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ABSTRACT

Recently, a methodology allowing a stochastic nonlinear
reduced-order model to be constructed in the context of ¢time n
linear mistuning induced by geometric nonlinearities hag
proposed. The present work is devoted to an industrial appli
tion for which the centrifugal stiffening due to rotatioredfects is
also included. The nonlinear mistuned forced responsevissin
tigated in the time-domain by using a spatial cyclic loadroawe
given excitation frequency range. The geometric nonlimeisr
tuned analysis is performed over the frequency range bygusin
the Fast-Fourier Transform of the time response. A seritsitiv
analysis is conducted with respect to the load level, givisgto
secondary resonances, which appear outside the excitétion
quency range and which can exhibit a particular sensitivity
uncertainties. Such new complex dynamical situation, ¢gedu
by the coupling between the geometrical nonlinearities #ed
mistuning phenomenon, is analyzed in details.

NOMENCLATURE

bwe Amplitude ratio

by Frequency ratio

fo Load level

g(t) Time domain of the load

g(2rmv) Frequency domain of the load

jo,ko Blade number

t/to Dimensionless time

v(t) Displacement vector in the time domain
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w(2rv) Frequency domain observation (mean NL-ROM)
P Dimension of the NL-ROM
W(2mnv) Frequency domain observation (stochastic NL-ROM)
Y(2rv) Amplification factor (stochastic NL-ROM)
& Dispersion parameter
v/vp Dimensionless frequency
Q Angular speed (rotational motion)
B Frequency band of analysis
BL, B2 Frequency band of excitation
Bs,Bsup Sub-frequency range
a Spatial discretization of the load
f(t) External load vector
u(t) Displacement vector in the time domain
(t) Displacement vector in the time domain
(2mv)

cy C

Fourier transform of the displacement vector in the fre-
guency domain

INTRODUCTION

In general, the natural cyclic symmetry of turbomachin-
ery bladed disks is broken because of manufacturing todesan
and material dispersions, which create small variatiomsfone
blade to another one. Such phenomena, referred to mistuning
can generate localization effects combined to a dynamic am-
plification of the forced response [1]. Many research effort
have been carried out on this subject, including reduceeor
models with probabilistic approaches in the numerical ninde
for taking into account the random character of mistuningi]2
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and giving rise to strategies for the robust design of suakcst The present manuscript is devoted to an industrial applica-
tures [5-8]. Another essential aspect is to pay a partictiar tion of such methodology, in order to not only demonstrate th
tention to the various nonlinear effects that have to bertake capability of the methodology for numerical models withgiar
account in the computational models. Various researchteffo  number of dofs, but also to bring out a high complex dynamical
have been made for the modeling of local nonlinearities ssisch ~ behavior. In the present case, the coupling between thegfgiom

nonlinear contact interfaces [9, 10] or nonlinear matetahp- nonlinearities and between the presence of uncertaimikrsed
ing [11]. Moreover, considering the constant growing of the by the mistuning, give rise to new complex situations, whiah
computational capabilities, including the possibilityusing par- be potentially dangerous for the predictions of life dwatof
allel computations, it seems appropriate to consider tbenggri- bladed-disks structures, and which have to be carefulliyaad.
cally nonlinear effects in the computational models [12, it8at The manuscript is organized as follows: in the first section,
can occur when exceptional operating speeds of bladed aisks  the industrial numerical model of the bladed-disk is dédsamti
analyzed due to geometric nonlinearities induced by laeferd Its tuned linear dynamic analysis is used for the constncti

mations and large displacements [14, 15]. The recent inggrov  of two external loads, corresponding to situations knowheo
ments in turbomachinery design requires the analysis agexc  slightly and strongly sensitive to the mistuning. The setpart
tional operating regime of bladed disks for which large tisp- is devoted to the nonlinear tuned dynamic analysis, for Wwhic
ments/deformations can occur. The case of severe loading is  both time domain and frequency domain are investigatedain p
vestigated in the context of elastodynamics. Such sitnago ticular, a sensitivity analysis is performed with respedtie load
equivalent to nearly unstable cases induced by aerodyramic level in order to quantify the effects of the geometric noeéri-
pling yielding flutter and thus very low damping levels. Ircbu ties. Then, a nonlinear sensitivity analysis with respethé dif-
case, the linearized elasto-dynamic theory can not be used a  ferent classes of uncertainties induced by the mistuniogrised

more because the geometrically nonlinear effects indugetlé out in order to qualify the different mistuning effects tiean oc-
large deformations and the large displacements are vesgestr  cur in presence of geometric nonlinearities. Finally, a ptate
and need to be taken into account in the modeling. nonlinear dynamical analysis of the mistuned responseiieda

