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ABSTRACT those of the nominal system and as a consequence their inad-

A new method for vibration analysis of mistuned bladed equate prediction when using cyclic symmetry. The stochas-
disks is presented. The method combines two previouslyic nature of blade to blade properties variations requires
reported modeling techniques in order to study the effectsMonte Carlo simulation to quantitatively assess the effect
of small random parameter variation on geometrically mis- of mistuning. In this connection model order reduction of
tuned bladed disks. It is based on the observation that themistuned bladed disks plays an important role to save the
nominal projections usually possess a certain degree of ro-computational effort.

bustness tolerating small perturbations. Hence the subspace  The problem of approximating high order finite element
spanned by a sufficient number of compensated tuned sysnodels by lower order ones received a substantial amount
tem normal modes can be used to repeatedly project modelgf jnterest over the years. Most of the reduction methods

with small random parameter variation. The method is val- for pladed rotors involve projection into a lower order sub-
idated numerically on an industrial bladed disk model, both space. Methods that follow that general structure [Castanier
free and forced responses are compared with full model finiteet 3., 1997, Bladh et al., 20014, Bladh et al., 2001b, Bladh

element analysis. The benchmark cases show acceptable agt al., 2002, Lim et al., 2003, Lim et al., 2004, Yang and Grif-
curacy while retaining low computational cost to build and fin, 2001] constitute modal truncation, where state transfor-
evaluate obtained ROM. mation into a realization in which the state variables can be
ranked according to some measure of importance, i.e. nat-

ural frequencies falling into expected excitation frequency

lNTRODUCT.DN . ) band, followed by truncation of the least important ones.
Bladed disk assemblies belong to a class of rotatlonaIIyUn"ke others, [Petrov et al., 2002] used Woodbury formula

per_|0d|c systems in Wh'Ch cyclic symmetry is _usually €X" 1o calculate the inverse of modified by mistuning symmetric
ploited to predict vibrational response because it reduces th?:RF (Frequency Response Function) matrix

size of a problem to a single sector. However, the cyclic B d th ducti h th del |
symmetry is destroyed by blade-to-blade geometrical and/orIO : ey(_)fr_l di ere uctlt? n a_lp:or(:jac < tmo_ els ljan f;\hso
mechanical properties variations due to manufacturing tol- € classilied In a way they introduce mistuning. Here the

erances and operational wear and tear, which is commonI)TISUbStru,Cturlng oLa.system Into ble}de lan_d d'sdk components
referred to as mistuning. The impact of mistuning on a pe-IS a primary technique to conveniently introduce measur-

riodic system sums down to strong mode localization andabIe blade to blade properties variations. [Castanier et al.,

significantly larger amplitudes of vibration response unlike _19_97] applied component mo_de synthesis techniq_u_e mpd-
ifying blade natural frequencies that appear explicitly in

the synthesized matrices. [Bladh et al., 2001a, Bladh et al.,

*Address all correspondence to this author. 1



2001b, Bladh et al., 2002] projected mistuning onto a se-
lected set of tuned blade-alone modes, which allowed to capw?
ture nonproportional blade to blade variations in a computa ®
tionally efficient way. [Lim et al., 2003] extended this ap- F?
proach and obtained a more compact ROM (Reduced OrdeG,?k
Model) with CMM (Component Mode Mistuning) technique
without component based representation of the reduced sysK
tem where mistuning is projected directly on to a set of tunedM
system modes through mode participation factors. AIthoughMﬁSL
[Yang and Griffin, 2001] were first to express mistuned sys-
tem normal modes as a linear combination of tuned onesp3s
their approach required the knowledge of mistuned system
stiffness/mass matrices. Thus they only simulated propor—qgn
tional mistuning by perturbing the Young’s moduli of indi- '
vidual blades.

