar-

ttle

m-
ting
els
sign

r of
s

f
tab-
i-
eal
is

sure
ar
fter
f

ow
has
od

ent
he
ons

re
ar-

s is

pen-
s of

was
seal
n the

f
eak

0.90

points, respectively. However, stalling flow is nearly unaffect
because this is tip-sensitive blading with respect to stall on
thus reasonable changes in hub clearances will not significa
affect the flow level at which stall onset occurs.

Looking next at Curves A3 in Fig. 6, which show the effects
doubling only the rotor tip clearance, we see that all performa
quantities are affected significantly. There is a 8.5 percent red
tion in peak pressure rise, a 1.6 point loss in efficiency, a
percent loss in flow range between the design point and stall,
a throttle margin of 11.1 percent, which is 37 percent of the ba
line value. Being a tip-sensitive compressor, changes in rotor
clearance significantly affect stall onset.

Opening both rotor tip clearance and stator shroud-seal cl
ance produces the expected results of further loss in pressure
and efficiency but little further change in stalling flow range,
shown by Curves A4 in Fig. 6.

Fig. 6 Overall performance of compressor A showing the ef-
fects of variation in axisymmetric clearances relative to base-
line performance. Compressors A1–A4 are defined in Table 3
of Appendix A. Data accuracy is identical to that for Fig. 7,
therefore data symbols are removed for clarity.
JULY 2001, Vol. 123 Õ 437
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4.3 Effect of Centerline Offset Having Increased Average
Clearances on Performance. The pressure and efficiency cha
acteristics for the two levels of casing centerline offset are co
pared in Fig. 7 to those for the baseline configuration. As
pected, the offset configurations with their larger average
maximum clearances, shown as Curves A5 and A6, have lo
efficiencies and lower peak pressure rise than those for the b
line Curves A1. There is an 8.3 percent, and 10.8 percent los
peak pressure and 1.5 point and 2.7 point loss in peak efficie
respectively, for the small and large offsets. Throttle margin
11.7 percent, which is 39 percent of the baseline value. Thus,
margin has suffered considerably. Note that there is little cha
in loss of stalling flow range between small and large offsets.

4.4 Applicability of Parallel Compressor Theory. Two of
the models used to computeb coefficients in Part II of this pape
rely on the validity of parallel compressor methodology. In ad
tion, Part II will analyze our data by separating it into that for t
outer 50 percent span~influenced by rotor tip clearance! and that
for the inner 50 percent span~influenced by stator seal clearance!,
followed by a synthesis of these results. In order to gain co
dence in these approaches, we evaluated the Compressor A
formance derivatives for the offset tests relative to those for
axisymmetric tests.

Both the change in pressure rise and the change in efficie
were determined for the corresponding change in total ave
clearance from the baseline clearances as expressed by the fo
ing equation:

Fig. 7 Overall performance of Compressor A for rotor center-
line offset tests relative to baseline performance
438 Õ Vol. 123, JULY 2001
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Note that all clearances are normalized by the blading span
11.43 cm~4.50 in.!. This approach of adding clearances was tak
to evaluate the degree of linearity in the performance derivativ
We evaluated derivatives in terms of average clearances s
changes in pressure coefficients, efficiency, and loading, wh
are of primary interest for assessment of Thomas/Alford forc
typically vary systematically with changes in average clearan
Loss in stall margin typically correlates with changes in maximu
clearance, but that is of less interest here.

The performance derivatives for axisymmetric Compress
A1–A4 were computed at the peak efficiency and increased lo
ing points in Fig. 6. The results, shown in Fig. 8 as open symb
describe a linear sensitivity to change in total average cleara
within 0.150 variance for the pressure derivative and 0.008 for
efficiency derivative.

The performance derivatives were also computed for both
small and large offset result described previously in Fig. 7. Th
derivatives, shown as the solid symbols in Fig. 8, have nearly
same linear sensitivity as those for the axisymmetric tests. T
provides high confidence that parallel compressor theory and
methodology of Part II are appropriate.

