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Abstract

The effects of blade mistuning have been studied
extensively in the past athough most of the
research efforts have been directed towards
understanding its qualitative aspects. Addressing
the quantitative aspects of the mistuning problem,
especidly for industriadl designs, has been
somewhat limited in the past, mainly due to the
need for using reduced-order and thus simplified
modelsin such analyses. In other words, it has been
difficult to trandate previous mistuning results
directly for high-cycle fatigue predictions for a
given bladed-disc.

A new method for the dynamic analysis of
mistuned bladed discs is presented. The method is
based on exact calculation of the response of the
mistuned system using response levels of the tuned
assembly and a modification matrix constructed
from the Frequency Response Function (FRF)
matrix of the tuned system and a matrix describing
the mistuning. The main advantages of the method
are its efficiency and accuracy, which alows the
use of large finite element models of practical
bladed disc assemblies in parametric studies of
mistuning effects on vibration amplitudes. A new
method of calculating the FRF matrix of the tuned
system using a sector model is also developed so as
to improve the efficiency of the method further,
making the proposed method a very attractive tool
for mistuning studies of practical design.

1. Introduction

Small variations of individual blade characteristics
in a bladed assembly inevitably arise during blade
manufacturing and assembling processes. It is well
known that the dynamic response of a mistuned
bladed disc can be altered significantly from that of

situation has posed a very important practical
problem for a long time and efforts of many
investigators have been, and continue to be,
devoted to predicting and controlling these
mistuning effects. Surveys of recent studies of
mistuning are given in (Ewins, 1991) and (Slater,
1999).

The current trend in the turbomachinery
industry is to avoid the various simplifying
assumptions during the modelling process and to
seek quantitative answers to questions related to
mistuning. Using realistic finite element models for
the complete bladed disc, including mistuning
effects is, however, still too expensive in spite of
the advances in finite element modelling and
computer hardware during recent years. The
common practice in industry is to make use of the
cyclic symmetry properties of the tuned system to
obtain the natural frequencies and mode shapes of
the whole tuned bladed disc assemblies. Although
very desirable, there is no method readily available
to use the models based on cyclic symmetry for
mistuning studies. Attempts at using detailed finite
element models for mistuned bladed discs have
been made recently. An original approach has been
developed in (Bladh et al., 1998) and (Castanier et
al. 1997) to reduce the size of the large-scale finite
element models of mistuned bladed discs. The
developed technique is smilar to the Ritz
procedure and is based on expansion of the
mistuned bladed disc amplitudes into a series of
mode shapes calculated for two specialy chosen
subsystems of the tuned bladed disc. Some
investigation of the validity of this technique can be
found in reference (Frey, 1998). A different method
is proposed in (Yang and Griffin, 1998), where
model reduction is carried out by representation of
mode shapes as a limited sum of the system modes

that are called “nominal” modes by the authors.
These can be the modes of the tuned bladed disc or
of the bladed disc with a specified mistuning
pattern. Both of the above mentioned approaches

its tuned counterpart so that the response of
amplitudes of individual blades may vary widely
within the same assembly (Dye and Henry, 1969),
(Ewins, 1969) and (Whitehead, 1966). This



are dependent on the nominal mode shapes chosen
for the expansions of the mistuned system response
aswell as on the number of these mode shapes.

The present paper introduces a new method for
the analysis of forced vibration of mistuned bladed
discs. The method is based on an exact relationship
between the response levels of the tuned and the
mistuned bladed discs, the tuned system being
described by a sector model using the cyclic
symmetry properties of the assembly. An exact
relationship between the tuned and the mistuned
system is derived using Woodbury-Sherman-
Morrison formula for the inverse of a perturbed
matrix (Sherman and Morrison, 1949) and
(Woodbury, 1950). This formula was applied in
reference (Level et al., 1996) for response
reanalysis of a simple linear system and was
proposed and used successfully for calculations of
modifications in the non-linear analysis of systems
with friction dampers in references (Sanliturk et al.,
1999). An important feature of the method
proposed here is the reduction of the system model
to a manageable size without introducing any loss
of accuracy during the reduction process, such asis
usualy incurred when including only a subset of
the model degrees of freedom reflecting the interest
of the eventual application. Any subset of nodes of
interest can be chosen from the whole set of
assembly nodes for the mistuning analysis without
any adverse effect. Accordingly, the method allows
mistuning analysis of bladed discs using large finite
element models that are used at present only in the
analysis of tuned bladed discs based on cyclic
symmetry approach.