Recently, a methodology has been proposed for the geomet-out and the confidence region of the response amplificatians a
ric nonlinear analysis of mistuned bladed disks [16], folickih compared between the linear and nonlinear cases on the whole
all the terms including the rotational motion of the blad#sk frequency band of analysis.
are taken into account. The main steps of such methodolagy ar
briefly summarized below in the context of three dimensional

solid finite elements with 8 nodes. DESCRIPTION OF THE INDUSTRIAL APPLICATION
) . ) Description of the structure
1. Construction of the finite element model for the linearin The structure under consideration is an industrial cantrif
case. gal compressor belonging to the class of integrated blais.d

2. Solving the linear eigenvalue problem of the tuned stigct e to confidentiality reasons, the number of blades cheriaet
for choosing the excitation frequency band known to yield  jng the order of the cyclic symmetry of the structure is netgi
drastic mistuning effects [1]. _ _ _ The finite element model of the structure is constructed sottd

3. Construction of the external load in the time domain corre  finite elements and is constituted of aboud@0,000 degrees of
sponding to & uniform sweep of the frequency band of exci- freedom. Figure. 1 displays a part of the finite element mésh o

tation[16,17] . _ _ the investigated bladed disk. The structure is in rotati@uad
4. Choosing the projection basis as the linear eigenmodes of jis revolution axis with a constant veloci§ = 30,750rpm.
the tuned structure [18] Since the dynamic analysis is carried out in the rotatingiéra

5. Direct construction of the nonlinear reduced-order nhode s the structure. the rigid body motion due to the rotationhaf
(NL-ROM) by projection of the finite element operators 0N girycture corresponds to a fixed boundary condition at therin
the chosen projection basis [19, 20] radius of the structure. The bladed disk is made up of a homo-

6. Implementing the mistuning through the nonparametric geneoys isotropic material. A constant modal damping misdel
probabilistic framework [21] and controlling the mistugin  54ded for the bladed disk.

level by dispersion paramet&r= (dv, dp, &c, ., I ), each

scalar controlling the dispersion of the random mass, damp-

ing, gyroscopic coupling, centrifugal stiffness, elastiiff- Choice of the external load

ness matrices. The cyclic symmetry is first used for constructing the re-
7. Solving the stochastic nonlinear equations in the time- duced matrices of the mean linear reduced-order model (mean

domain with efficient algorithms based on the arc-length L-ROM). The linear generalized eigenvalue problem reldted

methods [16, 20] the tuned bladed-disk is then solved using this cyclic sytryne
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FIGURE 1.
STRUCTURE

FINITE ELEMENT MESH OF A PART OF THE

property. Letvg be the first eigenfrequency. Figure 2 displays
the dimensionless eigenfrequencigévy of the tuned structure
with respect to the circumferential wave numimerThe graph

is truncated tan = 5 because only ath engine-order excitation
is needed to be considered in the present industrial apiplica
Two dimensionless frequency excitation bafds= [0.97, 1.10)
and B2 = [1.78,2.34] are investigated. Frequency excitation

in which the intensity of the external loafg is located in the
rangefy € [0, 6] N, which sweeps from a negligible rate until a
very high rate of geometrical nonlinearity for the numelria-
plication presented. A high rate of loading can be integutet
as equivalent to a situation for which the damping of the &tad
disk structure would reach very small values. Such extratne s
uations are realistic when approaching flutter regimes.gnilk
the vectoro characterizes the spatial distribution of the load, for
which point excitations are uniformly distributed at thp tf
each blade along the axial direction. The chosen frequeaiag b
of excitations are described through the time domain fonsti
g(t) according to the methodology described in [17] and applied
in [20]. The frequency band of analysis is a broad frequency
band corresponding to the dimensionless frequency banthbf a
ysisB = [0, 3.34]. The Shannon theorem is carried out with a
higher sample frequencys/vp = 1112, yielding the number
n; of time steps to b&, = 4,096. The frequency resolution is
thenv /vy, = 0.0054. Letg{2mv) be the Fourier transform of
functiong(t). Figures 3 and 4 show the graph$, — g(t) and
v/vo — §(2nv) for both cases corresponding to excitation fre-
quency bands? andB2.

