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Aerodynamic-Rotordynamic
Interaction in Axial Compression
Systems—Part I: Modeling and
Analysis of Fluid-Induced Forces

This paper presents a first principles-based model of the fluid-induced forces acting on the
rotor of an axial compressor. These forces are primarily associated with the presence of a
nonuniform flow field around the rotor, such as that produced by a rotor tip clearance
asymmetry. Simple, analytical expressions for the forces as functions of basic flow field
James D. Paduano guantities are obtained. These_expres_sions aI_Iow an intuitive understa}nding of the nature
of the forces and—when combined with a rudimentary model of an axial compressor flow
Massachusetts Institute of Technology, field (the Moore-Greitzer model)—enable c_omputation o_f the forces as a fqnction_of com-
Cambridge, MA 02139 pressor geometry, torque and pressure-rise characteristics, and operating point. The
forces predicted by the model are also compared to recently published measurements and
Samir A. Navfeh more complex analytipa[ models, and are found to bein regsonab!e agreement. Thg quel
elucidates that the fluid-induced forces comprise three main contributions: fluid turning in
the rotor blades, pressure distribution around the rotor, and unsteady momentum storage
within the rotor. The model also confirms recent efforts in that the orientation of fluid-
induced forces is locked to the flow nonuniformity, not to tip clearance asymmetry as is
traditionally assumed. The turning and pressure force contributions are shown to be of
comparable magnitudes—and therefore of equal importance—for operating points be-
tween the design point and the peak of the compressor characteristic. Within this operat-
ing range, both “forward” and “backward” rotor whirl tendencies are shown to be pos-
sible. This work extends recent efforts by developing a more complete, yet compact,
description of fluid-induced forces in that it accounts for all relevant force contributions,
both tangential and radial, that may influence the dynamics of the rotor. Hence it consti-
tutes an essential element of a consistent treatment of rotordynamic stability under the
action of fluid-induced forces, which is the subject of Part Il of this paper.
[DOI: 10.1115/1.1576430
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1 Introduction different types of turbomachines. On the turbine side, Song and
The significant role of aerodynamic forces in producing rotorl\__/lartlngz-_Sanchez[S] developed and_ experimentally \./e”f'ed a

; o . . first-principles based model to predict these forces in an axial
dynamic whirl in turbomachines has long been recognized. Thp-

; . urbine. In order to estimate the forces in an axial compressor
mas[1] and Alford[2] were the first to suggest simple models th . e '
link the whirl-inducing tangential fluid force to a tip clearanc olding-Jorgensef6] adopted the actuator-disk-based model of

asymmetry produced by a displaced rotor in an axial turbineﬁ_rluorIOCk and Greitzef7], Wh‘?feas Ehr!clﬁs] used a parallel com-
[gssor model together with experimental flow field measure-

such models, it is assumed that the tangential aerodynamic fort ts at diff t ol e i lculatea i
depends linearly on the radial rotor offset, with a proportionalit?]en S atdifierent clearance Setiings to caicuia garameter

factor commonly referred to as the cross-coupled stiffit@srd or three dif'feren’;lcompressors over a range of qperating poi_nts.
[2]; Ehrich [3]; Childs [4]). This stiffness is then adjusted for 1€ Showed tha3”™ depends on the operating point and that its

different turbomachines by a nondimensional correction factdPerating-point dependence varies from one compressor to

) . ther.
known as the3"'-parameter, which may be viewed as the changaen0 .
of the turbomachine’s thermodynamic efficiency per unit chan%ey'\/lOre recently, there has been a comprehensive study of aero-

in rotor displacement. As such, a fixed value of Bf& parameter namic forces that specifically addresses axial compressors. A
was initially used in checking the stability of turbine rotors durin {wo-part paper by Storace et §] and Ehrich et alL10] presents

desian. However it later became clear that the aerodvnamic for%n experimental and analytical effort in which an offset rotor in a
gn. ’ Y ?Sﬁl-speed four-stage research compressor is considered. Detailed

and the stability of the rotor, especially for ax!al COMPresSOryy e asurements of the pressure distribution on both sides of one of
de_per)d on many variables such as the operating point and > rotor’s blades were recorded and used to calculate the time-
chine’s performance, and are th(larefore more complex than W% ying force on that blade as it travels through regions of differ-
may be captured by a constagf parameter. As a result, this gt tip clearance. In a related work by Spakovsgky] aerody-
parameter has commonly become a nondimensional represefi@nic forces are calculated by implementing a blade-passage
tion of the whirl-inducing force. control volume analysis for which flow-field information is ob-
Following Thomas and Alford, there has been a substantigineq from a separate calculation based on a high-order Moore-
amount of work dedicated to understanding aerodynamic forcesd?eitzer-type model. Song and Cb2] also presented an ana-
lytical calculation of these forces along the same lines of his
Contributed by the International Gas Turbine Institute and presented at the '”%%éwlier work on turbineg5]. Examples of these results are com-

national Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam, h | f thi K1 in thi h
Netherlands, June 3—6, 2002. Manuscript received by the IGTI November 30, 20%red to the results of this work later in this paper. These recent

Paper No. 2002-GT-30488. Review Chair: E. Benvenuti. efforts have taken a new, more first-principles based approach that
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Rotor disc

Fig. 2 Schematic of the compression system model

radial displacement (i.e., the distance between poirfis andO).

Fig. 1 Basic rotor-casing geometry  (exaggerated proportions )  The time derivative® thus represents the frequency of rotor pre-
cessional motion, or whirl"". Alternatively, the Cartesian co-
ordinates of the rotor disk centétandY and their time deriva-

established a valuable foundation for understanding the natureli¥es can also be used to describe the disc position and motion.

aerodynamic forces, and produced a useful set of measureme ?sslg{)ne(l(()awnptiggogggtugfnt%ye (():femgrdci?(r:nggglgf ittﬁeac)iﬁglgmt
against which analytical calculations can be compared. This pa é) from the Qeometric center is known as the amount of imbal-

falls in this category, and is motivated by the need to build O%hce or eccentricity. Furthermore, the local tip clearant&g), is

these efforts in order to address the following: related to the rotor displacement, for small perturbations, as
« The configurations considered are usually static or steady fR{lows:
some senséi.e., either the rotor is fixed or the flow field e(0,&)=e—r(&)cod 6—O(&)) 1)

dynamics are excludedThe dynamic nature of the problem . ) .
which ultimately decides the presence and form of instabilityn€ré e is the mean tip clearance when-0, and=tU/R is
(e.g., whir) is not addressed, and is sometimes overlookdipndimensional time.
when making qualitative predictions about stability.
Except for the recent efforts cited above, the force orientation
has been traditionally assumed to be directly locked to the tip ) o ) .
clearance distribution, ignoring the fact that the flow field 2-2 Flow Field Description of an Axial Compression Sys-
velocity and pressure nonuniformity—which is the trudem. Aswta_lble desc_rlptlon of the f_Iow field in an axial compres-
source of the force—may be considerably out of phase wiion system is essential for calculaltlng the forces ggnerate_d by that
the geometric tip clearance distribution. The result is a poloW field. Such a model gives as its output the fluid velocity and
sibly incorrect intuition about the direction of the net force. Pressure fields around the rotor, which are used as inputs to the
Except for the computational results[dfL, 12}, the force con- force model d_eveloped bel_ow. To that gnd, a h_|gh hub_-to-tlp ratio,
tribution due to the hydrostatic pressure nonuniformity iOW-Speed axial compression system is considered in which the
usually not accounted for in the rotordynamic stability analylow field may be assumed incompressible and two-dimensional
sis, and has been overlooked in most previous treatments i-€-, axial and circumferential Such a compression system may
Most of the previous efforts are specific to some configurg€ adequately described by a slightly modified version of the
tion or compression system, restricted to a small range 8figinal Moore-Greitze{13] model, which has been extensively
operating conditions, or are computationally intensive. THdtilized in numerous studies co_ncerngc_j Wl'th the s’gablllty of axial
result is an inability to extract general trends, establish depefmMPression systems. The main modification in this development
dency on parameters, or build an overall system dynam(@S Well as in that of Graf14], Gordon[15], and Spakovszky
model of a manageable complexity. 11]) isin aIIowmg the pressure-rise gharacterlstlc of the compres-
sor to depend linearly on the local tip-clearance.

The objective of this work is to extend the current understand- A brief overview of the Moore-Greitzer model introduces the
ing of fluid-induced(aerodynamigforces generated by asymmet-main equations, variables, and the nondimensionalization and res-
ric tip-clearance in axial compressors. In particular, to establiglling needed for the development of the force model. Further
simple, first-principles-based relations between these forces andetails can be found in several referen¢es., Moore and Gre-
given flow nonuniformity that account for all force contributionsijtzer[13]), Longley[16], Al-Nahwi [17]. Figure 2 depicts an axial
that are valid over a wide range of compressor operating condlice of the compression system being considered, showing the
tions, and that can easily be incorporated into a dynamic modelgitionary coordinate systeX Z fixed to the casing as well as
the compression system overall stability. the system’s main components, parameters, and flow field quanti-
ties. The axial stationg, I, E, P andT refer to the atmosphere,
compressor inlet, compressor exit, plenum entrance, and throttle,
respectively. Equations are written to describe the flow field in the

2.1 Rotor-Casing Geometry. Figure 1 is a schematic of the upstream and downstream ducts, while flow quantities at the inlet
simplified geometry considered here representingdbécot) ro- and the exit of the compressor are linked through a few matching
tor and depicting the main dimensions and displacememith conditions based on mass and momentum conservation, blade ge-
highly exaggerated proportiondn this figure, the position of the ometry, and compressor pressure-rise characteristic. In this two-
rotor relative to the casing is represented by the afgkend the dimensional model, where all radial variations are neglected, the

2 Modeling of Fluid-Induced Forces

406 / Vol. 125, JULY 2003 Transactions of the ASME
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Fig. 3 General features of the compressor pressure-rise character-
istic

flow is described by the nondimensiohalelocity field Galerkin approximation. In addition, by truncating the Fourier se-
(v2(6,Z,8),v4(0,2,8)), and the nondimensional pressure distriries used in this approximation at the first harmonic, three ODEs
bution p(6,Z,£)/(pU?). At the compressor inlet, poirtt, it is can be deduced from this one PDE which, together with the mass
customary to usep(6,&)=v,(6,0,£) to indicate the axial flow balance across the plenum, represent the simplest form of the
velocity into and throughout the compressor, also known as tMoore-Greitzer modelsometimes referred to as the four-state

flow coefficient. Furtherg can be split into two parts mode). The first two equations describe surge dynamics, and are
given by
$(0,6)=D(&)+0¢(6,8) 2)
where®(¢) is the annulus-averaged, axisymmetric axial flow co- . S —
efficient, ands(6,4) is the circumferentially varyingnot neces- Q=5,[¥c(Qab)-P] (5)

sarily smal) disturbance representing the angle-dependent flow
nonuniformity.