The second section of the paper describes an
exact relationship between the response amplitudes
of the mistuned and the tuned bladed discs as well
as how to perform the response calculations for the
mistuned system at those co-ordinates where the
system is mistuned or amplitudes are controlled.
The section explores also how the tuned system can
be used during the forced response analysis of a
mistuned assembly. An origina technique is
presented for the calculation of both forced
response levels and the Frequency Response
Function (FRF) matrix of tuned bladed discs using
a sector model. This method allows one to obtain a

mistuning is also described. The last section of the
paper presents a case study of a mistuned turbine
bladed disc with mistuned blades and with
damaged blades which have very large deviations
in blade-alone natural frequencies.

2. A new method for forced response
analysis of mistuned bladed discs

2.1  An exact relationship between the response
of tuned and mistuned bladed discs

The equation of motion for forced vibration of a
bladed disc such as that shown in Fig.1 can be
written in a customary form in the frequency
domain as:

(K-w’M +iD)g=Z (w)q=f (1)

whereq is a vector of complex response amplitudes
for nodal displacements;is a vector of complex
amplitudes of harmonic nodal loads; M and D

are stiffness, mass and structural damping matrices
of the system, respectivel\Z (w) is the dynamic

stiffness matrix; w is excitation frequency; and

i=/-1. One can also include other terms
representing gyroscopic and stiffening effects due
to rotation in the dynamic stiffness matrix, if
required.

It is proposed here to represent the dynamic
stiffness matrix of a mistuned bladed disc as a sum
of two matrices; a matrix corresponding to the
tuned bladed discZ,, and a mistuning matrix,

AZ , which reflects the deviation from the tuned
system. As a result, the matrix equation for the
forced response of a mistuned bladed disc (1) can
be written as:

tuned assembly’'s response properties under
arbitrarily distributed harmonic loads over all
bladed disc sectors, a feature essential for the
analysis of mistuned bladed discs. Mistuning
devices or ‘elements’ are defined in the third
section to facilitate simulation of the different
mistuning conditions encountered in practice. An
approach to establish a relationship between
mistuning elements and blade-alone frequency

Fig. 1 Finite element model of a bladed disc
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[Z,(w)+AZ (w)]a=f @)

and so the response of the mistuned bladed disc is
expressed as:

G=[Zo(W)+AZ ()] f €)

However, calculation of the response levels by
direct solution of Eq.(2), or using the inverse of a
matrix as implied by the above equation, is
extremely costly, especiadly for the analysis of a
complete mistuned bladed disc assembly when a
redlistic finite element model is to be used. The
major idea in this paper is to obtain the forced
response levels for a mistuned bladed disc with
high accuracy without the need for:

(i) amatrix inversion;

(ii) a complete finite dement model for the

whole assembly,

(iii)inclusion of al the degrees of freedom in

the response analysis.

It is shown in references (Sherman and
Morrison, 1949) and (Woodbury, 1950) that the
inverse of the sum of two matrices may be obtained
using the so-called Sherman-Morrison-Woodbury
identity which relates the inverse of the sum of two
matrices to the inverse of one of the summands,
transformed with the use of the second summand:

(Z,+UVT)*=Z1-Z U (1 +V T Z;U) VT Z5* (4)

This identity is valid for any matrix Z, (NxN) and
any matrix AZ=UV ", expressed by multiplication
of two rectangular matrices U (Nxn) and V (Nxn) if
Zo and 1+VTZ;'U are invertible. Here | is an
identity matrix, N is the total number of degrees of
freedom for the system considered, and n is number

of degrees of freedom where modifications are
made and forced response anal ysed.