bandB contains an insulated resonance whereas frequency band

[Bg corresponds to a veering, which is known to intensify the
drastic effects of linear mistuning yielding the dynamical
sponse to be usually consequently amplified.
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FIGURE 2. NATURAL FREQUENCIES WITH RESPECT TO CIR-
CUMFERENTIAL WAVE NUMBER

The external load can be written as

f(t) = foag(t) , (1)
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FIGURE 3. REPRESENTATION OF THE EXTERNAL LOAD
IN THE TIME DOMAIN AND IN THE FREQUENCY DOMAIN:
GRAPH OFt/ty — g(t) (UPPER GRAPH) ANDV/vg — §(2mv)
(LOWER GRAPH) FORBL = [0.97, 1.10].

NONLINEAR TUNED DYNAMIC ANALYSIS

Concerning the choice of the vector basis for the construc-
tion of the mean NL-ROM, the nonlinear equations are solved
in the subspace spanned by the usual linear basis congtdfite

3



g

2000

1000

—-1000

(bt

|l

displacement (mm)

o
[N}
T

o
T

I

o

)
T

50

100 150

-2000 ‘ w w 55
-10 10 20 30 40 50 60 70 i : ;
Dimensionless time Dimensionless time
1.5 z
E 02
~ 1 g |
5 £ 0 R
= g ‘ |
> L S
05 = -0.2f
)
° ‘ ‘
0 I I I I ; _
0 05 1 15 2 2.5 3 50 0 50 100 150

. ; Dimensionless time
Dimensionless frequency

FIGURE 5. TIME DOMAIN OBSERVATION t/tg — v(t) RE-
LATED TO THE LINEAR (UPPER GRAPH) AND THE NONLIN-
EAR (LOWER GRAPH) CASES FORBL = [0.97,1.10] and fp =
2.5N.

FIGURE 4. REPRESENTATION OF THE EXTERNAL LOAD
IN THE TIME DOMAIN AND IN THE FREQUENCY DOMAIN:
GRAPH OFt/ty — g(t) (UPPER GRAPH) ANDV/vy — §(2mv)
(LOWER GRAPH) FORB2 = [1.78, 2.34].

ﬁJJ-\IL(erv) is the Fourier transform ai'(t). In the frequency

domain, the observatiow(2rv) corresponding to the selected

blade related to the Fourier tAransform of out-of-plane ldisp-
ment is defined bw(2nv) = Uy, (2nv). Figure 6 displays the
graphsv/vg — W-(2mv) (upper graph) ang/vg — wN-(27v)

" (lower graph). As expected for the linear case, it can be seen
that the frequency content of the blade response coinciites w
BL. One can clearly see that there exist higher frequencigshwh
are located in dimensionless frequency b&h.5| that are ex-
cited through the geometric nonlinearities. Nevertheliésson-
tribution is clearly negligible. Moreover, it is clearly ese that
the dimensionless eigenfrequencies corresponding toettiess
of the three classes of tuned modal shapes located in diorensi
less frequency banfd.5, 2.8] (see Fig. 2) remain insensitive to
the presence of geometrical nonlinearities.