A typical form of the pressure-rise characterigidso adopted . 1
by Moore and Greitzeris shown schematically on the left side of P= 2SEL
Fig. 3. A convenient rescalidgf flow field variables, however,
produces the simpler characteristic shown on the right, where the ) ) ) )
two parameter$d and W are absorbed into the pressure rise anihereas the dynamics of the flow nonuniformity are given by
flow coefficient, respectively. Such a rescaled characteristic is de-

[Q—Qr(P)] (6)

scribed by fewer parameters and has its pealg=ai. The res- . 1 S—.
caled flow variables are given by =G w2 ¥ (Q,a,b,X)—\b (7)
¢ @ e ¥
a=ow 9w % 7 P g 3) s—
GWom 2w A o | = 3|2 QabY) ha ®)
Further, the rescaled pressure-rise characteristic is expressed in M
terms of the rescaled variables as
in Cartesian form, and
¥e(Q,1,0) = o+ 1+3(q— 0.5 —4(q—0.5°+ I cog 6— @)
@ | s
where the last term on the RHS represents the linear dependence A= @ w2 cpC(Q,A,ﬂ,F,@))} 9)
of the compressor pressure-rise on tip clearance mentioned earlier, »
with tighter tip-clearance associated with higher pressure-rise.
Expressions describing the flow field in each of the components - Nt ifps( r o) (10)
of the compression system are now combined into one overall K (2+w) 2A Ve LD

pressure balance between the inlet and the plenum. The result is a

partial differential equation for which an approximate solution ig, polar form. The inertia parameteds and w are defined as
sought by implementing a weighted-residual method known as thfiows

1In general, these quantities are nondimensionalized as follows: |
Velocity:  v=3/U=0/(RQ) A= Z and u= E
p - 0/(pUD)=pl(n(RO)2 rotors R COSY; an Rcosy,
ressure: p/(pU%)=p/(p(RQ)?) only rows
Lengths: For large, system-scale dimensions:
Z=7ZIR, L,=L,/R,

(11)

For similar rotor-stator pairs, i.eNg; repeated stages, theand u

L=LIR,... and so on. parameters may be approximated as

For small, blade-scale dimensions:

r=r/l, e=¢€ll,..., Nstl (2Nst+l>|

and so on, wheréis the blade chord. = and pu=-—=———~2\ (12)
Time: £=tQ=tU/R Rcosy Rcosy,

2This rescaling scheme is similar, but not identical, to that used by McCaughan

[18,19 in which nondimensional time was also rescaled by the fatl& and the  Furthermore, the integrated characteristics appearing in the fore-
flow coefficient was shifted by 1. While the rescaling adopted by McCaughan b;ijbing equations and resulting from the Galerkin approximation
simplifies the flow field equations, its benefit is compromised once the rotordynanyc

model is added into the picture. The rescaling adopted here is more appropriate36f deﬁn.ed as fO‘||0WS:
the coupled model at hand. Cartesian version

Journal of Turbomachinery JULY 2003, Vol. 125 / 407
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o 1 2w
c=c f Yo cosd 0= —3a[4Q(Q— 1)+ (a%+b?)]+ g, X
0
13)

~/Cs 1 (e i 2 2
s :;J thesind6=—3b[4Q(Q— 1)+ (a"+b%) ]+ ¢ Y
0

Polar version

_ 1 2
¢5=§ f Ped0=tho+ 1+3(Q—0.5—-4(Q—0.5)?°
0
—6A%(Q-0.5

. 2
pC:i f e cog 60— 7)do Fig. 4 A schematic of the control volume for one stage of the
¢, rotating assembly

=—3A[4Q(Q—1)+A?]+ I cog® — 73) (14) ward calculation of the momentum entering and leaving in terms
of the flow field quantities available from the Moore-Greitzer
—< 1 2m ) ) model.
e=—| csin(0—n)do=yr,r sinO— 1) . _ S
T Jo Momentum Equation, Nondimensionalization, and General
) S . Force Expressions. The general vector form of the momentum
Finally, the throttle characteristic is given b@+= ;" (P) equation applicable to this choice of control volume is arranged in
=y\P. the familiar formMa=ZX F, and is written in terms of dimen-
Once these equations are solved, the total flow coefficient ¢,

casily be reconstructed a5e Ot & L0sg+bain e QL ACOSE 8fdnal quantitiesmarked by the tilde, e.gF) as follows:
—17). The above four-state model produces a solution for the com

pression system flow field provided that the system parameter:
operating point and rotor position are all determined.

apsdvz_f vxyzpvxyz'dA
CV,solid Cs

K] _ ~ ~
Vi pdVHFPI+ > Fother  (15)
CS &

2.3 Description of Aerodynamic Forces It ) cviuid oy

Force Contributions and Modeling StrategyThere arethree where the accelerations are measured in the inertial frdMe&
effects that generate the total aerodynamic force on the rotor of While the velocities are measured in the translating frame,
axial turbomachine, all of which can be traced to one source: th&d the acceleration force acting on the fluid within the CV is
presence of a nonuniform flow field surroundifend exchanging neglected in comparison with that of the solid rotor due to the
momentum with the rotof. The first contribution arises from the large difference in densities. Following a consistent nondimen-
fact that a nonuniform flow field generates a circumferential digionalization similar to that described in the foregoing for the flow
tribution of flow velocity. As the flow passes through the rotorfield model, and expanding the acceleration term on the LHS to
blade rows, this nonuniform flow velocity results in various bladegroduce the imbalance forteF'™, which is then moved to the
having to do unequal amounts of turning and thus being subjectRb1S, the momentum equation becomes
nonuniform loading. The integrated effect of this uneven blade

2
loading is a net force on the rotor called the turning fore®, E;X —Xtuf YR, d_A_Xuni v 2}
The second contribution is the unsteady momentum storage within ~ dé&? cs YEYEAN I€ Jevuia W
the rotor which is called the unsteady for¢e)". The third and
final contribution is due to the hydrostatic pressure distribution opr p _A LEmy E pother (16)
around the rotor which produces a net force called the pressure cs pR2OZ AP &
force, FP". All these forces must be taken into account for a reli- Body
able description of their effect on system stability. Several aspects of this equation deserve to be discussed. First, the

To model these effects, a control volui@V) enclosing the first three terms on the RH®etween the large brackgtepresent
rotating assembly is considered such that the flow entering ati# turning, pressure, and unsteady force contributions, respec-
leaving every rotor blade row also enters and leaves the conttivkly. This is stated as

volume by crossing the control surfa¢éS as shown in Fig. 4. d.A

Further, it is assumed that the control volume is translating but FlU=y(FY),=x *Xtuj Vo Moy 7+ _} (17)
. . . . . . yz¥Xyz Atu

non rotating and is fixed to the translating frameyz which is in cs

turn attached to the geometric center of the rotor, p@ntlt

therefore has the same rectilinear acceleration as that point. This FPr=y(FP") = x| — x*" P d'_A (18)

choice of control volume differentiates this model from that of : cs pQ2R2 A”'

[11]—also a momentum based model—and allows straightfor-

“The details of deriving the dynamic terms, such as the imbalance force, are

3Flow nonuniformity can be the result of several effects. When considering thieferred to part I of this paper. For now, however, the emphasis is on the nondi-

rotordynamics of an axial turbomachine, however, the dominant effect is the tipensionalization of the complete equation which will lead to the proper definition
clearance asymmetry, which we consider in this study. and scaling of the aerodynamic forces.
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where the quantitiesRt);, (F"); and F'");, may be viewed as
the averageaerodynamic force per stage of the compressor. Foi
similar compressor stages, however, these quantities are the na
dimensional force per stage. In addition, any of these foré¢es, (
can also be viewed as a rescaled version of aerodynamic forc
i.e., (F)i=F/x.

Second, the nondimensional paramejerwhich is defined by

Nsp(27Rhlz)  fluid mass within CV
NgMg  rotating assembly mass

is the main aerodynamic-rotordynamgoupling parameter with
which all the aerodynamic forces scale, and is therefore expecte
to play a significant role in the dynamic coupling between the two
domains. Note that gg—0 the basic Jeffcott rotordynamic model
in its generalized form is recovered. Further, fh@arameter as
constructed in the foregoing may be viewed as the ratio of fluid

FU=x(F'");=x (19)

X= (20)

assembly(or the ratio of mass of fluid within one rotor blade row

(U)Oc;t)i

rotor

in __ o
D‘T(i) =«

(a-1)%

stator

ué
s(i-1)

mass within the control volume to mechanical mass of the rotatingji
stator

to the mechanical mass of that rpwSince Mg, is also roughly
proportional to the dimensior®, h andl,, the y-parameter may
be viewed as the ratio of fluid to solid densitieép. Therefore,

Fig. 5 Velocity triangles and terminology used in evaluating
force expressions

for the same turbomachine geometry, heavier fluid and/or lighter

solid would lead to stronger influence of the aerodynamics on t
rotordynamics.

he
used in evaluating the unsteady momentum need to be deter-

Third, it can be seen that the turning, unsteady and pressyghed. In addition, the static pressure distribution around the CV

forces scale individually with the parametepd’, x'" and x"'
respectively, which are defined as follows:

R 2
x{= I—) COSy,=———CO0SY, (21)
z ( br
R\2( I 1 1
pr=2(—) (—)co§ =2—— cog 22
X lZ h ')’r (AR)gr (AR)r yl’ ( )
w_[ R t __t t 23
XT=| [ cosyr tany =gy~ cosy: tany, (23)
These parameters mainly depend on (AR)IZ/R

needs to be determined. The velocity triangles of one stage are
therefore considered as shown in Fig. 5, which depicts the plane
containing a segment of the two-dimensional flow figl@., a
plane parallel t&Z and tangent to the rotor at some circumferential
location 6). Figure 6 shows a three-dimensional view of one of the
velocity triangles indicating th&X and Y components, the angles
involved, and other relevant dimensions.