For the mistuning problem addressed in this
paper, the matrix Z, is the dynamic stiffness

matrix of the tuned bladed disc and the matrix AZ
repreents the “mistuning matrix” which can itself
be represented as amultipli cation of two matrices.
This representation can bedone n various ways,
one of which is to collet al nonzero rows inb a
matrix V T (nxN) and to construct the matriy

(N>n) using unit vectors corresponding to nonzero

rows of he matrix V. Insertig Eq.@) into Eq.(3),
one can obtaian expression for the respansf the
mistunedbladed disc in tems of tret of the twed
system and themodification matricesU andV as

a=[A AUV TAL) VT A ] =

=go-[AU (1 VT AU) VT Iy, ©

where Ao(oo)z[ZO(m)]'1 is the reeptane (FRF)
matrix for the tuned bladeddisc, andq, is avecor

repreenting the anplitudes of the tuned assenbly
due b the externd force vector, f.

An effective method or caculation the FRF
matrix of the tuned bladed disc & presental in
reference ly Petroy et al. [8, 9], where natural
frequencies andmode #$apes obtaned fran a
sects model (Fg.2a) of the tuad assanbly are
usal for generation of th FRF matrix for the whole
assenbly.

Fig. 2 Finite element sector modd (a) ard active
nodes (b)

The expression for the FRF matrix of the whole
bladed-disc asembly derived in refererce [10] has
the following form:



OH, H, ..H, O accounting for the forces at the stage of tuned

Oyt H Ho O system calculation, the nodes where the forces are
AO:D 2 Lo Nem (6) applied may not be included into the set the active
T S nodes. An example of active nodes (shown by red
v Hia Hi G circles) and nodes where forces are applied (shown
by green circles) is given in Fig.2b.
where As a result of these properties, the size of the
o= 1 Nl i A - matrices can be reduced to any desired level
j _N_Bk:_%s/zcke As (7)  without any loss of exactness of the description of

the behaviour. This can be achieved as follows.
and Ng is a number of blades in the assembly; First, the vector of complex displacement
amplitudes is partitioned into two: the part with the
active co-ordinates (indexa) and the part
k=Ng/2 when N, is even. Alare so-called  containing all the otherpassive, degrees of
‘wave’ FRF matrices corresponding to forward freedom (index p), i.e. q:{qa,qp}T. The
travelling (wave number K and backward
travelling (wave numberk} waves of engine order
excitation. They can be can be expressed throug

a =2ml Ng; ¢ =1 for al k, except ¢, =0.5 for

modification, or mistuning, matrixAZ, is also
rr1)artitioned accordingly, as illustrated below.

the complex natural modes of one sector only as: [Nz, Az, UV o0 (U, V. d
forward travelling wave AZ= FO " Fo.m.n (10)
? . gkzpaAzppDD 0 0O HO HHOH
m k) ()
AY (W)= - @’r ) : (8) Then, by also partitioning the receptance matrix for
= (1+|ﬂr)(005k))2—0)2 the tuned systemA, in the same way, the
back travelling wave fec?r?;gssion in Eqg.(5) can be written in the following
mo g Cp(k))T . o o
Aé‘k)(w): r r (9) [, EF[an _BAaa Aapl:[ma(l +VaT A;)aua)*lvaT ODEqa%
& (in, ) ] -o7 B0 0, L ARH 0 ot
wherem is a number of modes used for the FRF ={qa} AU, (I +V) AU, ) VT a} (1)
matrix generation;w® is a natural frequency for Of, FARU.(+VALU )TV, 0

the r-th mode andk-th wave (or cyclic index) o o o 0 .
number; n, is the damping loss factor; where A, A, AL, A, are partitions of the

PO =@ +ig'"™ are mass normalised mode Matrix, A, according to the unmodified and
shapes, which are complex for all except modn‘led_ co—ordl_nates. An important feature of
k =0and N, /2; and a line over a symbol denotes Eq.(ll) is that it expresses the response of _the
_ , mistuned system as that of the tuned system minus
complex conjugation. It should be noted that thean expression which depends on (i) the FRF matrix
matrices AY’ and AJY are not Hermitian  of the tuned system, (ii) the mistuning matrix and
conjugates due to the presence of damping in théiii) the response of the tuned system at the active
considered system. co-ordinates. As a result, this feature allows
calculation of the mistuned response levels at the