4.5 Performance of Compressors B and C. The pressure
and efficiency characteristics for Compressors B and C are
sented in Fig. 9. The configurations, labeled Curves B1, B2,
C1, and C2, are identified in Table 3 in Appendix A. These resu
will be used in Part II in Ehrich’s methodology for whirl analysi

5.0 Effects of Centerline Offset on Airfoil Loading for
Compressor A

5.1 Unsteady Loading on Rotor Airfoils. Unsteady pres-
sures on the rotor airfoils were measured as the rotor trav
through varying levels of clearances caused by the centerline
set. Suction surface pressures were subtracted from pressure
face pressures to give unsteady pressure difference~loading! on
the airfoil. Representative results showing this loading for th
clearance levels around the circumference are presented in Fi
as contours of differences in unsteady static pressure. The c
red indicates the highest loading and blue indicates the low
loading. Figure 10~a, b, c! show the rotor at near minimum clea
ance, nominal clearance, and near maximum clearance res
tively. The measured, steady-state, surface static pressure d
bution at 80 percent span for the rotor airfoil is shown in F
10~d!.

It is clear that airfoil unsteady loading across the span increa
in the region of minimum clearance~red contours in Fig. 10a! and
decreases in the region of maximum clearance~blue contours in
Fig. 10~c!! relative to the mean loading at nominal clearance
Fig. 10~b!. It is also clear from Fig. 10 that, near the rotor tip
Zone A, the airfoil loading increases at near minimum cleara
and decreases at near maximum clearance. This finding confi
the correctness of Ehrich’s hypothesis in Fig. 1~c! about the nature
of rotor whirl-inducing forces in compressors as discussed in S
tion 1.2.

In trying to explain the driving mechanisms for rotor whirl i
turbomachinery, previous investigators have concentrated onl
the effects of variation in rotor tip clearance. Our unsteady dat
Fig. 10 show an additional feature needing attention in wh
analyses, namely, the effect of clearances in the hub region a
additional driver of rotor whirl. The changes in stator shroud-s
clearance and any radial redistribution of flow produce a cha
in hub loading on the rotor in Zone B. As seen in Figs. 10~a, c!,
the unsteady forces in the hub increase~red contour! at tight clear-
ance and decrease~blue contour! at more open clearance. While
is known that varying stator hub/shroud clearance affects b
compressor aerodynamic performance and local hub airfoil/d
Transactions of the ASME
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loading @13,17#, until now this effect has not been incorporate
into documented rotor-whirl analyses. In that sense, incorpora
these findings into the analyses presented in Part II constitut
new approach to whirl analysis.

5.2 Loading Variation on Stator Airfoils. Stator surface
pressures were measured on two instrumented airfoils at loca
described in Table 5 of Appendix A. For the large offset con
tions of Compressor A, the instrumented vanes were move
various circumferential positions from minimum to maximum r
tor tip clearance to measure the respective stator loading.

The resulting normalized, steady, surface static pressures
function of percent airfoil chord are presented in Fig. 11~a–i!.
From left to right in the figure, we show the results for compres
low, medium, and high loading, respectively, taken at Test Po
1, 3 and 5 in Fig. 7. From top to bottom, we show the results fr
near the casing, at midspan and near the hub. In each of the
parts of the figure, the circumferential variation in stator loading
presented for maximum, nominal, and minimum clearances.

One can identify the magnitudes of the stator incidence an
and leading edge loading in Fig. 11 by the amount of either cro

Fig. 8 Performance derivatives for compressor A in terms of
change in total average clearance from baseline clearance lev-
els
Journal of Turbomachinery
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over or separation between the suction and pressure su
curves. For example, the crossover of these surface distribut
at about 8 percent chord in Fig. 11~d! indicates lower incidence
angle and lower leading edge loading compared to the large s
ration in these distributions near the leading edge for nom
clearance in Fig. 11~c!.