It should be recognized that the flow velocity,, appearing in
the force expressions is measured in the relative fraye while
the velocity ¢ or q appearing in the Moore-Greitzer model is
measured in the absolute frame. The relative and absolute veloci-
ties in these two frames are related through,,=vxyz
—(I/R)(dr/d¢). However, it can be shown using straightforward

=\ cod %/Ng and (AR)=(h/1), the stage and blade aspect raorder-of-magnitude estimates that the second term on the RHS is

tios, respectively. For instance, smaller values of (AR).e.,
smaller axial blade chord and/or larger mean rotor radinease

the influence of all three forces, more so for the turning and pres-
sure forces than the unsteady force. On the other hand, smaueeﬁ

values (AR) (e.g., shorter blade heighincrease only the pres-

sure force, leaving the other two contributions unchanged.
Fourth, other forces that may be considered in the summati

of the last term on the RHS of E¢L5) (e.g., gravity, stiffness and

very small compared to the flow velocities and may thus be
neglected.

Turning Force Expression. The required velocity vectors en-
ng and leaving théh rotor blade row can now be written in
terms of the flow coefficientb and the proper fluid-angle func-
figns agi1)(¢) and B7 (). These two functions describe the
angles at which the fluid leaves the stator and rotor blade row

damping will be relevant when the dynamics of the whole system

are considered in Part Il.
Fifth, the parametersl®, AP", andVM" introduced to complete

_— out
= Qg(3-1)

the nondimensionalization are chosen to be proportional to t
area through which the flow passes, the area upon which the pr
sure is acting, and the volume within which the momentum me
be stored, respectively. Referring to Fig. 4, and taking into a
count the nondimensionalization of the overall equation, a suitat
choice of these factors is given by

Al=27NgRh (24)
APT=27(2Ng) Rl (25) Y()
Wh=2m7NgRhl; tanvy, (26)

Further Simplifications. In order to go any further with the
evaluation of the integrals appearing in the aerodynamic for
expressions, the flow field,,, entering and leaving each rotor

blade row, together with some form of average flow velocity to be Fig. 6 Three-dimensional components of velocity triangle
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respectively, and are typically different from the fixed-blade metal . (ViQYz)i + (VL)
angles, with the differencé&known as deviationbeing a charac- (Vxypi=————F——
teristic function of flow coefficient specific to the blade row being 2
considered. The required flow velocity vectors are given in terms

1 )
of these angles as =l1-¢ z[tanﬂlrr;i)ﬂanﬁsﬁt)]”
in _ out — cin i .
(Vxyz i—d;tanas(i,l)[ sin i+ cosdj |+ ¢k X[ — sin i+ cos6j] + ok (33)
(V2= (1= p tan o)) —sin bi+ cosoj ]+ ¢k In order to avoid excessive complexity, it is noted that the fore-

going angle combinatior(1/2)[tanﬁirr(‘i)+tanﬁf(‘i‘)t] appearing is

and, commonly used to define the angle of the average velocity within
(V)i — (ViR 5 i=(1—¢(tana2(‘1t,l)+tan,8?ﬁt))) a blade passage. It is assumed here that this averaged angle re-
mains, more or less, constant and is approximated by the blade
X[ —sinfi+coséj] (27) stagger angle. That is

A convenient way to obtain a reasonable estimate of the foregoing 1 n out
angle functions is to extract them from another reasonably mea- E[tanlgr(i)+tan:8r(i)]%tan Y (34)
surable and well-characterized quantity: the stage torque charac-
teristic. The Euler turbine equation as applied to a steady, axisy@Examination of detailed flow data, such as that given by Lavrich
metric flow field, may be written in nondimensional form as  [23] suggests that this representation is adequate, especially in
1 unstalled flow conditions.
E(Tc)i: S0 — (00 ]= $[1— ¢(tana§(“i‘,l)+tanﬁf(“i‘))] ou-trrt]r?euirrllfé(;?gt)i/ofr?rt%eyic;gmbuuon can be obtained after carrying
(28) db  da. 1 dQ
This directly gives a relation for the needed angle expression. (F"M)i=x""W| — ag TaEt Wd_gk (35)
Further, comparing the above Euler equation to 2d), and con- Y
sidering similar stages, one finds that the average, per stage Pressure Force ExpressionThe static pressure distribution
turning force is exactly given by around the stage is now required. Since such detailed information
is not directly available from the flow-field model adopted here,
1 (1 o ; the following average pressure distribution for tite stage is
(Fi==x">= | S (7ol —sindi+cosdjlde (29) 1€ "OTOWIN ge_press| n for it stag
2w Jo 2 defined instead. That ip; = (p\"+ p°"")/2, which is equivalent to
) ] __ assuming linear variatiofiincrease for a compresgoof static
For this purpose the following stage torque characteristic jessure with the axial directial This is a reasonable assump-

adopted: tion supported by data such as that presented by La2igh By
o combining the intermediate pressures of all stages, an overall
(Tc)i:%: Teot Ter0+ Te202+ TeaQ® (30) Pressure average is obtained and expressed in terms of the pres-
5 pQ°R3A, sure at the compressor inlet and exif,and pg . This produces

the convenient expression
where A, is the compressor flow through ared,~2wRh, and
the total compressor torque is simply(7.); . The coefficients of 1 (271 p+pe L
the above torque characteristic are determined for the compressor (FP)i= _Xprﬁ 2 W[cosewsm fi1d0 - (30)
being considered such that the resulting characteristic has the 0 P

usual S-shape, matches any available torque measurements g¥Rf required overall pressure average can be constructed by ma-
the stable and reversed-flow portions, and is interpolated usingidulating the Moore-Greitzer model equations for the inlet and
cubic polynomial. Detailed measurements of an axial compressgiit ducts, from which the pressure force reduces to the following
torque over a wide range of operating conditions are reported Biynple expression:

Day[20]; Gamachég21]; Gamache and Greitzg22], and Lavrich

[23], and can be utilized as a guide for the typical features of this 1 (2 1 o

characteristic. (FPOi=—xP'5— | =7 ¢*[cosbi+sin6j]do
Carrying out the integration in E29) yields the final expres- 0

sion of the average turning force required for the baseline model = YP"W2Q[ ai+bj] (37)

1 — — . .
(F‘”)i=ZX‘”{[bF‘C“(Q,a,b)]i+[—aFtC“(Q,a,b)]j} (31) 3 Analysis of Fluid-Induced Force

_ 3.1 Qualitative Features of Aerodynamic Forces. The
where the functiorF(Q,a,b) is given by aerodynamic force expressions derived in the foregoing indicate
that the forces are the direct result of the flow field nonuniformity,
and that they depend on the operating point and compressor char-
acteristic. Further, the compact form of these expressions allows
establishment of clear relations between the forces and the quan-
Unlike earlier modelse.g.,[1,2]), the foregoing expression agreesities describing the flow nonuniformity.
with recently published resultg.g.,[10-12) in that the force not A demonstration of these relations supported by a few numeri-
only depends on the rotor eccentricity, but is also a function @h| examples that are based on the MIT 3-stage experimental
flow field variable quantitiesQ, a andb. It can also be seen that Compress&are now presented. Figure 7 depicts the pressure-rise

this force contribution may in fact have a radial component whichnd axisymmetric torque characteristics of this compressor.
can play a role in the overall stability picture.

1
Q2+ Z(a2+ bz)

FU%Q,a,b) =76, +27,Q+37¢s (32)

f 5The parameters and performance of the MIT 3-stage compressor are very well
Unsteady Force ExpressionTo evaluate the unsteady mo ocumented by many authors such as Easflaalj Gamachg21] and more recently

mentum expression, an average velocity within the stage is dg-van schalkwy[25]. These documents are available upon request from the Gas
fined as follows: Turbine Laboratory, 31-264, MIT.

410 / Vol. 125, JULY 2003 Transactions of the ASME

Downloaded 31 May 2010 to 171.66.16.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



'S

35 ¢ = 0, min. clearance
: 6 =n/2,
3l mean clearance
ﬁ_\)
g 2.5F
=1
o 2
H
'é 15}F
- 1F 6 =m,
max. clearance
051
rotor offset of 2.0% chord along 6 =

0 1
-0.4 0 0.4 0.8 1.2 1.6
Flow coefficient, g = ¢/2W

15

x meaured (stalled)

__ model (axisymmetric)

L),

bt
2

Stage torque

-04 0 0:4 0:8 1:2 1.6
Flow coefficient, ¢ = ¢/2W

Fig. 7 Pressure-rise and torque characteristics for the MIT
3-stage axial compressor. (Measured performance reported by
Gamache [21] and others. )
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Fig. 8 Calculated amplitude of turning force F' for different

values of flow nonuniformity amplitude

that are the result of a rotor offset, whereas the large valu& of
=1 represents a nonuniformity such as rotating stall.

Pressure Force. Using theX and Y components of the pres-
sure force, an expression for the amplitude and phase of the pres-
sure force contribution can also be written as

FP = xP"W2QA (40)

Turning Force. Recalling the expressions for the two compo-

nents of the turning force ' andFY', the amplitude and phase

of the turning force can be written as follows:
1 —
Ftu= /(FEEJ)Z—F(Fg;])Z: ZXIUAFICU

1
=7 XUA| 761+ 276,Q+ 375

Q2%+ %AZH (38)

a
7= —tan ' = 7+90 (39)

The foregoing phase relation indicates that, to the first harmo

7P =tan 12 =7=*0,180 (41)

This indicates that the pressure force is exactly aligned with the
flow nonuniformity (i.e., maximum flow coefficient This is con-
sistent with the simple Bernoulli relation between flow pressure
and velocity, which requires the point on the circumference pass-
ing the minimum flow to have the maximum pressure. It should
also be noted that, unlike the turning force, the pressure force is a
simple function which is linear in botA andQ. Figure 9 shows a
plot of the amplitude and phase difference of the pressure force
and itsX andY components, as a function &f and for different

NWlues ofA.

approximation of the flow field, the line of action of the turning

force contribution is perpendicular to the peak of the flow nonuni- Unsteady Force. Similarly, using theX andY components of
formity, and not to the tip clearance asymmetry. The amplitude tie unsteady force, expressions for the amplitude and phase of this
the turning force is a somewhat complicated expression thatfegce contribution can be written as follows:

cubic in A and quadratic irQ.