It should be noted that Eq.(5) is an eXaCtactive co-ordinates by considering only those rows
expression and one of its very useful properties is Eq.(11) which correspond to the active

the possibility it offers of obtaining the response of ) ; X !
b y 9 P Icoordlnates. The formulation in the next section

a mistuned system by considering only a smal ; ) ) )
subset of the degrees of freedom. These degrees g]e_als with active coordinates only, hence the index
a is dropped in subsequent development of the

freedom are: (i) those where the mistuning is rmulation
applied and (ii) those where the forced responseIo ulation.
levels are of interest, and this combination is2.2  Recurrence update of the forced response

referred to below as thaetive co-or dinates. It is seen that Eq.(11) needs the inversion of a

The distribution of forces over the blade nodessquare matrix of order which is the number of co-
are taken into account when forced response therdinates involved in the mistuning modifications.
tuned assembly is calculated, which can be doneThis matrix inversion process can also be avoided
efficiently even for the case when the loads areby decomposing the modification matrix into a sum
applied to large number of nodes. Owing to

4



of individual modifications, AZ:ZAZj , such that
&

each can be written as a multiplication of two
vectors, i.e. Az;=u,v] . Thisyields a much simpler
formula for calculating the forced response levels
of mistuned systems. If the same scheme of matrix
decomposition aswasillustrated in Fig.2 is adopted
here, then u will be a unit vector with one non-zero
component and Eq.(5) will be reduced to a simple
expression of the form:

;
Vi Qo
1+vi A,

q=q,— (12)

where A]. is the j-th column of matrix Ao, and the

coefficient before A; in Eq.(12) isascalar value. As
aresult, it is possible to take into account individual
rows of the mistuning matrix sequentially, using the
following recurrence formula:

Tq
() =) —__ ) (1
O A A (49
I
(M [y T AlD
A= a0 A (v A) (14)
1+v; AV
I

To start the recurrence update, the response
amplitudes and the FRF matrix of the tuned bladed
disc are used.

3. Mistuning modelling

3.1 Mistuning e ements

The method for the analysis for mistuned systems
proposed does not make any assumptions regarding
the distribution or the magnitude of the mistuning
matrix, AZ . However, it is useful to define,
without any loss of generality, some simple
mistuning elements that can be applied at desired
locations in the bladed disc model and have
physical interpretation. Examples of such elements
are lumped mass, stiffness and damping mistuning
and the mistuning element matrix, Az®, can be

expressed as:
mass mistuning

G-w'm_ 0O 0

Azezg 0 -w'm, O

2

, (15)
Ho o

I

stiffness mistuning  damping mistuning

tk, 0 00 fd, 0 00

e 0 apcOyiq o0
A=k, 0 AZ=g0id, 05  (6)

20 0 kB 50 0 id,E

where m;, kj; dj are mass, gtiffness and damping

coefficients of the element in three orthogonal
directions. Their combination alows us to describe
a wide range of mistuning patterns that might be
encountered in practice.

3.2 Bladefrequency mistuning

It is possible to describe quite a wide class of
possible mistuning arrangements using the simple
mistuning elements introduced in the previous
section. One of the widely-used measures of
mistuning in practice is to refer to the ‘blade-alone’
cantilever-natural-frequency scatter. This type of
mistuning can easily be represented by establishing
a relationship between individual blade frequencies
and the properties of a set of mistuning elements
applied to the blades. This can be achieved by
conducting a preliminary analysis to determine a
one-to-one relationship between the blade alone
frequency scatter and the amount of mistuning
introduced at specific locations. A possible
approach is to express the mistuning matrix for a
blade,AZ , as

AZ=c,AZ, (17)

where AZ, is a predefined mistuning matrix for a

given set of mistuning element characteristics and
¢ is a variable representing mistuning coefficient.

Calculations are made for a sufficient number of
values ofc; so as to establish a relationship with an

acceptable accuracy between the mistuning
coefficient, ¢;, and the scatter in blade-alone

frequency. This relationship is usually non-linear

but a very good description can be made using a
spline approximation. An example demonstrating
such relationship is shown in Fig.3 for the first

blade-alone natural frequency when lumped mass
mistuning elements are applied to active nodes
shown in Fig.2b.