Even if using this projection yields accurate low order unJ.n
models, the number of tuned system modes required to cap-
ture the effects of large geometric mistuning (e.g. blade

ary, mass mistuning

Eigenvalue shift

Kronecker product

Forcing terms due to mistuning

k-th blade portion of equivalent forcing terms due to
mistuning

Nominal stiffness matrix

Nominal mass matrix

n-th blade mass matrix deviation due to large mis-
tuning

n-th blade mass matrix deviation due to small mis-
tuning

Participation factors of the cantilevered-blade
modes in then-th blade portion of compensated
nominal modes, mass mistuning

Participation factors of the boundary modes in the
n-th blade portion of compensated nominal modes,
mass mistuning

geometry change) render them computationally impractical Bdiag:] A pseudo-block-diagonal matrix, where the size of

technique that generates models of commensurable size in.
the presence of large geometric mistuning. Later [Sinha,‘f
2007] presented MMDA (Modified Modal Domain Analy- A
sis) method to deal with geometric mistuning problem yet @?Q
his ROM are of significantly higher order - number of tuned
system modes kept times number of POD features. T
The current paper combines the results of two publica-
tions [Lim et al., 2003, Lim et al., 2004] and addresses the
issue of how to efficiently carry out a Monte Carlo simu-

a block changes according to harmohic

Mistuned system modal matrix

Mistuned system eigenvalue

Blade portion of nominal quasi-static modes matrix

in cyclic coordinates
k-th row of the real-valued Fourier matrix

lation in order to investigate the small mistuning-deperide THEORY

performances with a reduced order model retaining the same

Consider a finite element model of an undamped struc-

set of mistuning parameters as those in the original FEM inyre around a position of equilibrium in frequency domain

the presence of deterministic geometric mistuning. We ex-
tend the original SMC (Static Mode Compensation) formu-
lation to a non symmetric multiple blade geometry mistun-
ing and demonstrate that CMM and SMC techniques can be

(— WM +K)x(w) = f(w) (1)

effectively combined in a computationally inexpensive way wherex = (xy,...,%,) is the displacement vector nfdegrees

to address the needs of design community.

of freedom,f = (fy,..., fy) is a vector of harmonic excita-

This paper is organized as follows. The theoretical ba- tion forces,M andK are real symmetric definite mass and
sis for the reduced order model formulation is presented instiffness matrices, respectively.

Section 2. In Section 3, the extensive numerical studids wit
an industrial bladed disk FEM are given. In particular, a nu-
merical comparison with an exact solution using full FEM
with different geometrical mistuning patterns is carriaed o
(eigenvalues, mode shapes and forced response). The Iagtn
section of the paper presents a comprehensive assessment of
the numerical properties of the method proposed here.

SELECTED NOMENCLATURE

AS Diagonal matrix of nominal system eigenvalues
Reduced mass matrix with large mistuning only
®°  Nominal modal matrix

®B Cantilevered-blade normal modes of tiéh blade

The objective of the modal superposition reduction pro-
cedure is to determine arth order reduced-space basis, i.e.
a set of modeshapes corresponding to contiguous set of nat-
ural frequencies within expected excitation frequencydhan
to which the state vector can be projected

(= WM +Kp)xr (@) = fr(w)
Mi=®SM®S, K, =% KoS )
fr(w) = 5 f(0), X (w) =% x(w)

Typically, the modal truncation model reduction approach
is accompanied by projection of the mistuned matrices onto

n Modes that describe-th blade motion at the bound-  the same truncated set of nominal system normal m@des
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which leads to a mistuned ROM eigenvalue problem: Calculation of the compensated basis vectors
[Lim et al., 2004] used Modal Acceleration Method to
modify tuned system normal modes in such a way so they are
closer to the mistuned system modes. In so doing one needs
much fewer compensated modes to approximately span the
Although the procedure is relatively straightforward €igenspace of geometrically mistuned system
yielding very compact low order models when applied to

@5 (K + KOSy = A"®S (M + MOdSy  (3)

bladed disk assemblies, it does not extend to the large ge- ®S_ ((K+ K3) — co2(M + M6L))’1F(m) _
ometric mistuning problem. Essentially, the precisiorhiatt T

case is limited by the amplitude of variation in mass and N /o —w?\ @ F(w) (4)
stiffness matriceM® andK ® due to mistuning. If it is small i; (j\i PP ) NP @

compared to nominal properties, the reduced model natural
frequencies and modeshapes will be close to those of the full ,
system. It is well known [Stewart and Sun, 1990] that the Notice thatw correspond to nominal system natural frequen-

spectrum of the matrix pencil ciesAS and F(w) is an equivalent to geometric mistuning

forcing excitation matrix defined as

(7 (K +K0)0% 0% (M +M%)@7) FO= (= [AS— GRI)IM + M3 ] + [K + K% ] — of[M + M3 ])