To illustrate the features of the foregoing relations, a flow field
nonuniformity of amplitudeA and some fixed phasg, say 30
deg, are assumed. Figure 8 shows a plot of Xtend Y compo-

nents of the turning force, together with its amplitugle!, and
phase differencey'— %, as a function of mean flow coefficie@
and for different values of flow nonuniformity amplitude It can

FUn= Y""WA?+A%? (42)
a Acosp—Aysin
=t il = AT AT
b Asinp+Ancosy

The relations of the unsteady force are more complicated than the

be seen that for small values &f and as the mean flow coeffi- previous two. But some insight can be gained by considering the
cient Q is decreased, the turning force reverses direction twiepecial case of pure rotating stall in which the flow nonuniformity
along the line perpendicular tA. That is, the phase differencengs a constant amplitudd=A"s (i.e., A=0), and a constant rate

7''— 7 changes from 90 te-90 and then to 90 deg again. How-of rotation, 7= »'S. In such a case, the amplitude and phase of the
ever, for a nonuniformity of large amplitude, e.h=1.0, the ynsteady force reduce to

turning force maintains the same directionsat— =90 for all

Q. Small values ofA are representative of flow nonuniformities

Journal of Turbomachinery
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(FYMS= y""WASy (44)
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Fig. 9 Calculated amplitude of pressure force FP" for different

values of flow nonuniformity amplitude

sin
("MS=tan o = % 0,180

cosy (44)

n =" = constant

27 =7 £ 90 27 =n £0, 180 7* =7+ 0, 180

Steady rotor offset in X Steady rotor offset in X' Pure rotating stall
Fig. 11 Schematic of the phase relationship between the three
aerodynamic forces and flow nonuniformity. Note that the flow
nonuniformity, indicated by the large dot, is not in phase with

the tip clearance asymmetry.

unsteady force during rotating staile., A~1) is in general very
small compared to the turning and pressure force contributions at
a similar value ofA.

Finally, Fig. 11 is a schematic which summarizes the phase
relations between the three force contributions and the flow field
nonuniformity described in the foregoing.

3.2 Calculation of Aerodynamic Forces for a Fixed Rotor
Offset. The relations described in the previous section do not
take into account the link between the tip-clearance asymmetry
and the flow field nonuniformity it generates. They simply give
the aerodynamic forces resulting from a given, arbitrary flow non-
uniformity without specifying how that nonuniformity is pro-
duced. As such, these relations develop the first level of under-
standing of the forces necessary for exploring more complicated
situations. To that end, a more complete picture can be obtained
by realizing that the flow nonuniformity as represented Byz)

which indicates that the unsteady force during rotating stall is alg9onot arbitrary, but is rather the result of a tip-clearance asymme-
aligned with the flow nonuniformityand hence rotating at the try, which in turn is produced by an offset of the rotor within the
same frequendyand that the amplitude is a simple function that igasing. So in order to further analyze these forces, the following

linear in bothA andv', but is independent o®.

strategy(similar to[11]) is adopted. A static rotor offset is chosen

Figure 10 is a plot of the foregoing results showing the ampland the steady flow field equations foA,(;) are then solved.
tude and phase difference of the unsteady force as a functidn oBased on this flow field, the aerodynamic forces are evaluated.

for various values ofv's. It is noted that the amplitude of the

05 0.5
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vS=04 vT=02 3
E g
e . x
s s
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Fig. 10 Calculated amplitude of unsteady force FU" for differ-

ent values of flow nonuniformity frequency
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Solution of Steady-State Equations for the Flow Fiel@he
steady flow field resulting from a stationary tip clearance asym-
metry (e.g., due to static rotor deflectipis obtained by setting to
zero the LHS of Egs(5), (6), (9), and(10) and solving the result-
ing set of simultaneous algebraic equations. Given the form of
these equations, one can simplify this task by choosing the oper-
ating point(i.e., Q) of interest on the compressor map and the
rotor deflection as inputs. Then, only the two equations, describ-
ing the flow nonuniformity(i.e., Eqs.(9) and(10))—which do not
contain eitheP or »—need to be solved fok and 7. The first two
equations(Egs. (5), (6)) can then be used to finB and vy if
needed. The result of the foregoing procedure together with some
manipulation is the following two equations:

2 2
A*+[8Q(Q-1)JA"+| 16Q%(Q~1)*+ %%) }Az(%%r)
=0 (45)
[ 2A X
n=sin T s (46)

A few comments are in order regarding the above two equations.
It can be noted that and ¢, play the same role in determining
the flow nonuniformity amplitudé and the phase. For instance,
increasing the rotor offsat is equivalent to having higher com-
pressor sensitivity to tip clearancee.., either of which will in-
crease the amplitude of the nonuniformidy Further, it is ob-
served that reducing the parameter ratiks has a similar(yet
weakej effect on the steady state solution. For instance, higher
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Fig. 12 Flow nonuniformity and aerodynamic forces for a

fixed rotor offset of r=1.0% chord The numerical results shown in Fig. 12 are specific to the com-

pressor geometry and characteristic used in the calculation, and
are thus expected to differ for other compressors of different ge-
values of the pressure-rise characteristic  paramei@metries and characteristitd\levertheless, these results demon-
S=H/W—corresponding to steeper characteristic—wouldr strate the main features of aerodynamic forces, their principal
the same\) increaseA and reducer. components, and their dependence on relevant system parameters

Evaluation of Flow Field Nonuniformity and Aerodynamicand flow variables.

Forces. Figure 12 shows the flow field nonuniformity and the 3.3 Validation Against Available Experimental Data. The
turning and pressure force contributions for a rotor offset of recently published datg9] and the accompanying numerical re-
=1.0% chord(about 35% of maximum possible deflection the sults[10] are utilized here for validating the calculations of the
X direction(i.e., ®=0). It can be seen that the flow nonuniformitycurrent model. These studies are based on the GE LSRC axial
amplitudeA is of order 0.01 at very high mean flow coeffici®t compressor: a 4-stage, low-speed experimental compressor at the
of order 0.05 at design flow d@=1.2; and, of order 0.1 & GE Research Center. The results in these two references, and
=1 which corresponds to the peak pressure rise. The relativehany others, are reported in terms of the kng#h parameter. As
high amplitude of the nonuniformity close to the peak of the chamentioned briefly in the introduction, this parameter emerged
acteristic is the result of the compressor’s tendency to amplifsom Alford's original analysis as a nondimensional “correction
distortions as it operates closer to its neutral stability point. ifactor” that multiplies the cross-coupled stiffness relating the
general, larger amplitudes oA are expected for higher tip- oroqynamic force, say(); , to the rotor displacement. Math-
clearance sensitivity, or for larger rotor deflections. ematically, 3*' is e>'(presseld’ as follows:

The phasey varies withQ in approximately the same way As ' '

The point of maximum flow is about 10° away from the minimum - (7)) ~ (ﬁy),

. . . . Al cli Al i

tip clearance point at very higQ. These two points move apart as (Fy)i=By X = pY=2Rh———=
N - . . \ 2Rh (T )X

the flow is reduced towards the ped®=1, at which point the /i

flow nonuniformity is 90° out of phase with the tip-clearance cross-coupled

asymmetry. The physical source of this phase difference can be stiffness

linked to the fluid inertia in the rotor blade rows represented by . in terms of the current nondimensional quantities
The larger this inertia, the more the flow nonuniformity lags be-"’
hind the tip-clearance asymmetry. On the other hand, a steeper a4 [z 2(h\ (Fy)
characteristidlargerS) tends to counter that effect. Y " cosy, \ R} |1/ (7e)iX

Figure 12 also shows th& andY components of the aerody- . .
namic forces. For the given rotor deflection in thelirection, the Where the aerodynamic forc& {); can be either that due to turn-
X force component represents the restoring force whilertbem-  ing, (F);, which gives 4", or that due to pressureF’);,
ponent represents the whirl-inducing force. @sis varied over which gives (34')P". As mentioned earlier, until recently only the
the operating range, both these forces are seen to change signutning contribution in the direction of whifi.e., normal to rotor
particular, forQ=0.4 theX force component is shown to be in thedisplacementwas addressed in the literature, and most mention
same direction as the deflection. On the other handYtbempo- of the Alford g-parameter refers to that component of the turning
nent is shown to change sign more than once over the whole ramgatribution. To the authors’ knowledge, there is no published
of Q, hence providing both forward and backward whirkexperimental or computational data against which the restoring
tendencies-as opposed to the ultimate direction of whirl which isorces, i.e., F;u)i and FY");, can be compared.
decided by the dynamics of the system under the action of allThe next step is to compare the pressure-rise characteristic used
relevant forces—depending on the operating point. It is Wor{y the model to that obtained from measurements. Figure 13
noting that the pressure contribution, which has traditionally begfows two sets of characteristics. The first set consists of two
neglected in studying compressor and turbine whirl phenomengessure-rise measurements that correspond to two different mean
may have a strong influence on the net whirl tendency of thfy-clearance settings of the compressor. The other set consists of

compressor. For example, it is noted that ¥heomponent of the three curves representing the modeled pressure-rise characteristic,
pressure force at arourf@=1 is large enough to completely re-

(47)

verse the n?t effect from backward whidue to turning aloneto 5A detailed comparison between four different generic compression systems, in-
forward whirl, cluding an axial liquid pump, is given byl7).
Journal of Turbomachinery JULY 2003, Vol. 125 / 413
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quently, the aerodynamic forces are confirmed to be locked to the
flow nonuniformity and not to the tip-clearance asymmetry, con-
sistent with[10] and other related efforts. Using the analytical and
numerical results of this force model, it is shown that in order to
predict whether the rotor tends to whirl backward or forward, all
force contributions as well as the compressor operating point have
to be taken into account. This is especially true for operating
points close to the design point where the pressure and turning
contributions may be of comparable magnitudes but different
signs. Finally, the force model compares well with recently pub-

-3r — Model 7 . .
& O GE LSRC outer 50% span lished data of agrodynamlc fqrce measurements, as well as several
AF o x %%‘;f‘ﬂ'sﬁy calc. i more computationally-intensive efforts over the narrow range of
i Song Cale. operating conditions in which this data is available.
5 1 1 1 1 1
1.1 1.15 1.2 1.25 1.3 1.35 1.4
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coefficient is highest. In addition, the peak of the characteristic

shifts to the right for the larger tip clearance. Such variation in

sensitivity and shift in the peak can not be captured using théomenclature

simple linear dependence of the characteristic on tip clearance A A
adopted in this paper. Although, a more sophisticated representa- ab
tion of the characteristic can capture such variation, it would pro- B
duce dispensable mathematical complexity. To that end, the pa-
rameters (i.e., S=H/W and ¢.) of the current simple
characteristic are tuned such that the modeled and measured loss
in pressure rise are closest in the neighborhood of the design
operating point, while underestimated at the peak and overes#-
mated in the high flow region. It is shown below that the errors irr!’
this model predictions as compared to experimental data are pre-
dictably larger in those regions where the characteristics are fur-
thers apart.