Near the casing at 90 percent span, we see a progressiv
crease in the circumferential variation of stator incidence as
moves along the pressure characteristic from low compre
loading, Fig. 11~a!, to medium loading, Fig. 11~b!, to high load-
ing, Fig. 11~c!. Using data from the concentric tests, we compu
an incidence angle derivative with respect to changes in lead
edge loading. When this derivative was applied to the obser
variation in the offset tests shown in Fig. 11, we found variatio
in incidence angle near the casing of up to 7 degrees around
circumference. Such a large circumferential variation in stator
cidence angle and airfoil leading edge loading is clearly seen
Fig. 11~c!.

Fig. 9 Performance characteristic for compressors B and C
JULY 2001, Vol. 123 Õ 439
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Fig. 10 „a, b, c… Contours of unsteady static pressure difference on the rotor airfoils at three clearance levels around the
circumference for the large centerline offset. Zone A is affected by variation in rotor blade tip clearance and zone B is affected by
stator shroud seal clearance. Both zones are affected by any radial flow redistribution; „d… chordwise distribution of measured,
steady-state static pressure on rotor airfoil at 80 percent span.
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At midspan, there is no change in stator incidence around
circumference at low compressor loading, Fig. 11~d!, with some
increase in incidence variation as loading increases from
11~e, f !. Near the hub, the influence of increased stator seal-to
clearance makes itself known from Fig. 11~g, h, i!.

The circumferential variations in stator loading seen near
hub in Fig. 11 imply circumferential variations in hub spool loa
ing, which constitutes an additional driving mechanism for ro
whirl not previously incorporated into analyses. A discussion
this effect is given in Part II.

6.0 Unsteady Blade Forces and the ThomasÕAlford
Parameter b Coefficient

In this section we present the unsteady blade forces that d
rotor whirl in compressors and the calculation of the Thom
Alford parameter, orb coefficient.
440 Õ Vol. 123, JULY 2001

rom: http://turbomachinery.asmedigitalcollection.asme.org/ on 10/24/201
the

ig.
oth

the
-

or
of

rive
s/

6.1 Unsteady Whirl-Inducing Blade Forces. The unsteady
pressures presented in Section 5.1 were reduced to unsteady
forces as described in Section 3.4. A representative result for
large offset configuration running at high compressor load
~Test Point 5 in Fig. 7! is shown in Fig. 12. The tangential an
radial components of the unsteady, whirl-inducing blade force
plotted as a function of circumferential position. The circumfe
ential variation of rotor tip clearance is also plotted.

The forces in Fig. 12 need to be understood relative to the s
convention of Fig. 13. The direction of rotation and the directi
of the driving torque in Fig. 13 are counterclockwise. The cent
line is offset upward, which places the minimum clearance
top-dead-center. Two forces are shown acting on each airfo
mean force,Fm , and the tangential component of the unstea
force due to the offset,Fu . The magnitude and direction of th
unsteady force will determine the direction of rotor whirl.

In Fig. 12 the radial component of unsteady force is very sm
Transactions of the ASME
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Fig. 11 Circumferential variation of stator airfoil loading for Compressor A showing the effects different levels of rotor tip
clearance due to centerline offset. „a–c… 90 percent span; „d–f… 50 percent span; „g–i… 5 percent span. Low, medium, and high
compressor loading were obtained at test points 1, 3, and 5, respectively, in Fig. 7.
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compared to the tangential component. The maximum tange
force occurs near the minimum clearance and the minimum
gential force occurs near the maximum clearance, again confi
ing the correctness of Ehrich’s hypothesis. Careful use of the
convention in Fig. 13 leads us to conclude that in the region
negative forces shown as Zone 1 in Fig. 12, the net forces ac
on the airfoils increase because the unsteady force,Fu , adds vec-
torially to the mean force,Fm . This occurs around the minimum
clearance. In the region of positive forces shown as Zone 2 in
12, the net forces on the airfoils decrease as the unsteady f
Fu , oppose the mean force,Fm . This occurs around maximum
clearance near bottom dead center. The net effect of the f
Journal of Turbomachinery
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distribution tends to drive the offset rotor shaft counter to t
direction of rotation, i.e., it drives backward whirl.