0
Sy i : —
Eitlerturbed from{A>,1) is equivalent to that of the matrix pen- = { (- IAS— GRIIMA K3 — 62M 5L)¢|§}
(5)
. . Rather than performing full matrix inversion, the quasitist
(@5 (K +K2)®5+ 0(A2),®5 (M 4+ M%) S 4 0(A?)) compensation terms can be obtained much more efficiently

by taking advantage of the number of zero terms in the per-

. .. turbation matrice % andK®
up to the terms id? = |[K®||2+ [M?||2. To address this is-

sue, [Yang and Griffin, 2001] discuss the possibility of gsin 5 5 -

the modes of a geometrically mistuned system as nominal (K +K%* —w“(M +M®))"" =

modes to project additiongl random mistu_ning. (_Zlearly_, for K — ng]fl(l + [KesL _ ng BL][K _ ng 5]71)71

very large systems that will be computationally infeasible

given that one must repeatedly solve the generalized eigen- .

value problem for a full non symmetrical system. Here we Then the equivalent force can be expressed as

present an alternative approach that does not require/sll s

tem analysis: by using SMC method we calculate the com- 0

Q

pensated tuned system normal modes that accurately approx- Gr = 5 5 1wSQ\ —1-0Q (7

| . app (1+ K — M3 WEQ) 1S

imate those of a full system featuring large geometric mis-

tuning, upon which we project small random mistuning us-

ing CMM. In order to efficiently calculate the quasi-static modes
WSO we use the cyclic symmetry domain, where
[K — wgM]1is inverted blockwise

(6)

Algorithm Formulation

i i i . oSQ s o
_The combined model reduction algorithm can be sum $ = Bdlag[(Kh—oogM h)rl] 8)
marized as follows: h=1,....H

1. Use SMC method to obtain a set of compensated basiglearly, in physical domain we only need those partitions of
vectors(®F — WSOGR), WSQ that correspond to mistuned DOF of each blade

2. Project large mistuning® andM onto the subspace
spanned by the basis vectors.

3. Calculate mode participation factors of CMM method ‘PE‘% =(F® |)“"§Q(7rl ®l) 9)
using(®g — WSOGY).

4. Project small mistunini® andM?® Tuned blades are numberdd= 1,....N, mistunedm =

5. Assemble total reduced order model mass and stiffnesg ... K, whereN andK denoting the total number and the
matriceg”"+ 3" andk”"+ k" number of mistuned blades correspondingly. Note thds

6. Solve the reduced system. referred tok-th row of real-valued Fourier matrix.



L arge mistuning projection K" by projecting small random blade-to-blade variations

The reduced order model mass and stiffness matricegvith CMM method [Lim et al., 2003]
due to geometric mistuning are given by

= (cpS — WGP TMs(9F — WS9GP)

_ QT 3 S SQ=Q
Y= (@5 - WSRGR)T(M + M) (5 — WSQGP)
r Syn+zqn UM BSUn qn

ST AT L ugyn e
B 10 (13)
syn_ (CDS— LPSQG?) (K + K6|_)(¢S_ LPSQGS) ( ) K=k ((DS_ \PSQGQ)TKBS(CD?— QJSQG?)

_ syn syn syn syn
=1+K] +K3 +an TUKTK3SUK gk

Those products can be taken on a sector-by-sector basis i.e.
where the blade portion of compensated normal modes is

expressed as

K
=3 of MY oF,
kzl . (PR —WSQGR) = Bdlag[ alq (14)
S ST 6 S .....
"= 3 (-t teseR oMl S wides)
k=1 m=1
K K Note that matrices),, and modal participation factors,,
n— ( z \PSQGQ 6L Z lIJSQGQ which represent the motion ofth blade in the coordinates
k=1 \ m=1 of basis vectors and described by cantilevered-blade nor-
K .
sqT S0 0 mal modes together with boundary modes, are calculated for
+ mzle [q" MW ] ,kGFk) both mass and stiffness mistuning
K
syn__ 6 S
7= 3 OF K OF, UM — [®F WaM] _ [®F —(Mnr, +M3)*(Mar, + M%)
k=1 nTlo I | |oO |
syn_ SAS_ w2108 GO 4+ oS KA T WSO (15)
Ky = Z A>(N°—oil) " ®p, G, + @7 K|/ Z WemGr,
k=1 m=1