Figure 14 shows the calculation results of the current model
against the data and computational resultfl@f14]. The predic-
tions of the current model are shown to compare well against the
measurements, especially near the design p@iat, Q=1.2 to
1.3), where the characteristics matched best. On the other hand,
the error in predicted values OBC')“‘ becomes expectedly larger
as we move closer to the characteristic peakatl where the
measured and modeled characteristics deviated the most. Addi-
tional calculationgnot shown performed with better characteris-
tics matching at the peak bringﬂ@')t“ prediction into a closer
agreement with measurements in that region, but results in a larger
deviation in the high flow region.
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4  Conclusions

The model for the aerodynamic forces developed and analyzed A\, u
in this paper reveals that there are three physical contributions to 13
the total aerodynamic force on the rotor. In the presence of a flow p
nonuniformity, the three contributions arise from nonuniform 7., (7¢);

turning done by the blades, nonuniform hydrostatic pressure act- @, ¢
ing on the hulidirectly on the rotoy, and the unsteady momentum

storage within the rotor blade passages. Each of the three force X
contributions scales with a nondimensional parameter that de- N4
pends only on blade and stage geometry.

In addition, simple analytical expressions for the aerodynamic e
forces were derived for a given compressor geometry, character- Yo
istics, operating point, and rotor deflection. These expressions Yee
give physical insights and establish a link between the direction of
the three force contributions and the flow nonuniformity. Conse- QO
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area, amplitude of flow nonuniformity
Cartesian components of flow nonuniformity

system stabilityB-parameterB=U/2a;VV/ AL
per-stage, nondimensional aerodynamic force
pressure-rise characteristic parameters

blade radial spaiheighj

unit vectors

inlet, exit and total effective duct length

blade chord, blade axial chord

no. of compressor stages

rescaled pressure-rise coefficieRt= V/H

static, total pressure

rescaled flow coefficienQ=®/2W, q= ¢/2W
mean annular radius, rotor radial displacement
pressure-rise characteristic aspect rafie,H/W
mean rotor speed

volume, flow field velocity

Cartesian rotor displacements in inertial frame
absolute and relative flow angles

Alford’s B-parameter

nondimensional throttle coefficient, or blade
stagger angle

tip clearance

phase angle of flow field nonuniformity
angular(whirl) displacement of rotor center, cir-
cumferential coordinate

compressor inertia parameters
nondimensional time

density

total, per-stage compressor torque
annulus-averaged, total axial compressor flow
coefficient

aerodynamic-rotordynamic coupling parameter
nondimensional plenum pressure,

W= (pp—pia) I pQ°R?

total-to-static pressure-rise characteristic
shut-off value ofi,

sensitivity of pressure-rise characteristic to tip-
clearance.,= —dip 1 de

rotor rotational(spin frequency (Q=U/R)
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Aerodynamic-Rotordynamic

Interaction in Axial Compression

Systems—Part Il: Impact of

Interaction on Overall System
Ammarh. Bk | Stability

Saudi Arabian Oil Company (Saudi Aramco),

Abgaig, Saudi Arabia 31311 This paper presents an integrated treatment of the dynamic coupling between the flow

James D. Paduano field (aerodynamics)_and rotor structural vibration (rotordyn_amics) i_n axial compression
It \ systems. This work is motivated by documented observations of tip clearance effects on
Department of Aeronautics and Astronautics, axial compressor flow field stability, the destabilizing effect of fluid-induced aerodynamic
Massachusetts Institute of Technology, forces on rotordynamics, and their potential interaction. This investigation is aimed at
Cambridge, MA 02139 identifying the main nondimensional design parameters governing this interaction, and
Samir A Nayfeh asfsessing its impact on overall stability of tht_e coupled system. The _model developed in
v ARAYIR this work employs a reduced-order Moore-Greitzer model for the flow field, and a Jeffcott-
Department of Mechanical Engineering, type model for the rotordynamics. The coupling between the fluid and structural dynamics
Massachusetts Institute of Technology, is captured by incorporating a compressor pressure rise sensitivity to tip clearance, to-
Cambridge, MA 02139 gether with a momentum based model for the aerodynamic forces on the rotor (presented
in Part | of this paper). The resulting dynamic model suggests that the interaction is
largely governed by two nondimensional parameters: the sensitivity of the compressor to
tip clearance and the ratio of fluid mass to rotor mass. The aerodynamic-rotordynamic
coupling is shown to generally have an adverse effect on system stability. For a super-
critical rotor and a typical value of the coupling parameter, the stability margin to the left
of the design point is shown to decrease by about 5% in flow coefficient (from 20% for the
uncoupled case). Doubling the value of the coupling parameter not only produces a
reduction of about 8% in the stability margin at low flow coefficients, but also gives rise
to a rotordynamic instability at flow coefficients 7% higher than the design point.
[DOI: 10.1115/1.1576431

1 Introduction ric tip clearance distribution produces a nonuniform flow field

. . . . which is ultimately r nsible for generatin rodynamic for
The design and operation of axial turbomachines are plagu(?]ﬁ tche ?oti(;[rl ately responsible for generating aerodynamic forces

by different types of aerodynamic and structural instabilities such 5ne source of tip clearance change is the vibration of the rotor
as surge, rotating stall and shaft whirl, which may subject the governed by the structural dynamics of the rotor-bearings sub-
machine components to stresses beyond their design limits. s\stemi.e., rotordynamicsand by the fluid-induced forces acting
addition to the possibility of costly and catastrophic mechanicah the rotor blades and hub. Under certain conditions, these forces
failure, the mere interruption of operation may be at least as catan be of such magnitude and direction that they cause the rotor
strophic(e.g., aircraft jet enginesor as costly(e.g., oil and gas center to follow a fixed orbit, possibly of large amplitude, produc-
production plants ing a self-excited instability known as rotor whirl—a phenomenon

The aerodynamic performance and flow field stability of axighat has long been recognized and addressed in the rotordynamics
turbomachinegGreitzer[1]; Moore [2]; Moore and Greitzef3]; literature (Thomas[12]; Alford [13]; Vance and Laudadipl4];
Greitzer and Moorg4]; and Hynes and Greitz5]) are known to  Colding-Jorgenseii15]; Ehrich [16]; Childs [17]; Litang et al.
strongly depend on the clearance gap between the tips of the 8].; Epak(?v;?(_y[lk{)]; Sonlg ;n(_j ngzo]; Stc>2race etal[21];
tating blades and the stationary casi@gaf et al.[6]; Gordon[7]; rich et al.[22]; Akin et al. [23], and Storacg24]).

. ) L - Having recognized the dependence of the axial compressor flow
Smith [8]; Baghdadi[9]; Storer and Cumpst}10]; and Horlock field on tip clearance, the dependence of tip clearance on the

and Qreitzen[_ll]). The viscous_ I05§es assqciated with the Ieaka%mpressor rotordynamics and, the rotordynamics dependency on
flow in the tip clearance region in an axial compressor, for ifyjd-induced forces, it follows that the dynamic behavior of the
stance, are manifested as a reduction in pressure rise capabfléw field and the rotordynamics in axial compression systems
and efficiency on one hand, and an increase in the stalling masay be strongly coupled, Fig. 1.
flow rate (i.e., loss of stability on the other. Further, changes in There is evidence, both experimental and theoretical, that this
either the mean tip clearance or its circumferential distributiofteraction may be significant in that the rotordynamic behavior
may impact both performance and stability. In addition, asymmeRay potentially alter the aerodynamic stability, or vice versa. For
instance, in the course of active control experiments of rotating
stall, Weigl[25] reported on potential coupling between the rotor-

Contributed by the International Gas Turbine Institute and presented at the Intgynamlc and aemdynamlc domains when he observed that the

national Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam, The
Netherlands, June 3—6, 2002. Manuscript received by the IGTI November 30, 2001.A comprehensive treatment of fluid-induced aerodynamic forces on axial com-
Paper No. 2002-GT-30489. Review Chair: E. Benvenuti. pressor rotors is presented in a companion paper, Part I.
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system stability, both theoretically and experimentally, under sta-
tionary tip clearance asymmet(g.g., distorted casingThe study
r pressure and velocity distribution _l showed that the asymmetry has a destabilizing effect which is
higher than that of a uniform clearance having the same mean.
Gordon [7] generalized that treatment to include tip clearance
asymmetries that may be rotating at any frequency. He showed
that the inception of instability is adversely affected as this fre-
quency becomes closer to a critical value in the neighborhood of
| : the eigen-frequency of the rotating stall first mode.

i i J One of the many extensions of the original Moore-Greitzer is of
particular significance. The concept of active control of aerody-
namic instabilities, first proposed by Epstein et al. Epstein et al.
[27], has evolved to be a major area of interest in research and
industry (a review of such concepts is given by Paduano et al.
[28]). A relevant example from these active control efforts is the
work by Spakovszky29] in which a detailed experimental inves-
tigation of using magnetic bearings to stabilize rotating stall by
means of actively moving the rotor and thus adjusting the tip
clearance distribution is proposed and assessed. In addition, the

Flowfield dynamics

Tip clearance Fluid forces on
variation rotor

rotor displacement

Casing

Rotor Centerline

Casing Centerline nonlinear nature of the Moore-Greitzer-type models together with
gonuniform the fact that fully developed surge and rotating stall are ultimately
- e et Force on nonlinear limit-cycle-type instabilities, have attracted attention

Rotor from the nonlinear dynamics community. Abed et 80] ad-

dressed the bifurcation behavior of the simple, lumped parameter
surge model. McCaughal81] presented a detailed bifurcation
analysis of the Moore-Greitzer third-order model and outlined the
post-instability behavior—including both surge and rotating
stall—of axial compression systems in tBe- y parameter space

(B and y are the ratio of system compliance to inertia and the
) . . throttle coefficient respectively Finally, several investigations
frequency of rotor whlrl(dqe to a deteriorating Jourr_1al bearing e.g., Nayfet{32]) and Wang et al[33]) have been conducted to
and that of rotating stall coincided when they were simultaneously, oy nonlinear control concepts to alter the undesirable post-
present. He also observed that the first mode of circumferentigkiapility behavior of the system. This, in general, amounts to
flow disturbances had a much higher energy content prior to thgempting to change the nature of the bifurcation from subcritical
onset of instability, as compared to runs with a healthy bearing, gypercritical. In order to achieve this, Wang et[a8] theoreti-