The analysis of the data in Fig. 12 clearly shows that the wh
inducing forces from centerline offset will tend to drive backwa
rotor whirl in compressors at this throttle setting.

The unsteady forces do not peak at the minimum clearance
peak 40 deg from minimum tip clearance in the direction of ro
tion. This is due to fluid inertia effects as will be discussed in P
II of this paper.

6.2 Stator Vane Tangential Force. Stator surface pres
sures shown in Fig. 11 were integrated in the chordwise and s
JULY 2001, Vol. 123 Õ 441
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wise directions to obtain the aerodynamic forces. Tangential fo
component in the direction of rotor rotation was observed to v
around the circumference, in phase with the clearance varia
This force was largest in the region of minimum clearance a
was smallest in the region of maximum clearance. This is sim
to the force variation measured on the rotor blading.

6.3 Theb Coefficient. We computed the cross-axis and d
rect stiffness forces,FX andFY , for the two centerline offsets an
the various values of compressor loading as discussed in Se
3.4. We then computed the cross-axis aerodynamic stiffness c
ficient, KXY . An example showing the cross-axis force vers
offset is presented in Fig. 14 for Test Point 5 of Compressor
The slope of this curve,KXY , is linear to within a 0.225 variance
From that and the pertinent geometry and measured torque fo
LSRC configuration, we computed the correspondingb coeffi-
cient using Eq.~1!. The stiffness forces and resultingb coeffi-
cients are shown in Table 1. See Appendix B3c.

A curve-fit of theb coefficients from Table 1 is shown in Fig

Fig. 12 Circumferential variation of the unsteady whirl induc-
ing force components and running rotor tip clearance for the
large centerline offset of LSRC Compressor A . Zone 1 is for net
force increased and zone 2 for net force decreased. Data
shown for Test Point 5 in Fig. 7; see Appendix B3a.
Table 1 Stiffness forces and the b coefficie
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15 for Compressor A. Clearly the Thomas/Alford force driv
backward rotor whirl over most of the compressor operat
range, although some regions of near-zero and positive wh
inducing forces are observed at high flow coefficients greater t
0.44.

7.0 Discussion
The analysis of the data presented in Part I of this paper cle

shows that the Thomas/Alford forces in axial-flow compress

Fig. 13 Distribution of tangential blade force for LSRC Offset
Rotor Test showing direction of mean and unsteady forces „Fm
and Fu… at various circumferential positions; see Appendices
B1 and B3a

Fig. 14 Regression plot of cross-axis-force for high compres-
sor loading test point 5 in Fig. 7
nts for Compressor A : see Appendix B 3c
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typical of modern design tend to drive backward whirl. In fact, f
off-design operation at lower flows and high airfoil loading, t
beta coefficients were strongly negative.

However, there are qualifications that go along with our fin
ings. Backward whirl-inducing forces do not occur over all of t
operating points of the compressor map, as also clearly show
our data. At high-flow, low-loading situations, the Thomas/Alfo
forces were neutral or shown to drive forward whirl, although t
magnitudes of the positiveb coefficients were small.

In engine operation, the range ofb coefficients in Fig. 15 can
be encountered during operating line migrations from the ste
state design point. Low operating line~high flow coefficient! situ-
ations for the HP compressor occur for commercial engine op
tion primarily during a rapid deceleration from high power. A
example of this could be a throttle chopfollowing thrust reverser
deployment on landing. In this situation fuel flow drops abrupt
causing the pressure in the combustor and rear of the compre
to drop. The operating line then drops but the rotational sp
cannot change instantaneously so the pumping~air flow! is high.

High operating line~low flow coefficient! situations for the HP
compressor occur primarily during a rapid engine spool-up~accel-
eration!. This can occur during take-off, application of rever
thrust on landing, a go-around on missed approach, and air
avoidance maneuvers. Fuel flow to the combustor is increa
raising its temperature and back-pressuring the compressor.
causes the operating line to go up before the rotational speed
increase appropriately.