K
KI"=Y (GSk z wElGe
k=1
M
+wf| z WG | TMP: z WeRGR
UK — {CDE LPE’K] B {cpﬁ —(Knry +K&) L(Knrp + K )
Q" rwsQ v wS Q "0 1| |oO I

+ Z Gl'm [‘p MY 'Q] m,kGI'k
m=1 (16)
where the subscriptsand b indicate that eacim-th blade

. component is partitioned into internal and boundary DOFs.
Again, WSQ MWSQ terms are calculated using cyclic sym-

metry in the similar vein -
M _ |:qxn:| _ [CDE (M n,r—l-MBL)(CDS LpS,QGQ )}

— QT = Aun] (@5 —WSGR )y
W M\I-’,- hB(lthag [\IJ,- h Mh\IJ,- h] (11) (17)

of = {qu,n} _ [AE 1¢ET<Knr+K2L><¢§,r _LPS'QGS,F)}
o Aen (@5 — WG
WS MWSQ), | — (Fo)(PE° MEED) (7T o) (12) (18)
subscriptb denotes blade boundary DOF partition of com-
pensated modegby; — WSCGS). Unlike CMM based
Small mistuning projection on tuned system nomlnal modes, the cantilevered-blade nor-
Following calculation of basis vectors and contribution mal and boundary modes of each blade with rogue geometry
of large geometric mistuning to the reduced matrices, we cam€must also be precalculated in addition to those of a tuned
obtain the total reduced mass and stiffness matgi€ésand blade.




SMC Convergence

The CMM concept extends readily to the combined
large plus small mistuning case; however, it is important to 29-th blade
accurately approximate the eigenspace of the system unde!
going large mistuning before any small mistuning projec-

tion. Therefore, it is useful to revisit the classical MAM 7-th blade

formulation given in [Akgun, 1993]. If the mid-frequency

truncation scheme with eigenvalue shifting is applied, the ‘ .
‘ 2

FRF can be expressed as

2

25-th blade 3

J -1
X(w) =~ (3 <(‘*’2—°’§)(K—%ZM)1M> (K — we2M) M (

=1

Ly ((02— wc2>J¢Ff<w> o

1=Niow )\i—(.\)cz )\i—(,\)z |

(19)

whereJ is a positive integer denoting the level of acceler-
ation, Niow and Nyjgh are indexes of the first and last kept
modes, and the frequency shift is usually takenugs=
(ANiow — ANnign)/2, mMust satisfywg # A and, in our case,
w? # . Clearly, the FR(w) obtained from (19) reach the
exact values when the number of modes included increasegor two frequency ranges 3336 KHz and 145— 16.5 KHz.
Although the accuracy of the FRF may also be improved by The first band corresponds td@ Zorsion and Sstripe mode
increasing the level of acceleratidn it seems impractical families, and the second to 2T/2F mixed torsion - flexural
computationally. Since we do not know how many modes bending family of modes, which is shown in Fig. 2. The fre-
are enough to compute the FRFs to the prescribed accuracyjuency bands of interest are marked by two horizontal lines.
the iterative scheme becomes necessary. Also, a proper se-
lection of w2 closer to some harder to approximatecould

Figure 1. Finite element model of mistuned bladed disk.

help to accelerate the convergence to that eigenpair. 5 x100
g &-g-8=B-B oo R RS
- L. — B —B- —B- —B— —B— —m— —a 45
450 oo ’r'_"j.;"if"r'_':"_'f'_' e e e e _m a3

. { -
NUMERICAL STUDIES - i DS AP RS Sl At Seh i

; B R R e .
The theory presented in the last section was implex: - '( P Ry ‘___”__37_”_7_”_37_7___3 ”
mented in FORTRAN code using high performance Integ Je-E-E e -EiE e sl
MKL numerical library. The program incorporates mistunedg- : ] A P Pereeeed e 1
system modes calculation and forced response analysis. $h o gl" =~ .~ ;
this section the performance of the algorithm will be illus—
trated using an industrial bladed disk model. First therztu 5
frequencies and mode shapes of geometrically mistuned dis
are analyzed. Second a realistic small mistuning is added on
top of geometrical mistuning and forced response is calcu-
lated. Both mistuned modes and dynamic response are also
computed with a full finite element model using the commer- 0
cially available ANSYS FE code, which serves as a bench-
mark to assess the accuracy of ROM solution.