Being interested in the blade yielding the highest vibra- Finally, a sensitivity analysis is conducted in order tomua
tion amplitude, letjp be jo = arg max (max G’-\“-(t)). The ob- tify the geometric nonlinear effects with respect to thellvel.
servationv(t) corresponding to the selected blade out-of-plane Let by andb, . be the amplitude ratio and frequency ratio de-
displacement is defined by(t) = Uj,(t). Figure 5 displays fined by
the grapht /to — V-(t) (upper graph) and/ty — V() (lower
graph), corresponding to a load levigl= 2.5N. Since the dy-

the P modal shapes related to the first increasing natural eigen-
frequencies, according to [19]. A convergence analysiaridexd

out by increasing the siz@ of the reduced-order model. It can
be shown thaP = 65 yields a reasonable convergence quantified
by theL?-norm of the frequency-domain response. From now on
the converged solution corresponding to the displacentesgre
vation from the mean NL-ROM is denoted byt). For clarity,
when confusion is possible, superscriptandNL will be added
for distinguishing the linear case from the geometric nozdir
one. The two excitation cases are investigated succegsivel

Nonlinear tuned analysis related to excitation fre-
quency band B}

L
namical response related to these two cases is sensitiifiey d bwe = max,cp WH(27v)

ent, it can be deduced th&f = 2.5N corresponds to a load level ' maxep W-(271v)

for which the geometric nonlinear effects are significariding - argmaxcgW\'-(2mv) )
a blade softening characterized by a relative long-termlifimp v argmax.cp W-(2mv)

cation of the blade displacement with respect to the lineaec
There is no reason to think that the blade response shape is es
pecially differentin the frequency domain because no eatie
irregularity is observed in the time domain nonlinear rewseo

Let ko = argmax(ma&/VoeBﬁ?L(Zw)) for which

Figure 7 displays the graphs — bw(fo) (upper graph) and

fo — bu .« (fo) (lower graph). Such graphs show if the analyzed
response belongs or not to the nonlinear domain of analysis.
When the values of observationg. andb, . are different from
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1, the domain of analysis is nonlinear. It can be seen thahgeo

ric nonlinear effects occur fronfp = 0.5N. A non-monotonic
amplification of the main resonance peak combined to a 10%
shift to higher frequencies of its corresponding resondnee
quency is also observed.

3x 10
@
£ 2 1
£ 2
2
0 . . . . .
0 0.5 1 15 2 25 3 35
dimensionless frequency
-3
x 10
3
@
1S
EY I
B
ot |
2
0 ; f ; ; . L
0 0.5 1 15 2 25 3 35

dimensionless frequency

FIGURE 6. FREQUENCY DOMAIN OBSERVATION v/vg +—

w(2rnv) RELATED TO THE LINEAR (UPPER GRAPH) AND THE
NONLINEAR (LOWER GRAPH) CASES Fom! = [0.97,1.10 and
fo = 2.5N.
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FIGURE 7. SENSITIVITY ANALYSIS WITH RESPECT TO THE
LOAD LEVEL fo.

Nonlinear tuned analysis related to excitation fre-
quency band B2

Figure 8 displays the gragtfty — V- (t) (upper graph) and
t/to — WNL(t) (lower graph), corresponding to a load levgl=
2.5N. On these graph, significant level of geometrical nonlin-
ear effect can be observed and the dynamical response is dras
tically different from the previous case. It is seen that glee-
metric nonlinearities induce a blade stiffening charazéest by
a reduction of the vibration amplitudes of the blades fromn2
until Immwith respect to the linear case. This stiffening is also
combined with a strong irregularity of the blade responspsh
over time, which shows an enrichment of the frequency cdnten
which has to be quantified.
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FIGURE 8. TIME DOMAIN OBSERVATION t/tg — v(t) RE-
LATED TO THE LINEAR (UPPER GRAPH) AND THE NONLIN-
EAR (LOWER GRAPH) CASES FOFBZ = [1.78,2.34] and fy =
2.5N.

Figure 9 displays the graphs vo — Wt (27tv) (upper graph)
andv/vg — wNL(27mv) (lower graph). The coupling issued from
the nonlinear geometric effects is now characterized tinou
secondary response peaks, whose frequency content cbeers t
whole frequency band of analysis Again, for high frequen-
cies, which are located outsidzZ in dimensionless frequency
band[3, 3.5], the dynamical response induced by the geomet-
ric nonlinearities remains negligible. Nevertheless, samn-
negligible contributions appears through secondary r@soes
with the same order of magnitude than the main resonancein th
dimensionless frequency ranfe 1.5]. One putthenin evidence
a complex dynamical behavior, which can be dangerous becaus
non-expected resonances with non-negligible amplitugpsar
outside the excitation frequency band.
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FIGURE 9. FREQUENCY DOMAIN OBSERVATION v/vg

w(27mv) RELATED TO THE LINEAR (UPPER GRAPH) AND THE
NONLINEAR (LOWER GRAPH) CASES FOmB2 = [1.78, 2.34 and
fo = 2.5N.