It should be stated that some preliminary
blade-alone analysis may be necessary to determine
the datum mistuning matrix)Z,, especially if the

blade-alone frequency mistuning for more than one
mode of vibration is of interest.
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and frequency mistuning

4. Numerical results

4.1 Thebladed disc analysed and excitation
conditions

The method developed above has been
implemented in FORTRAN program and has been
applied to the response anaysis of a number of
realistic mistuned bladed discs.

In the present section, an example of the
method applied to the anadysis of a high-pressure
turbine bladed disc shown in Fig.1 is represented.
The bladed disc analysed comprises 92 blades. Its
finite element single-sector model shown in Fig.2a
contains 162,708 degrees of freedom (DOFs) and
the full bladed disc comprises about 15 millions
DOFs. The model describes, in detail, the
geometric shape of the blade and the disc, the
blade-disc interface and the anisotropy of the blade
material. The sector model is used for
determination the first 16 natural frequencies and
mode shapes of the tuned bladed-disc assembly for
al their cyclic indices (nodal diameters) that are
possible for the considered assembly in the range
from O to 46. These modes of the tuned system are
used for generating the FRF matrix of the tuned
assembly.

A relatively small subset of nodes was selected
for analysis of the mistuned system. The nodes
used are shown in Fig.2b, where green circles
indicate the nodes subjected to loads and red circles
are the active nodes where response amplitudes are
calculated and condensed mass mistuning elements
are applied. The blade mistuning is assumed
random and is normally distributed in the blade set
manufactured. Realistic characteristics of the
normal distributions (i.e. the mean value and the
standard deviation) for first four blade-alone natural

frequencies (namely, first flap, 1F, and first
torsonal, 1T) are determined as a result of
statistical analysis of several hundreds of the
experimental values. The mistuning patterns
analysed are then generated using a random number
generator for the obtained  distribution
characteristics.

Moreover, the influence on response levels of
damaged blades, which can have large mistuning
levels, is analysed. In the cases analysed here, the
damaged blades can reach 34% discrepancy in the
first natura frequency compared with the
corresponding value for the tuned blade. In the
mistuning patterns analysed, damaged blade
mistuning values replace mistuning values for
blades of the randomly-generated mistuning
pattern. The study of the influence of a smal
number of blades with very different frequencies
was undertaken to assess the foll owing aspects:

»  Assessthe damage tolerance of the assembly,
assuming a damaged blade would have
different dynamic characteristics to standard
blades.

»  What effect would introducing blades that may
be outside normal acceptance limits have and
could they be used without adverse effects? If
the effect was relatively benign then it may be
possible to extend acceptance limits and
therefore reduce costs.

Excitation by 6™, 7" and 8" engine orders (EO)
was studied in the frequency range corresponding
to the 1F mode, and excitation by 40" EO was
studied in the frequency ranges corresponding to
the 1T mode. Loading for each blade was
distributed uniformly over the blade nodes and the
damping loss factor was assumed equa 0.003.
Excitation frequency ranges for each of EOs
analysed, natural frequencies of the tuned assembly
and mean values for experimenta natural
frequencies are shown in Fig.4. The frequency
values were normalised with respect to the first
blade-alone natural frequency, i.e. actual values
were divided by a value of the first blade-alone
natural frequency.

4.2  An estimate of mistuning effect on
response level and amplitude distribution

An example of the calculated amplitudes as
functions of excitation frequency for al blades of
the bladed disc is shown in Fig.5 for the case of
excitation by 6EO. Fig.5a shows the blade
amplitudes for the case of a tuned bladed disc;
Fig.5b illustrates the blade amplitudes for randomly
mistuned bladed disc within the normal mistuning
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range; and Fig.5c contains the blade amplitudes of
the bladed disc having 90 randomly mistuned
blades plus two damaged blades (namely, the first
and fifteenth blades). All amplitudes are normalised
by a value of the maximum amplitude of the tuned
assembly. As one can see, the tuned bladed disc has
the same amplitudes for al blades and there is only
one resonance peak in the range considered — that is
the 6" nodal diameter mode. The introduction of
even a small amount of mistuning leads to
significant amplitude scatter over the blades of the
bladed disc as well as to the appearance of a large
number of resonance peaks. The highest peaks of
the system with small mistuning lie near the
resonance peak of the tuned assembly with the
normalised frequency value close to 1. The
randomly-mistuned bladed disc with the damaged
blades has two additional resonance peaks in thg,
vicinity of normalised frequency magnitude 1.35.