0 2 4 6 8 10 12 14
Nodal Diameter
Figure 2. Natural frequencies versus nodal diameters for the tuned
FEM
Large Mistuning
Consider the finite element model of an industrial 29
blade rotor depicted in Fig. 1. The model is build with stan- The selection of 3and 3r families is a good candidate
dard linear eight node brick elements totaling 126846 DOF. for a benchmark test because the amount of interaction be-
In order to provide a simple test case the bladed disk wastween them would typically require to include both in ROM.
mistuned by significantly changing geometry of three arbi- 2T /2F mode family is relatively isolated, therefore it would
trarily selected blades with the assumption that mass tensi provide an alternative test case for ROM.
and Young’s modulus are unchanged. We construct ROM To build the reduced order model, the following finite
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element models are required:

- A single sector 4372 DOF model of the tuned system
on which we run ANSYS modal analysis in cyclic sym-
metry and obtain system normal modes with harmonic
blocks of mass and stiffness matrices in real-cyclic co-
ordinates.

Tuned blade 2496 DOF model on which we run ANSYS

modal analysis to obtain the cantilevered-blade modes
(used later when small mistuning is projected) and blade

alone mass and stiffness matrices.
For each blade with geometrical mistuning we run AN-
SYS modal analysis on 2496 DOF model to obtain the

cantilevered-blade modes (used later to project small
mistuning) and mistuned blade mass and stiffness ma-

trices.

Fig. 3 and Fig. 4 depict the mistuned frequencies errors
and MAC ratio between mistuned mode shapes predicted by

ROM and ANSYS for the 33-36 KHz frequency band cal-
culated withw, = 32400 KHz. 71 natural frequencies that
exist in that region are chosen for comparison with full FEM
results. Note that even for the smallest model of 71 DOF

N
= 0.035———— R S P T o
£ | |71 L I
ui0-030 182 | | 3
.. |—105 A | S,
2 0.028 | 3% | | 1
S 0.020 SR
3 3 3 3 3
£ 0015 S
B 0.010 e
=] . . . .
© 0.005 P
SN (PSS AV 2O SII HOPEEY < ' X OO Y. |
10 20 30 40 50 60 70

Mode Number

Figure 3. Mistuned natural frequencies errors for 33— 36 KHz re-
gion

1.0000- e
0.9995 | -
0.9990 -
©0.9985
©0.9980
' 0.9975
£ 0.9970
=0.9965
0.9960
0.9955 ; ; | | 3 | “
0.9950 - R REEEEES e e — A 1
30 50
Mode Number

Figure 4. Comparison of MAC ratio between FEM and ROM mis-
tuned mode shapes for 33— 36 KHz region

25-th blade

7-th blade
I

34204 Hz, 41-st mode

34791 Hz, 67-th mode
7-th blade

29-th blade

»~

33744 Hz,38-th mode 33992 Hz, 39-th mode

Figure 5. Highly localized modes.

the natural frequency error for all approximated modes is
below Q04% and MAC value above.995, which demon-
strates that 71 DOF ROM is sufficiently accurate to capture
the dynamics of mistuned system in the range-3b KHz.

The models of greater size are shown to demonstrate the con-
vergence towards FEM results. Here the modal basis was
gradually augmented by includind=3and 4 /1R families

of modes, which resulted in ROM of the size up to 136 DOF.
Problematic for the proper development of an iterative algo
rithm is the fact that in some cases the asymmetric inclusion
of mode families might potentially increase the error of ap-
proximation for the modes closer to the opposite side the
studied frequency band, which is the case for the models of
102 and 105 DOF.

It should also be pointed out that the modes with higher
error of approximation and slower convergence rate areethos
strongly localized to a single blade. Some of them that ap-
pear in 33— 36 KHz frequency range are depicted in Fig. 5.
In particular note 41-st mode located in the middle of the
frequency range and localized to 7-th blade. The errors at
the end of the analyzed frequency range are typical for any
modal projection approach with modal truncation [Yang and
Griffin, 2001] because the modes in the middle are more ac-
curately represented than those at the end.