Figure 10 displays the grapHgs — bw.(fo) (upper graph)
and fo — by «(fo) (lower graph), which is very different from
the previous case. A quick decrease in the amplitude ratioeof
main resonance located in frequency band of analyss ob-
served with respect to the load level. More precisely, oneals
that the critical load level from which the geometric noekn-
ities affect the dynamical responsefis = 0.375N. Concern-
ing the frequency ratio, one can see a slight shift of the-reso
nance frequency to higher frequencies for load levels ldinen
fo = 2.5N. Nevertheless, a chaotic behavior is brought out from
fo = 2.75N. The resonance ratio suddenly falls down to very
low values of resonance ratio belonging@db, 0.8]. A random
alternating between low resonance ratios and resonanos rat
slightly over 1 is shown. Such behavior means that therd exis
situations for which the resonances excited from the gedgenet
nonlinearities and corresponding to subharmonics becdme t
most important. Such observation gives rise to a worrying dy
namical behavior, which points out the necessity of takimtg i
account the geometric nonlinearities in the modeling.

Figure 11 displays the graphto — V-(t) (upper graph)
andt /to — W(t) (lower graph), corresponding to a load level
fo = 2.75N. If no noticeable difference is observed in the non-
linear time domain response with respect to the case camesp
ing to fg = 2.5N, this appears not to be true in the frequency
domain. Figure 12 displays the graphévg — W-(2mv) (upper
graph) andv/vg — wN-(27v) (lower graph). It is seen that the
main resonance amplitude is nearly twice the resonancei-ampl
tude located iriBg. Moreover, a broad range of frequency band
[1,1.5] is excited, yielding a large number of resonances with
the same order magnitude than the resonance amplitudetbcat
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FIGURE 10. SENSITIVITY ANALYSIS WITH RESPECT TO THE
LOAD LEVEL fy.

in B2.
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FIGURE 11. TIME DOMAIN OBSERVATION t/tg — v(t) RE-
LATED TO THE LINEAR (UPPER GRAPH) AND THE NONLIN-
EAR (LOWER GRAPH) CASES FOFBg = [1.78,2.34) and fp =
2.75N.

NONLINEAR SENSITIVITY ANALYSIS ACCORDING TO
THE TYPE OF UNCERTAINTIES

In the present case, the mean NL-ROM is constructed by
modal analysis without substructuring techniques. Thespun-
certainties are not considered as independent from one Itad
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another one, which is coherent with the structure underidens
eration belonging to the class of integrated bladed diskschv
are manufactured from a unique solid piece of material. & th
present analysis, for a better understanding of the phenome
only the nonlinear part of the operators are considered tebe
terministic. The mistuning level is thus controlled by tR&-

vectord = (dw,dp, &c, Ok, O )-
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FIGURE 13. STOCHASTIC ANALYSIS: FREQUENCY DOMAIN
OBSERVATION RELATED TO THE NONLINEAR CASE WHEN
& = 01: MEAN MODEL (THICK LINE), MEAN OF THE
STOCHASTIC MODEL (THIN DASHED LINE), CONFIDENCE RE-
GION (GRAY REGION). EXCITATION FREQUENCY BANDBg.
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FIGURE 14. STOCHASTIC ANALYSIS: FREQUENCY DOMAIN
OBSERVATION RELATED TO THE LINEAR CASE WHENdy =
0.1: MEAN MODEL (THICK LINE), MEAN OF THE STOCHASTIC
MODEL (THIN DASHED LINE), CONFIDENCE REGION (GRAY
REGION). EXCITATION FREQUENCY BAND[B%

The mistuning analysis is carried out in the frequency do-
main, which then requires a Fourier transform of the obg&mwa
First, a sensitivity analysis is conducted in order to idfgrihe
dispersion parameters yielding the most significant effentthe
mistuned response represented by the random vaid(2erv )
similar to observatiom(2mv) in the tuned case.