Resonance frequencies corresponding 1o thesgig. 5 Forced response for each blade of the bladed
peaks are close to the natural frequencies of thegjjsc: a) tuned assembly; b) randomly mistuned
blade-alone damaged blades. blades; ¢) random mistuning and a damaged blade.

Envelopes of the maximum responses foundThe case of 6EO excitation in 1F mode frequency
over all blades of the assembly are shown in Fig.gange.
for all the considered excitation types. Here,
maximum normalised amplitudes are compared for _ _
the tuned bladed disc, for the randomly-mistuned ~ The highest resonance peaks of the mistuned
assembly with a normal, small, mistuning level, andSystem are close to the resonance of the tuned
for the randomly-mistuned assembly having two assembly. Some of these peaks are higher than the
damaged blades. For the case of 6EO excitation ifeSonance peak of the tuned system although many
the range of the 1F mode, one can see that smaflf them are lower. Owing to the presence of many
random mistuning gives rise to many resonance €Sonances, the _envelope of the maximum response
peaks. These peaks lie in the vicinity of the singleh@s @ much wider frequency range with high
resonance peak of the tuned system and far from @Mmplitudes than the one forthe tuned system. For
as well.

b)
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Fig. 6 Comparison of envelopes of maximum
normalised response for tuned assembly, randomly
mistuned one and the bladed disc containing
damaged blades.

the case of the bladed disc with the damaged
blades, two new resonance peaks appear near the
natural frequencies of the damaged blades and aso
near other assembly modes in the mistuned system.
For the case of excitation by 6EO maximum
normalised amplitude of such bladed disc has a
value which is much higher than worsening effect
caused by norma mistuning. The maximum
response for the cases of excitation by 7EO and
8EO aso lead to similar conclusions about the
influence of small mistuning and damaged blades
to forced response. The only difference is the much
lower levels of normalised amplitude (less than 1)
for the resonance peaks in the vicinity of the natural
frequencies of the damaged blades. Analysing
excitation by 40EO in the 1T freguency range in
Fig.6d, one can see that the introduction of small
random mistuning in this case leads to a large
increase in the frequency band with large
amplitudes compared with that of the tuned system.
This frequency range increase is essentially greater
than for the case of excitation in the 1F mode
frequency range. As is typicad for mistuned
assemblies, the maximum resonance peaks are
higher than those of the tuned bladed disc. The
damaged blades for these cases do not change very
much maximum response level and character of the
envelope of forced response.

Correspondence between distinctive resonance
peaks of the randomly-mistuned bladed disc and
natural frequencies of its tuned counterpart is
demonstrated in Fig.7. Here, six digtinctive
resonance peaks are numbered in Fig.7a showing
the envelope of the response, and the natura
frequencies of the tuned system corresponding
them are shown in Fig.7b. All these peaks are on
sloping parts of curves in the natura frequencies-
nodal diameters diagram, where blade vibration
coupling through the disc is high. Many resonance
peaks corresponding to the natural frequencies
lying on the flat parts of the first curve form a
relatively wide normalised frequency range (from
0.96 to 1.0) with high response levels. Thisrangeis
formed by combined resonance peaks, which are
almost indistinguishable.

In Fig.8 distributions of amplitudes over al the
blades of the bladed disc are displayed which
correspond to the first four of the ditinctive
resonance peaks shown in Fig.7. One can see that
one or a smal number of blades can have much
higher amplitudes than the others for some
resonances. For the 4™ resonance peak analysed,
the digtributions of amplitudes have a regular
pattern. This peak corresponds to the natural
frequency of the tuned system, which is distant
from any others.
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4.3  Forced response analysis for randomly-
generated mistuning patterns