Another indication of possible coupling comes from a recenty |y examined the nonlinear aspects of actively controlling surge
problem observed during the testing of a new engine which is stf,§ rotating stall by means of tip-clearance actuation through
in the developmental stage, Ehri@6]. The problem included the magnetic bearings.

loss of aerodynamic stabilitisurge eventat the design pointin  op the rotordynamic side of the problem, the Jeffcott ré8d

the presence of a rotordynamic, subsyncronous, whirl-like behayyed to be a very useful tool for exploring fundamental rotor-
ior which has been identified as a subharmonic, nonlinear '8ynamic phenomena such as the response to imbalance. The Jef-
sponse to imbalance. fcott rotor is essentially stable since it is a damped vibratory sys-
It is therefore of interest to understand the overall dynam{%m consisting of a mass, springs and dampers. The potential for
behavior of the coupled system. Further, such an understandingiapility arises from the interaction between centrifugal forces
the aerodynamic-rotordynamic interaction and its impact on stgge to whirl-like rotation, and various internal and external forces
bility should directly contribute to the advancement of severg}cting on the rotor. Examples of such forces include different
important areas of research—the active control of turbomachinggtms of fluid forces(such as those generated from tip clearance
instabilities being a prime example—that may directly contributgsy mmetry, labyrinth seals flow, and oil flow in journal bearings
to the design and operation of more stable and reliable compregy forces due to internal rotor damping. A physical and concise
sion systems. More specifically, the objectives of this work are H}bscription of basic rotordynamic phenomena can be found in

« Determine the set of nondimensional parameters governiRgn Hartog[35]; Crandall[36]; Ehrich[37], and Child17]. As
the coupling of aerodynamics and rotordynamics in an axiél’ example of the destabilizing effect of these forces on the ro-
compression system, and relate these parameters, and K8ifynamic stability of an actual engine, Akin et 23] reported
they scale, to a physical description of the mechanisms ¥ Qerodynamlcally-lnduced rotor |n_stab|I|ty in the TF30 P111
work. engine. The authors accounted for different sources of destabiliz-
« In terms of these parameters, determine the conditions und@y forces and concluded that, in that case, the Alford-type forces
which aerodynamic-rotordynamic coupling is important. generated on the turbine side of the engine were responsible for
Predict the potential impact of this coupling on the stabilit)rrhe instability. Incorporatl_ng an oil-film damper at the bearlng was
of the flow field and rotor structure. In particular, determin@"0Posed, analyzed and implemented, and was shown to eliminate
physical arguments and relative design parameter values tHi§ Problem. The authors concluded, however, that the general

are potentially destabilizing and/or beneficial to overafetermination of the source of instability is difficult and requires
stability. careful testing and analysis.

Nonuniform Tip
clearance

Fig. 1 Aerodynamic-rotordynamic coupling mechanism

An Overview of Previous Work. In addition to the aftermen-
tioned efforts, this work builds on a large body of published re2- Overall System Model
search in the areas of compression system aerodynamic and rotoffo describe the aerodynamic-rotordynamic interaction at hand,
dynamic modeling and stability. For instance, the effect of tithe following sub-models are consolidated into one overall system
clearance on aerodynamic stability of axial compression systemsdel: the four-state Moore-Greitzer model which describes the
was addressed by Graf et §] who used a modified version of flow field; the Jeffcott rotor model which describes the rotordy-
the model by Hynes and Greitzg6] to examine compression namics; a simple representation of compressor pressure rise char-
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the presence of material hysterggisoduce a force that contrib-
utes to whirl-like instabilities. In fact, this historically is the first
effect to be recognized as a source of whirl-type, self-excited in-
stabilities. However, in order to limit the sources of rotordynamic
instability in this study, all damping effects are lumped into a
single linear term of the viscous drag type, hence assuming no
material hysteresis.

As for stiffness forces, K%Y, the basic Jeffcott rotor model
traditionally makes a distinction between stiffne@gstoring
forces due to shaft elasticity and those due to support bearing
compliance. The simplest Jeffcott rotor, for instance, assumes an
elastic shaft supported by rigid bearings. More sophisticated rep-
resentations of stiffness forces have been included in the Jeffcott
rotor model to account for several observed behaviors such as
those resulting from stationary stiffness orthotropy in which the
bearings stiffness in th&X and Y directions are different. Such
orthotropy tend to have a stabilizing effect in that it increases the
critical spin frequency above which an instability may oc(ee,
for example,[1], Section 1.§). Rotating stiffness orthotropy, on
the other hand, is local to the shaft, and thus produces a rotating
spring force which does not always act as a pure restoring force.
Fig. 2 Basic rotor-casing geometry  (exaggerated proportions )  Instead, a component of this spring force contributes to the whirl-

ing motion and may thus lead to what is known as a parametric

instability. In addition, stiffness nonlinearity may also be included

o e ) o to represent hardening and softening spring effects, as well as the

acteristic sensitivity to tip clearance, and, a description of aerodyyriation of stiffness over a cycle of the rotor whirl orbit due to
namic forces generated by the flow field and acting on the rotefphing(known as the normal-tight conditidor due to excessive
With the exception of a few aspects of the rotordynamic model, &jbaring clearancénown as normal-loose conditipriThe rotor-
the other submodels have been developed and presented in a c@famic response under such conditions can be very complicated
panion paper(Part |) to which the reader is referred for moreand may even display chaotic behavian overview of this topic
details. In this part, however, the remaining components of the given by Ehrich39]). In this model, the stiffness effect of the
rotordynamic descriptidnare presented, followed by a recapitushaft and bearings is combined into one lumped stiffness. More-
lation of the main parts of the overall model. over, an additional nonlinedcubic) term is included to represent

2.1 Rotordynamic Description. Referring to Fig. 2, it may & hardening system spring. _
be noted that three important frequencies can be identified when! NiS @llows the rotordynamic model to be written as
discussing the Jeffcott rotor model: The first{}s the spinning d2r
frequency of the disk and shaft about their common geometric —_ —pday psty pae 2
axis, O. The second is»""=0), the orbital frequency of poir® d¢?
about pointO,, called the whirl frequency. The third is, the where the nondimensional forces are given by
natural vibration frequency of the rotating assembly, which is

Rotor disc

_typi(t:_ally proportional to the ratio of mechanical stiffness to Fda= _25,,()'(”\'(1') 3)
inertia.

To complete the description of the rotordynamic model, several Fs'= — (12 X+ @ X3)i— (12Y + w Y3)] (4)
important forces acting on the rotor need to be introduced. These ae_ £t Cpr 4 un
forces were represented by the two teri#i8 and = F'"®"in Eq. FE=F"+F+F ®)

(16) of Part I. In what follows, only those forces relevant in thea
subsequent analysis presented in this paper are included h
namely aerodynamic, stiffness, damping and inertia forces. S
eral additional forces can also be considered depending on
focus of the analysis being pursued. To that end, the imbalance c

nd where the aerodynamic fore&° with its three contributions
Gie as defined in Part I. Other quantities appearing above that have
ﬁ}bét been defined in Part | are given as

w
force, F™—which together with the ternd®r/d&* emerge from oMo "0
the acceleration term on the LHS of EG5) in Part I—is dropped
by assuming that the imbalaneés equal to zero. Such a periodic k | \2kns
forcing does not play a role in the stability analysis presented in w= \/% w= (5 M
this paper.

In addition to the aerodynamic forces which have been atthe rotor's undamped natural frequenay,is worthy of special
dressed in Part I, the two other essential for¢kat were lumped attention since rotors are commonly classified according to its

under the summatiol F°"®) are now introduced. value being above or below 1.0. Alse,largely determines the
response of the Jeffcott rotor to imbalance which has its maximum
2 pother_ pda st pha (1) rotor deflection at the critical value=1.0. Rotors normally oper-
%%di ating at values o<1 are referred to as supercritical rotors, re-

flecting the fact that the spin frequendy is larger the rotor’s

In general, damping forcesFf?), may include effects due to natural frequency. A subcritical rotor would thus havel. In
aerodynamic drag, internal shaft damping, oil-film damping igeneral, most modern, high-speed turbomachines are in the range
journal bearings, and squeeze-film damping used commonly wRkL<<»<0.5 and are therefore supercritical at their typical running

roller-element bearings. The internal shaft damping rfeag., in  Speeds. ) )
As noted earlier, several other forces may be acting on rotors of

2 fully detailed development of the model including a discussion of all rotordy.axial compressors which are not inC|Ud9d in this paper. Examples
namic forces can be found in Al-Nah\8]. include Alford-type forces on the turbingvhich may be on the
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same rotor as the compresgof a gas turbine engine, fluid forcesflow field on the dynamics of the rotor is controlled by the non-
from seals and journal bearings, actuation forces of magnetlinensional coupling parameteyswhich was defined in Eq20)
bearings, gravity force on horizontal rotors, and several others. Part | as

The uncoupledrotordynamic response to most of these forces . o

have been addressed by many researchers. Although including - Nsi(27Rhlz) - fluid mass within CV
these forces in an integrated model such as the one considered in NsiM g rotating assembly mass
this study is straightforward and may be useful, it can result Eh

(10)

d lexi d | d di f d which appeared as a weighting factor in front of the aerody-
unwarranted complexity and prevent clear understanding of tjg i force terms in the rotordynamic equations. Typical values
basic coupling phenomena being in focus here. Including theg]e

; . are estimated for several low speed multistage axial compres-
forces may therefore be viewed as a useful extension to the ch-X P g P

rent work that can be considered after the simplest, most ba3jg > and found to range from-6L0 ° to 5x10°*, while for a
A plest, §|ﬁg|e stage axial liquid pump is found to be on the order of
coupling model has been explored.