As expected for the linear mistuned case, it can be observed
that an uncertainty level of.0 for the gyroscopic coupling,
or/and the centrifugal stiffness or/and the dissipatiomse has
a very limited impact on the linear mistuned response, wdreth
the excitation band iB2 or B2. The confidence region of obser-
vationsWNL(2mv) with a probability level set to @5 has been
compared, when the frequency excitation ban&Jjsor B2. In
the first case, it can be shown that the nonlinear responsessee
to be insensitive to uncertainties on the whole band of analy
sis B. In the second case, Fig. 13 shows that the nonlinear
mistuned behavior is substantially different. On one sitie,
nonlinear mistuned response behaves almost like its tumeaal-c
terpart in the part of the frequency band corresponding ¢o th
frequency band of excitatioBi2. On the other side, the uncer-
tainties spread throughout the geometrical nonlinearitiesld-
ing large confidence regions for the nonlinear mistunedaesg
in B\B2, more particularly in the dimensionless sub-frequency
rangeBs = [1, 1.2]. The dynamical analysis iis shows real-
izations with amplification levels around 2 whereas the unist
response remains almost unchange&in Note that a similar
nonlinear mistuned behavior can be observed for the cases of
certain centrifugal stiffness or uncertain dissipation.
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Figures 14 and 16 (resp. 15 and 17) displays the graphs of
the confidence region of observation (2mv) andwNL(2mv)
with a probability level set to @5 for a mass uncertainty level
ov = 0.1 and a load levefy = 2.5N in the excitation bandBé
(resp. B2). By comparing Figures 14 and 15, it can be seen
for the usual linear mistuned case that the random respdnse o
the blade is particularly sensitive to uncertainties yirgcconse-
quent amplification response levels. For the case correspgn
to an excitation located i@é, the presence of geometric non-
linearities drastically improves the robustness of thelcan re-
sponse irB2, since the upper confidence region envelope of the

confidence region does not exceed the tuned resonance. More-

over, the response level outsii is one order of magnitude
smaller, and the presence of uncertainties does not alffecian-
linear dynamical behaviour of the blades.

By comparing Figures 16 and 17, it can be seen again that
the presence of geometric nonlinearities tends to inHileitton-
linear dynamical amplification induced by the mistuningtie t
frequency bandB? corresponding to the excitation frequency
band, limiting the dynamical amplification level to a magdi¢
1.2. Moreover, a widespread of uncertainties is observé B
with dynamic amplification levels of magnitude52when per-
forming the nonlinear dynamic analysis in subfrequencydban
Bsub = [1, 1.6]. In this band, one then can see nonlinear mis-
tuned response levels similar to the nonlinear tuned ressplon
cated inBZ. Note that a similar behavior is observed for the case
of elastic stiffness uncertainties.
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FIGURE 15. STOCHASTIC ANALYSIS: FREQUENCY DOMAIN
OBSERVATION RELATED TO THE LINEAR CASE WHENdy =
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REGION). EXCITATION FREQUENCY BAND[B%

[ICRr
nomi H
- - -mean

N
T

= N w
PN w W,
: T T T T T
i i i i i i

o
3
T
i

Fourier transform of displacement (mm.s)

15 2 25
Dimensionless frequency

(=)

o

0.5 1 3 35

FIGURE 16. STOCHASTIC ANALYSIS: FREQUENCY DOMAIN
OBSERVATION RELATED TO THE NONLINEAR CASE WHEN
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STOCHASTIC MODEL (THIN DASHED LINE), CONFIDENCE RE-
GION (GRAY REGION). EXCITATION FREQUENCY BANDB%

NONLINEAR DYNAMICAL ANALYSIS OF THE MIS-
TUNED RESPONSE

From now on, the analysis is focused on the excitation fre-
quency bandB2, which exhibits the complex dynamic situa-
tion described above. The load level is fixed fip = 2.5N
and the uncertainty level is set o= (du, o, dc, ., k) =

0.012

[Icr
—— nomi
- - -mean||

o

o

=
T

0.008

0.006

0.004F

0.002

Fourier Transform of displacement (mm.s)