Fig. 6 and Fig. 7 depict the natural frequency errors and
MAC ratio in the 145-16.5 KHz frequency band calculated
with w = 15390 KHz. 29 modes are chosen for comparison
with full FEM results. The error in the frequencies for the
smallest model is less than0d percent and the worst MAC
ratio is 09995. Again the maximum error was observed for
the 29-th mode, which is a highly localized to 7-th blade
mode. Clearly, the error has been significantly reduced by
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§ o001 S S S S 5| 0.05969| 20| 0.01734
. . . . . [
B 6 | -0.03324 21| 0.02919
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Mode Number 7 | -0.00078| 22| -0.00328
Figure 6. Mistuned natural frequencies errors for 14.5 — 16.4KHz 8 | -0.01688 23 | 0.00086
region 9 | 0.00242 24 | -0.03654
10 | -0.02747 26 | -0.03631
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= 0.9997 94 e R ey :
0.9996 - e e
0.9996 e e g
0.9995 = ST— T 30 cantilevered-blade modes, with only a third of them dom-
5 10 15 20 25 : . .
inant. Despite the large changes in geometry the aerody-
Mode Number . A ) . . )
‘ ‘ _ _ namic mistuning is neglected; the forcing function applied
Figure 7. Comparison of MAC ratio between FEM and ROM mis-  corresponds to the 3 and 5 nodal diameter excitation for 71
tuned mode shapes for 14.5— 16.5KHz region DOF ROM in the 33- 36 KHz region, and 2 and 3 engine

order excitation for 29 DOF ROM in the 18— 16.6 KHz

region. An arbitrary load is applied at a tip of each blade.

increasing the number of modes included in the basis. TheFigures 8 and 9 show the Euclidean displacement norms
important point to note is that SMC better approximates the

lower frequency modes and those of belonging to an isolated=s
family, which results in very compact models of the number Eﬁ
of blades order.

1.2 “FEML+S |- e e ]
-~ ROM L+S | : : :
Combined Large and Small Mistuning I -ROML |
In this section SMC and CMM techniques are used to
compute the dynamic response of the geometrically mis-
tuned bladed disk system, Fig. 1, with the nominal Young'’s

modulus of then-the blade mistuned as

Max Blade Deflection Norm
o
()]

En = Eo(1+37) (20) Q3 335 34 345 35 355 36

Excitation Frequency, Hz x iO“
whereEy is the nominal Young’s modulus ard§ is a non- Figure 8. Forced response in 33 — 36 KHz region due to engine
dimensional mistuning value. The specific pattern used inorder 5 excitation
this case is shown in Tab. 1 Although the proportional blade
to blade stiffness variation introduced by changing Yoang’
modulus of the blades is a very rough way to model ran- for maximum responding blade versus frequency of excita-
dom small mistuning phenomena, it has been chosen fotion for 33— 36 KHz region EO 5 and EO 3 excitation re-
simplicity to validate the accuracy of the developed method spectively. The results for 14— 16.5 KHz region under EO
In this study the structural damping coefficient is set to 3 and EO 2 excitation are depicted in Fig. 10 and Fig. 11.
0.006, the modal participation factors are calculated usingANSYS results are marked as FEM L+S and those of re-

7
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Figure 9. Forced response in 33 — 36 KHz region due to engine
order 3 excitation

duced model as ROM L+S. The responses of the tuned sys

that the ROM in both frequency bands provide an accurate
prediction of the mistuned systems forced response to engin
order excitation in the tuned system veering regions as com-
pared to the results computed by ANSYS. Even at the natural
frequencies of slower to converge highly localized modes 71
and 29 DOF ROM are able to match FEM maximum forced
response.

DISCUSSION

In developing ROM there is an initial computational
overhead of calculating tuned system quasi-static modes
WSQ that are used as input to SMC reduction algorithm.
Since the they need to be calculated only once for the se-
lected frequency band and mistuned DOF distribution, the
real computational advantage in using SMC occurs when
Simulating a large number of geometrically mistuned bladed

tem denoted as FEM T and geometrically mistuned systeMyjsks either to analyze physical blade damage phenomena
denoted as ROM L are presented for comparison. Observey, tor design optimization purposes. Thus we must solve
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Figure 10. Forced response in 14.5— 16.5KHz region due to en-
gine order 3 excitation
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Figure 11. Forced response in 14.5— 16.5KHz region due to en-
gine order 2 excitation