Fig. 15 Computed beta coefficients for the LSRC compressor
A offset rotor test showing that unsteady forces promote back-
ward whirl over most of the compressor operating range. Test
Points 1–6 correspond to those in Fig. 7.
Table 2 Blading details for Compre
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8.0 Conclusions
The following conclusions about whirl-inducing aerodynam

forces in compressors can be drawn from the experimental da
Part I:

The long-standing disparity in findings concerning the direct
and magnitude of rotor whirl-inducing, aerodynamic forces
axial-flow compression systems used in modern turbomachin
has been definitively resolved. The Thomas/Alford force driv
backward rotor whirl over most of the compressor operat
range. This means that theb coefficients are mostly negative wit
some near-zero and small positive values~forward whirl! at high
flow. Consequently, compressor whirl forces tend to prom
whirl in the direction opposite to that of turbines over most of t
operating range.

When the centerline of the rotor is displaced from the center
of the casing, theunsteadyloading on the rotor airfoils in the
tighter clearance region increases and theunsteadyloading on the
rotor airfoils in the more-open clearance region decreases rela
to the loading for nominal clearance.

The Ehrich model describing compressor whirl resulting fro
aerodynamic forces, as presented in Fig. 1~c!, has been validated
by the low-speed testing process. This important finding stron
suggests the model’s correctness for use in guiding HP comp
sor designers.

The parallel compressor model has been validated for the o
tests, based on the analysis of the performance derivatives.
finding is important to the applicability of the analytical models
Part II.

The unsteady forces do not peak at the minimum clearance
peak 40 deg from minimum clearance in the direction of rotat
for Compressor A. This is due to fluid inertia effects as will b
discussed in Part II of this paper.

To date attention has been given only to the effects of rotor
clearance. A new finding has shown that clearance variation
the hub region can also have a significant effect on the magni
and direction of rotor whirl. This will be discussed in detail
Part II.

Large performance penalties in efficiency, pressure-rise ca
bility and stall margin can occur if average and maximum cle
ances increase during rotor centerline displacement. Unstead
cidence angle variations around the circumference of as muc
seven degrees were observed.
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Appendix A

Tables 2–5 Giving Blading and Configuration Details
ssors A , B , and C at midspan
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Table 3 Values of clearances and offsets for Compressors A , B , and C
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Appendix B

Sign Convention and Coordinate Systems

B1 Direction of the Forces. RegardingFM andFU in Figs. 1
and 13, the arrows are drawn with the arrow head pointing in
direction that the forces act in the compressor and the turbine.
example in Fig. 2~b! at the top, the arrows show that the unstea
force FU will reduce the mean forceFM as the arrows oppos
each other. But at the top in Fig. 2~c!, the arrows show that the
unsteady forceFU will increase the mean forceFM as the arrows
are in the same direction.FM and FU must be considered as
vector sum, as stated in the third paragraph of Section 6.1.

B2 The Sign Convention.Following rotordynamic conven-
tion, we define forward and backward whirl relative to the dire
tion of rotor rotation. This has a subtle aspect when looking
plus and minus directions in Cartesian coordinates. For eng
rotating counterclockwise forward looking aft, positive wh
forces are those which will drive a whirling rotor countercloc
wise. In Figs. 3 and 5, we show the forceFX pointing from the
origin to the LEFT as a positive force because it will drive t
displaced centerline counterclockwise about the undisplaced
terline. To the casual observer, positive in Cartesian coordin
would be from the origin to the RIGHT.
, JULY 2001
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B3 The Coordinate Systems.Two coordinate systems ar
used, as described by Figs. 3 and 5. All of the forces are defi
in the Nomenclature.