1 .
Dimensionless frequency

15

FIGURE 17. STOCHASTIC ANALYSIS: FREQUENCY DOMAIN
OBSERVATION RELATED TO THE NONLINEAR CASE WHEN
ov = 0.1: MEAN MODEL (THICK LINE), MEAN OF THE
STOCHASTIC MODEL (THIN DASHED LINE), CONFIDENCE RE-
GION (GRAY REGION). EXCITATION FREQUENCY BANDB%
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(6,0.2,0.2,0.2,8). Thus, the effects of mass and elastic un-
certainties combined to the uncertainties issued from ti&-r
tional effects are taken into account in the analysis. A para
metric analysis according paramei@ris carried out in order
to establish a comparison of the mistuning effects betwhen t
linear and the nonlinear mistuned cases. For fixgdy €

B, let Y(2rv) be the random dynamic observation defined
by Y(2mv) = —W(2W)
max//voe[BW(znV)
the confidence region of the linear and nonlinear obsematio
Yt (2nv) andYNL(2rv) whend = 0.16. In frequency bant?,

it can be observed that an increase of the mistuning yields-a u
form spread in the frequency domain around the main res@panc
yielding a weak robustness with respect to uncertainttés also
clearly seen that the linearized assumption tends to isertee
extreme values of the response levels. The geometric realin
effects clearly inhibit the amplification of the random respe.
More particularly, the extreme values related'td-(2mv) yield
moderate amplification even if the confidence region remains
atively broad.

. Figures 18 and 19 show

1.8

[Icr
——nomi ||
- - -mean

=
)}
T

Amplification
o o =e
(2] (o] = N N
: . ; : :

I
~
:

o
)
T

0 0.5 1 1.5 2 2.5 3
Dimensionless frequency

FIGURE 18. STOCHASTIC ANALYSIS: FREQUENCY DOMAIN
OBSERVATION RELATED TO THE LINEAR CASEY'(27tv) when
& = om = 016 AND &, = & = op = 0.2 MEAN MODEL
(THICK LINE), MEAN OF THE STOCHASTIC MODEL (THIN
DASHED LINE), CONFIDENCE REGION (GRAY REGION).

CONCLUSION

A novel methodology adapted for the mistuning analysis of
bladed disks in the context of high loads inducing strong-geo
metric nonlinear effects has been applied to an industizaldd

=
©

[ICR
—nomi |
- - -mean

g
o
T

Amplification
o o .
(2] [e2] = N S
: :

©
IS

0.2

0 0.5 1

1.5 2
Dimensionless frequency

2.5 3

FIGURE 19. STOCHASTIC ANALYSIS: FREQUENCY DOMAIN
OBSERVATIONYNLY(271v) RELATED TO THE NONLINEAR CASE
WHEN & = v = 0.16 AND &, = &c = ép = 0.2: MEAN MODEL
(THICK LINE), MEAN OF THE STOCHASTIC MODEL (THIN
DASHED LINE), CONFIDENCE REGION (GRAY REGION).

disk. The main goal of the approach is to quantify those géome
ric nonlinear effects on the dynamical response of the méedu
structure. On this basis, two load cases have been invediga
corresponding to situations which are known to yield motdera
and drastic dynamical amplifications in the usual lineartumsd
case. Numerical results display hew complex dynamicaleha
iors of the dynamical response of the blades.

For an excitation corresponding to pure blade modes, in the
very low-frequency range, the nonlinear tuned responsibitsh
higher amplitude levels, while mainly remaining locatedhe
frequency band of excitation. On the opposite, when thet@xci
tion is located around a veering, characterizing a strotugplixag
between the blade modes and the disk modes, a sudden siiffeni
of the vibration motion is observed and the nonlinear turesd r
sponse is spread outside the frequency band of excitatield; y
ing secondary resonances corresponding to sub-harmamics a
whose contribution cannot be longer neglected. In this,case
sensitivity analysis with respect to the load level exlsilnit this
case aload threshold, for which anirregular behavior isokesi.

Considering the nonlinear mistuned case, it is seen that the
geometric nonlinear effects acts like an opportune groonthie
propagation of uncertainties. In particular, the robussnaf the
random response remains strong in the frequency band déexci
tion, yielding reasonable amplification levels. Nevergiss] such
robustness suddenly falls in the sub-harmonic range ging®y
to consequent local amplification levels.
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