1072

2.2 Summary of Overall System Model. The flow field
description was presented in some detail in Part I, wherein t@e Coupling Impact on Linear System Stability
surge dynamics were represented by E&$.and (6), the flow
nonuniformity dynamics by Eqg7) and(8) in Cartesian from or 3.1 Equilibrium Solutions. The linearized stability of the
(9) and(10) in polar form. Additional expressions needed to comeoupled system model about an equilibrium state is now examined
plete the flow field description include the compressor integratéer various values of coupling parametéi®., ¢, x) as well as
characteristics given bgl3) and(14), all in Part I. other system parametefs.g., y, B andv). Such a stability inves-

As for the rotordynamic description, théandY components of tigation requires a linearization of the system equations which
Eq. (2) that include the additional forces described, in the foregdellows a standard Taylor series expansion about an equilibrium

ing can be written in Cartesian form as point (indicated by the subscrig}, and involves the evaluation of
B . the Jacobian matrix of this model.
X+2LvX=—12X—wX3+ x- (F&®), (6) By examining the system equations, it can be seen that a simple
. . equilibriun?—in which all the time derivative terms vanish—can
Y+20vY=—12Y —w Y3+ x- (F39), (7) exist only when the flow field is uniform and all forces on the
rotor being balanced when it sits exactly in the center of the cas-
and in polar form as ing. This simply corresponds to an almost trivial equilibrium point
L, . ) . 3 ae where only Q.,P.) are nonzero. In this case, determining
F=r®>+27vr=—1’r—[cod O +sin* @]wri+ x- (F2°), (Qe.,P,) that correspond to some throttling coefficientrequires
(8) the solution of the following two simultaneous algebraic
. . . equations:
rO+2r0+2,vr®=[2 cog ®—1](cosO sin®)wr3+ y- (F&%), _
©) 0=5(Qe,ae=0b=0)— P, (11)
The foregoing expressions for the aerodynamic forces were given 0=Q.— ye\Pe (12)

in Egs. (31), (35 and (37), all in Part I, and can be written in
terms of either the polar variables of the flow fig/land 7); the
polar variables of the rotordynamic modeland ®); or, a com-

It should be noted that even for more complicated equilibrium
points (e.g., off-centered rotorit is far more convenient and in-
bination of these. This can be achieved using known relatioffdtive to use the equilibrium point flow coefficie@, as a control

_ o - L - parameter instead of the throttling coefficiept. For instance,
such ~asa=Acosy, t,’_A siny, a=Acosy—Ansing, and b Q.= 1.0 is the point of peak pressure rise on the compressor char-
=Asiny+Ancosy. Finally the aerodynamic forces in the twoacteristic, whileQ,=1.2 is a good choice for a typical design
coordinate systems are related through=Fy cos®@+Fysin®  gperating point, allowing a 20% nominal stability margin. The
andFg=—Fysin®+Fy cosO. equilibrium point for a centered rotor are then determined as fol-
~ Examining the equations of the overall model, a few observgsws. The desired compressor operating point about which the
tions can be made regarding the nature of the aerodynamigapility is to be assessed is chosen by selecting a val@, of

rotordynamic coupling and the main parameters governing it. Equation(11) then givesP, by direct substitution, while Eq12)
This model is an eighth order nonlinear dynamic description @gn pe easily solved foy,=Q,/\Pq.

the coupled compression system, which can be written in a state - )
space form, with Q,P) as the global compression system flow 3.2 Stability Bounds of the Coupled System. Having de-
states; &,b) or (A, 7) as the compressor local flow nonuniformitytermined the equilibrium, the stability of the coupled system may

states: and,X,X,Y,Y) or (r,7,®,0) as the rotordynamic states."°W be_ exar_nined by cor_nputing the eigenv_alues and eigenvectors
éa‘rthe linearized model in order to determine the stable and un-

stable regions in its multi-dimensional parameter space defined by
the nondimensional paramete@s., x, ¥ and v. It should be
Bted first that varying the system stability parameBgrhas no
effect on the stability boundary of the coupled system presented
below. The reason is that tl&parameter is known to be mostly
influential in determining the post-instability behavior of the sys-

integrated characteristid;CC(Q,a,b), and the throttle characteris-
tic, Qt(P), on these state variables reveals that the surge dyn
ics are only indirectly coupled to the rotordynamic¥,Y)
through the flow nonuniformityd,b), Eqgs.(5) and(6), Part l. On
the other hand, the flow nonuniformityab) is directly coupled
to both the compression system operating po@tR) and the tem. In particular, large values of th&-parameter B~1) are

rotor position K,Y), Egs.(7) and (8), or (9) and (10), Part I. 4 ica)ly associated with surge while small valug~0.1) are

Finally, the dynamics of the rotor depend on both the flow NOMSssociated with rotating stall.

uniformity (a,b) and the compression system operating point

(Q.,P) through the aerodynamic forceE2%(Q,a,b,a,b), Egs. General Features of Stability BoundsFigure 3 depicts the

(32), (35), and(37), Part |. stability boundary in the@,, x) parameter space for a hypotheti-
It is also recalled that two main governing parameters that

emerged naturally from consistent nondimensionalization of Sys_3Another type of equilibrium points that is not presented here corresponds to the

. . e : aise where the rotor is not centered in the casing, but rather is deflected under the
tem equations may also be identified. The influence of rotor p0§ ect of some additional constant for¢e.g., gravity. Finding the fixed points in

tion on _the flow field is governed mainl_y by th_e nondimenSion%ehch a case is more involved as it requifiesprinciple) the solution of eight simul-
sensitivity parametet..= — di./d, , while the influence of the taneous nonlinear algebraic equations.
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Fig. 3 Coupled system linear stability boundary in the Qe—X Fig. 4 Effect of rotor’s natural frequency  (v) on the coupled
parameter space for a centered rotor equilibrium, all param- system linear stability boundary for a centered rotor equilib-
eters at nominal values rium, all other parameters at nominal values

4 closer to the uncoupled system. The stability boundary in such a
cal 9-stage low speed compresSoeferred to here as C2. The case has only one branch that can be observed within this realistic
unstable region in this case is that below and to the right of thgnge of flow coefficients. Also shown in the figure are the ratio of

solid line. In contrast to the uncoupled compressor which, accorgi ", rs from which the closeness of these two frequencies can be

ing to the Moore-Greitzer model, loses stabilitypically in the jnfered: 4 ratio which determines some aspects of the stability of
form of rotating stall at the peak of the characteristiQ{<1), this coupled system.

the stability of the coupled system is shown to be degraded in that

the onset of instability is encountered at operating points with a Effect of Tip Clearance Sensitivityce. The effect of the sec-
higher flow coefficienQ. . This means that on a compressor mamnd coupling parameter, namely the compressor sensitivity to tip
the stability boundary of this coupled system would lie to the righldlearancei, , is depicted in Fig. 5 which shows the stability
of the peak of the characteristic, hence, reducing the stability méweundary for three different values ¢t . The less sensitive the
gin. For instance, for values gf=2.5x10 % and 5<10 % a compressor is to tip clearance the larger the stability margin for
reduction of the flow coefficient by throttling, say from the desigany giveny. This points towards the similar effect that the two
point atQ.= 1.2, takes the system into instability@t=1.05 and coupling parameterg,. and y have, which is later exploited by
1.08, respectively, a reduction of 5 and 8% in the stability marggombining the two coupling parameters into one.

predicted for the uncoupled compressor. For higher valueg of 3.3 Stability in the Design Parameter Space. An alterna-
igicztl:'gtz)uﬂ;rgzlqislélfrgthzrt \rl\?ﬁigﬁegleuggénﬁrgg?é%lzgjirﬁive way to view the stability results is to c_c_)nsider the parameter
stable for all operating poin®.. Furthermore, it is observed that SPACEX VETSUSL. In such a space, a stability boundary may be

th ist ¢\l below the criticalin th constructed for each value of equilibrium flow coefficieg,
ere 3«5 sa range,?? values pbelow the cri ical(in the range - jcpy splits the space into a stable and unstable parameter com-
3X10 *<y<1Xx10°), for which instability may be encoun-

. . . - binations(y,»). This view serves to elucidate how the stability of
tered at flow coefficienthigher than the design point. For ex-the system is affected as these two design parameters are changed.

ample, at a value of=5x10"*, instability is encountered at ' Recalling that the effect of compressor sensitivity to tip clear-
Qe=1.27, giving a stability margin of only 7% in flow coefficient 3nce on stability, shown in Fig. 5, suggests that the two coupling
to the right of the design point on the compressor map. parameters)., andy influence the stability of the coupled system

Effect of Rotor's Natural Frequency, The effect of the ro- in a similar manner, and looking back at the system equations, it
tor’s natural frequency on this stability boundary is depicted in MY be noted that a rescaling can be adopted such that only the

Fig. 4 which shows the boundaries corresponding to three vall¥@duct of these two parameters appear. In particular, rescaling the

of v in addition to that shown in the previous figure. These values
are selected as follows’=0.2 represents the highly supercritical
rotor; v= 'S represents the case where the aerodynamic and
tordynamic uncoupled and undamped natural frequencies mat 1.3+
v=0.75 represents the case of moderately supercritical rotor; al
finally, v=wv,,n, is the nominal case. In all these cases, the u@ms—
stable region remains below and to the right of any of the sol& 1.2
lines. It can be seen from the figure that higher values (#.g., 2
corresponding to a stiffer rotphave a larger stable region. For &1
the cases with high enough (usually in subcritical rangethe = 11
adverse effect of coupling is greatly reduced and the stability g

2 T T T T
B twice nominal 1/1“

25% of nominal v,

e

n|

Unstable

105} g

“This hypothetical compressor may be thought of as being the same as the N 1 b —
3-stage compressdintroduced in Part)| except with more identical stages stacked Unstable v = 0.2, in all cases
together to represent a high pressure ratio compressor. Important parameters, na  0.95 . . L r
S \ and u, are three times those of the MIT 3-stage compressor, and so is t L T 0'5Aerodynam1ic rowrdyn;[ic coupling zatmeterxz‘r’ 10_?