a The (local) coordinate system fixed to the blades.The tan-
gential and radial forces that act on the rotor blades,FT andFR ,
are shown schematically in Fig. 5 in a coordinate system fixed
the blades. The measuredunsteadytangential and radial forces
shown in Fig. 12 are in this coordinate system. Note thatFT ~rotor
blade unsteady tangential force! in Fig. 12 is much larger thanFR
~rotor blade unsteady radial force!. These unsteady forces,FT and
FR , are resolved into the total unsteady force,FU , which is then
added vectorially to the mean force,FM , to get the total force on
the airfoil as shown schematically in Fig. 13.

b The (global) coordinate system fixed to the rotor centerl
The net unbalanced forces acting perpendicular and parallel to
shaft deflection,FX andFY in Fig. 5, are in a coordinate system
fixed to and acting about the rotor centerline as seen in Fig. 3
this global system,FX is the cross-axis stiffness force that drive
rotor whirl about the undisplaced centerline.FY is the direct stiff-
ness force.

The airfoils in the blade-fixed coordinate system rotate ab
this global coordinate system, with the angle of rotation, the
shown in Figs. 5 and 13 as positive in the counterclockw
direction.
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6 Terms of Use: http://www.asme.org/about-asme/terms-of-use



o

b

-

t

ed

or

f a

Ro-
u-

in

ed
ple

eal
ge,

ect

Al-
s

ing

i-
,’’

he

nd

gh

m-
est-
g

ity

Downloaded F
c Transformation from local to global coordinate syste
Referring to Fig. 5, the transformation from the local to glob
coordinate system for thei th rotor blade is:

Global ~rotor–disk! Local blade-fixed
coordinate system coordinate system

HFX

FY
J 5F cos~u! sin~u!

2sin~u! cos~u!
G

i

H FT

FR
J

i

Summing the forces over all of the rotor blades is done as sh
below.

FX5(
i 51

NB

FXi FY5(
i 51

NB

FYi

Note that the large unsteady tangential force,FT , in Fig. 12 will
contribute toboth FX andFY in Table 1 so that the values ofFX
andFY can be of nearly the same magnitude. The key is thatFX
in Table 1 is negative in sign, which drives backward whirl
over most of the operating range as shown by the negative
coefficient.

Nomenclature

A 5 annulus area, m2

CRtip 5 chord length at tip, cm
Dp 5 mean blade diameter, m

FT , FR , Fm 5 tangential, radial, and mean force
on rotor blades, N

FX 5 net unbalanced force perpendicu
lar to rotor deflection, N

FY 5 net unbalanced force parallel to
rotor deflection N

FU 5 unsteady blade force, N
H 5 blade height cm

KXY 5 cross-coupled stiffness coefficien
N/m

k5F/AC8 5 throttle coefficient
ṁ 5 mass flow

P1 , T1 5 compressor inlet pressure and
temperature, kPa, °C

PS 5 static pressure acting on blade
surface, kPa

q 5 1/2r refUt
2, dynamic pressure for

normalizing pressures, kPa
Rc 5 casing radius, cm
RH 5 hub radius cm

R 5 radial coordinate
T 5 stage torque, N-m

Ttan 5 blade tangential direction
TM 5 @(kD /kS)21#3100, throttle mar-

gin, percent
U 5 rotor wheel speed, m/s
X 5 coordinate orthogonal toY
Y 5 vertical coordinate in direction of

deflection
1Y 5 rotor deflection, cm

Z 5 axial coordinate
b 5 normalized cross-coupled stiffnes

coefficient~the ‘‘Thomas/Alford
Coefficient’’!
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«R 5 rotor tip clearance, cm
«S 5 shroud seal clearance, cm
h 5 C8/C3100 percent, torque effi-

ciency, points
F5ṁ/ r̄AU,t 5 flow coefficient

C5T/@(1/2)r̄Ut
2FRtA# 5 work coefficient

C85CpT1/(1/2)Ut
2@(DP/

p111)~g21!/g21] 5 pressure coefficient
u 5 blade azimuth angle, rad
r 5 density
V 5 spin speed of the rotor, rad/s

Superscripts

2 5 averaged value

Subscripts

t 5 rotor tip
D 5 design point
s 5 stall point
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