Nharmonicstimes a symmetric sparse system of the order of
2Npor of a basic sector. Additionally there is a small cost

associated with calculatirgfSQ" MWSQ matrix product for
each harmonic. For the example presented here with 4372
DOF per sector model the time of calculation on 82GHz
XEON Quad-Core with 4 GB of RAM is of the order of 8
minutes, however this time is dominated by disk I/O oper-
ations and is amenable to further optimization. The deriva-
tion of compensated basis vectors incurs the solution of a
fully populated system in equation (7) of the order of total
number of geometrically mistuned DOF. If a large number of
DOF need to be mistuned, then the SMC reduction approach
will be prohibitively expensive. The projection of largesni
tuning is carried out in an efficient, potentially paralteli
able way, because the perturbation matrices corresponding
to the geometric mistuning of blades have block-diagonal
structure. The total time of calculation of 71 geometrigall
mistuned system mode shapes for the test case model with
3 mistuned blades, 594 mistuned DOF per blade, is 45 sec-
onds. The same task with FEM require$ minutes of AN-
SYS analysis running on the same platform, which demon-
strates the potential of a substantial analysis cost remuct
Depending on the applied geometric mistuning and the
frequency band of interest we can obtain a very compact
ROM of the order of number of blades. If system dynam-
ics cannot be accurately captured by a reasonable number of
modes while the smallest possible model is desired, it might
be more efficient to first solve the reduced system to find
mode shapes of a geometrically mistuned system and then
use the approximated modes in CMM projection.
Throughout the algorithm, there are several decisions to
be made. First, the centering frequengymust be carefully
selected not to cross the tuned system and potential geomet-
rically mistuned system natural frequencies. Second, the
number of cantilevered-blade normal modes to accurately
represent small mistuning have to be determined given the



tuned and mistuned blades geometry. Finally, we have to Pierre, C. (2003). A compact, generalized com-
know how many compensated normal modes should be re- ponent mode mistuning representation for modeling
tained in the reduced order model based on the expected er- bladed disk vibration. InProceedings of the 45-th
ror of approximation. Work is currently underway to develop ~ AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dy-
an inexpensive iterative approach to better select theproj namics and Material Comference, paper 2003-1545
tion basis as well as to assess the perturbation bounds. Palm Springs, California, USA.

[Lim et al., 2004] Lim, S., Castanier, M., and Pierre, C.

(2004). Vibration modeling of bladed disks subject to ge-

CONCLUSION ometric mistuning and design changesPhaceedings of
the 45-th AIAA/ASME/ASCE/AHS/ASC Structures, Struc-

Motivated by the practical needs of the design commu- ) ,
tural Dynamics and Material Comference, paper 2004-

nity to assess the effect of random mistuning on geometri- ) e
cally mistuned bladed disks a new reduced order modeling_ 1686 Palm Springs, California, USA. _
method has been presented. By the use of two previousiiP€iroV etal., 2002] Petrov, E., Sanliturk, K., and Ewins,
reported techniques, SMC and CMM, compact ROM were D. (2002). A new method for dynamic analys_|s of mis-
efficiently calculated that accurately capture the mistune tuned bladed disks _based on the exact relationship be-
system dynamics with a very low number of states over a twee_zn tuned and mlstungd systemASME Journal of
broad range of excitation frequencies and different geome- _ ENgineering for Gas Turbines and Power

try mistuning patterns. It was demonstrated with numerical [Sinha, 2007] Sinha, A. (2007). Reduced-order model of a

examples that this method can accurately predict mistuned bladed rotor with geometric mistuning.

frequencies, mistuned mode shapes and forced response gptewart and Sun, 1_990] Stewart, G. _and sun, J. (_1990)'
a bladed disk with non symmetric geometric mistuning and Matrux Perturbation TheoryAcademic Press, San Diego

simultaneous small perturbations in both mass and stéfnes CA. " -

matrices of blades. The required amount of computation isl Ya"g and Griffin, 2001] Yang, M. and Griffin, J. (2001). A-
significantly lower than that of the projection method using ~ 'educed order model of mistuning using a subset of nomi-
nominal geometrically mistuned system modes calculated by nal s_ystem mode#ASME Journal of Engineering for Gas
FEM analysis. In this light the developed numerical tool Turbines and Power

is very promising for future investigations of interactiofh

large deterministic and small random mistuning, as well as

intentional mistuning.
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