2 X

effective total duct lengthf. As a result, the rotor axial span is now roughly three Nominal x
times as long yielding a supercritical rotor with=0.23. The consideration of such a

compressor is motivated by the findings of Graf et[@]) who suggested that the _. 5 Eff f iocl L i
higher curvature of the compressor pressure-rise characteristic can exacerbaté:{ge ect of compressor tip clearance sensitivity on linear

destabilizing effect of tip-clearance asymmetry. In addition, the high pressure-ribility boundary of the coupled system for a centered rotor
compressor and the supercritical rotor make this system a closer representation 8ggilibrium, three values of ¢, , ¥=0.2, all other parameters at
modern compressor. nominal values
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Fig. 6 Linear sta_bility in the design parameter space: combin- Fig. 7 Linear stability in the design parameter space: com-
ing the two coupling parameters as  ¢..x, for compressor C2, pressor C2, for four different operating flow coefficients. All
all other parameters are at nominal values other parameters are at their nominal values

rotor displacement variable$ and Y with y causes the latter to A Note on Modes of Instability. For an uncoupled compressor
disappear from the rotordynamic equations and appear insteadVif @ low B parameter, the dominant mode of instability encoun-
the equations oh andb as the producty.,x. This reduction in tered as tk;)e compressornlslth_rottlfe_d to flow cgeffnm@gglr:s h
coupling parameters is captured in Fig. 6, where the stabiliﬁ?own to be rotating stall. It Is of interest to determine whether
boundaries due to different values of tip clearance sensitivity [R€ dominant mode of instability for the coupled system is differ-
the top sub-plofall corresponding to one value @J,) collapse €nt as it loses stability at either end of the stability margin. To

onto one boundary in the reduced parameter space in the bot@®R$wer this question, the mode of instability may be predicted by
subplot. identifying the first pair of eigenvalues to cross the imaginary axis

Figure 7 depicts the stability results for the same 9-stage coms the coupled system loses stability. The structure of the corre-
pressor in the design parameter spgge), for different values of sponding eigenmode can then shed some light on whether the
Q. and nominaly, . Each line in these figures corresponds to aimstability originates as an aerodynamic, a rotordynamic or a
operating point flow coefficien®, and divides the plane into a mixed type. Carrying out such an exercise for the compressor at
stable and unstable regions; the unstable region being that beloand reveals that the type of instability first encountered at both
and to the right of these lindexcept forQ.= 1.0 where the stable bounds is mostly rotordynamic. However, when crossing the
region is confined to the lower left corner of the plarihe use of bound to the left of the design point, the aerodynaknatating
the ratiov/ v"$= w/ w">—which does not depend on the rotor spinstall) mode is only marginally stable, and is therefore expected to
ning speed)—as the other parameter combination in the bottofievelop into full rotating stall soon after the inception of any
sub-plots of these figures is motivated by the following observénstability. The eventual mode of instability as the response grow
tion. In the two figures above, as well as in similar calculations fdreyond the linear approximation can not be determined except
additional compression systerfidg], it is observed that, except through examining the original nonlinear model as presented in
for Q.=1, the stability boundary changes monotonically with the forthcoming.
for all flow coefficientsQ.>1 (i.e., to the right of the character-
istic peak. For Q.=1, on the other hand, the boundary for rotor
with »/v"5>1 is different that for those with/»"S<1. The dif-

3.4 Summary of Coupled System Linear Stability. The
?)arametric studies presented conducted using this model establish

. the significance of the interaction between aerodynamics and ro-
ference is that the former type are unstabl@at 1 regardless of . namic in determining the overall coupled system stability.

the valuey, while the later may be stable or unstable depending, ; : ; . ;
’ C - - e main results are summarized in the following points, and are
on x. Further, this difference in the stability t,=1.0 does not shown schematically in Fig. 8 gp

amount to a significant gain in overall stability margin, but it may
be shown to reflect whether the aerodynamic or the rotordynamice The coupling changes the nature of overall stability picture in
mode becomes unstable first as the peak of the compressor char-that it creates a stability margin with two bounds, one on each
acteristic Q.= 1.0) is crossed. side of the design operating point.
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» As the coupling is increased, these two bounds move clos -—
to the design point resulting in a smaller stable operatir 3/ﬂ
range. E

Locally, the mode that loses stability upon crossing either ¢

the two boundaries is mostly rotordynantexcept when the .

rotor’s natural frequency is very high and the coupling impac  fewose o Lc.a¢ g, =080 -z

is minima). Nevertheless, rotating stall is still expected t¢ 04 0 04 08 12 16 s 00

appear soon after crossing the low flow boundary as tt

growing rotordynamic instability promotes larger flow non-

uniformity. This, however, cannot be shown from the lineat-

ized analysis, and requires examining the post-instability bgl—g_ 9 Demonstration of how coupling alters post-instability

havior of the system. ) behavior: response to initial conditions,  »=0.44 (25% of nomi-
Highly supercritical rotors tend to be more susceptible tgal), and B=1.0

fluid-induced instabilities. This is confirmed by the above re-

sults and is consistent with common observations. Further, a

variation of the rotor’s natural frequency from supercritical to ow that the counlina mav favor rotating stall over surge even
subcritical stabilizes the rotor and thus reduces the overgw pling y 9 g

destabilizing effect of the coupling. This variation takes plac‘élIth Iarge_ values oB that are k”OW.” to b_e associated V‘."th surge
only. For instance, a set of three simulatideach occupying one

gradually except in the neighborhood of the rotating stall fre- ; A o
quency and for operating points close to the peak of the ch%?l-w of subplotg is shown in Fig. 9 depicting the response of the

o . . IT 3-stage compressor to initial conditions. The rotor natural
acteristic. In such cases, rotors witthr"°<1 tend to retain 9 P

. . S frequency is taken to be in the supercritical rarige0.44, 25%
::r:)%l][ﬁitiz?]lt“ty only for a very small further reduction in fIOWof the nominal valupand a large value d=1.0 is used such that

For the class of compression svstems that are well descri th§ dominant mode of instability for an uncoupled system would
P Y gx‘f surge. The first simulation assumes no couplirey, y=0.0)

by _the current model, a design parameter space is identifie afld is atQ.=0.95; an operating point to the left of the character-
‘é";'gj‘réze ;nfgeﬁ:swzfica#l trt:;esiglgl\;?néjﬁ(tgrr;e‘;%arrgitercso tic peak, where the system is known to be unstable. As expected,
p ' y y g}]%e system displays a surge instability with sustained oscillations

L]
Y % chord

o Case III: Surge, large nonuniformity and high rotor vibrations,
with Q. = 0.89, moderate x = 0.5 x 103

pressor in this class are roughly the same. This parameier,

space is defined by the ratio of rotordvnamic to aerodvnam? axisymmetric flow and pressure dominanting. The second simu-
P Y s y YNaMifiion shows the system response in an identical situation except
uncoupled frequencieg/»" on one hand and the product of

- ; for the introduction of coupling by setting=0.5x 10 3. In this

E)heert;\;% CO%?:]'QDQ gzrﬁgiﬁg’cﬂé ’ar?wgtg;e other, with the case, _th_e_ system response exhi_bits one §urge-|ike (yeteto _the

P 9p e P : large initial conditiong but goes into rotating stall as the ultimate
- . . form of post-instability behavior. Equilibrium points further to the
4 Post-Instability Nonlinear Behavior left show the same change in behavior until the p&gt0.9 is

A numerical survey of the nonlinear post-instability behavior ofeached. Any further throttling, as shown in the third simulation at
the coupled system model is conducted in order to explore a@d=0.89, gives rise to sustained surge oscillations that are
demonstrate the different post-instability behavior as the stabiligjightly modified due to the interaction with the flow nonunifor-
bound identified above are crossed. It is confirmed by meansrofty and rotor vibrations, both of which are present and large in
numerous numerical simulatiofisot shown that the instability is this case. This tendency to favor rotating stall in regions typically
mostly rotordynamidforward whirl in the cases simulatedght dominated by surge may be due to the large rotordynamic oscil-
after the bounds are crossed. However, for the bound to the leftlafions, which directly produce rotating stall-like circumferential
the design poinfi.e., at low Q,), aerodynamic instability soon flow nonuniformities. The existence of such large nonuniformities
takes over upon any further throttling. in the flow field prior to the full development of the aerodynamic

The B-parameter dependence of the nonlinear behavior is genstability seems to expand the domain of attraction of rotating
erally the same as the uncoupled case: rotating stall and surgesiedl as the dominant mode of instability over a wider range of
encountered for low and high values Bf respectively; but in operating conditions.
contrast to the uncoupled compression system, the simulationg\nother impact of the coupling on the post-instability behavior
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influence on aerodynamics, and the ratio of fluid mass to the rotor
solid mass, which describes the aerodynamic influence on rotor-
dynamics.

Using a linearized version of the model, the stability of the
coupled system was examined through a comprehensive set of
parametric studies. In doing so, the regions in the parameter space
where coupling has the most effect were determined. Light was
also shed on the nature of the different types of instabilities that
may be encountered as the stability boundaries are crossed. To
that end, it was found that for moderate values of the main cou-
pling parameters, the coupling generally has an adverse effect in
that the stability margin for the coupled system is smélbgr5%
to 10%9 than that of the uncoupled compressor, with this adverse
effect being most pronounced for supercritical rotors. In addition,
the system displays another instability of the rotordynamic type
(forward whirl in cases examined hert operating points higher
than design point.

Highlights from a numerical survey of the nonlinear post-
instability behavior of the coupled system were presented includ-
ing important effects such as the domination of rotating stall for
operating conditions where surge would normally be dominant for
an uncoupled compressor, and the possible loss of stability over
the whole operating range for large disturbances. These aspects of
the post-instability behavior suggest a rich dynamic character and

0.9 1 1.1 1.2 1.3

Operating point Qe

1.4

can thus be the basis for future research.
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Nomenclature

area, amplitude of flow nonuniformity

the COUpling reduces the Stab|l|ty mal’g'E[B predicted by the lin- a, b = Cartesian Components Of ﬂOW nonuniformity
O e hesay B = sysem staily parametd- Uza, VIAL
- C2 = hypothetical 9-stage low-speed axial compression
the uncou_pled system. F_urthermore,_for large enough disturbances system
Whole operating range. In other words, beeatie a imit cycle exists ¢ = 1010rdynamic damping coefient
f : ' . e = rotor’s center of mass eccentricity
or every value ofQ, (most clearly seen in the third subplotf _
it is conceivable that one could enter either rotating stall or whirl F’l_EF\)\i/ _ for:ecseéu?g-r;isstgg::?l;?;i?eristic arameters
due to a large disturbance, and not be able to recover the system to i j, K _ Enit vectors P
e e e ot o ore, K = rolocynamic stfness consan
compressor L = total effective duct length
’ M, Mg, = total, per-stage rotor mass
. Ns; = no. of compressor stages
5 Conclusions P = rescaled pressure-rise coefficieRt="V/H
A first-principles, reduced-order integrated model of Q, q = rescaled flow coefficienQ=®/2W, q= ¢/2W
aerodynamic-rotordynamic interactions in axial compression sys- R, r = mean annular radius, rotor radial displacement
tems has been developed by consolidating a single-harmonic, two- S = pressure-rise characteristic aspect raie,H/W
dimensional version of the Moore-Greitzer model that describes U = mean rotor speed
the flow field and a simple, mass-spring-damper Jeffcott-type X, Y = Cartesian rotor displacements in inertial frame
model of the rotor that describes 