A statistical survey of the worsening effect of
mistuning has been carried out for many randomly
generated patterns. A small reduction of the
frequency ranges used for the case of statistical
calculations was made to compare maximum
amplitudes of the required modes (1F/6EO,
1F/7EO, 1F/8EO, and 1T/40EO) only. Such
reductions in the frequency range were made after
performing an FRF anaysis, which showed high
amplitudes near boundaries of the considered
frequency ranges. These amplitudes were
determined by interactions of a damaged blade
vibrating in one mode and the bladed disc assembly
vibrating in another family of modes. The latter
case appeared for the bladed discs with damaged
blades owing to their large frequency deviations
from the mean vaue for the whole blade
population.
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Fig. 8 Amplitude distribution over the bladed disc
at the distinctive resonances

The maximum, mean and minimum amplitudes
for each of the analysed mistuning patterns are
shown in Figs.9-10. The maximum amplitude was
found over all blades of the mistuned bladed discs
and among all excitation frequencies from the
range considered. The mean amplitude was
determined as the sum of the maximum amplitudes
found for each blade in the considered excitation
frequency range divided by the number of blades.
The minimum amplitude was determined as the
vaue minimum found from the maximum
amplitudes found for each blade in the considered
range.
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Fig. 10 The case of 40EO excitation in normalised

frequency range 3.2...4. Maximum, mean and

minimum amplitudes found over all blades for each

(Snistuning patterns analysed: a) randomly generated
mistuning patterns; b) randomly reshuffled blades

from a given set

Fig. 9 The case of 6EO excitation in normalised
frequency range 0.94...1.4. Maximum, mean and
minimum amplitudes found over all blades for each
mistuning patterns analysed: a) randomly generate
mistuning patterns; b) randomly reshuffled blades
from a given set

For the second plot in each of these figures,

(b), the following types of mistuning are

considered:

1) two damaged blades and the rest are tuned,
positions of the damaged blades are randomly
changed (M4);

2) 90 experimentally-determined mistuned blades
with 2 damaged blades which are reshuffled
changing positions of the all 92 mistuned
blades in the bladed disc (M5).

For this plot random reshuffling of the initial

énistuning pattern was performed (i.e. all 25 cases

Used the same set of blades, but rearranged in

Sgiifferent order). To facilitate references the five

pﬁistuning types considered are marked here by

symbols M1...M5.

In the first plot (a) of each of Figs.9-10, the
amplitudes are given for the following types of
mistuning:

1) random blade mistuning within normal
mistuning range (M1);

2) one damaged blade and the rest blades are
randomly mistuned (M2);

3) two damaged blades and the rest blades are
randomly mistuned (M3).

In total, 25 different mistuning patterns were

generated for each of these types. For tHeafld

3" types the positions of the damaged blades wer

fixed while for the blades with normal mistuning

range, the actual frequency mistune pattern wa

generated using characteristics of the fitted norma

distribution.
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For example one can see that for the 1F mode
excited by 6EO (Fig.9) the introduction of the
damaged blades into a randomly-mistuned
assembly results in only smal changes of
maximum, mean and minimum amplitudes. The
effect of damaged blades on maximum response
levels is more significant here for the case of blade
reshuffling.

In some statistical characteristics for
al the analysed mistuning patterns are given.
Namely, the mean values and scatter ranges over all
the analysed mistuning patterns are determined for
the above-mentioned maximum, mean and
minimum amplitudes found for each mistuning
pattern. One can see that the scatter of maximum
amplitudes usually lies within the range +30% of
the average and for mistuning patterns obtained by
blade reshuffling this scatter is smaller than for the
case of randomly-generated mistuned blade sets.
The scatter is especialy small for the case when
only two blades are mistuned and their positions are
changed as a result of random reshuffling. The
scatter of mean amplitudes is small and is usualy
measured in afew percent.

Table 1 Mean values and scatter of the normalised
response for all analysed mistuning patterns. 6EO

worsening effect is for 1F/8EO and 1T/40EO
excitations, when the maximum normalised
amplitudes are around 2.3 and 1.8 respectively.
Introduction of the damaged blades does not affect
the worsening much when frequency ranges
including resonances determined by the required
blade mode only (i.e. by 1F or 1T modes) are
considered. However, it should be noticed (see
Fig.6) that the damaged blades caused the
appearance of large resonance peaks in the widened
frequency ranges, where the damaged blade natural
frequencies are close to natural frequencies of the
bladed-disc assembly.

Table 2 Maximum normalised amplitude levels
found over the all analysed mistuning patterns

Type of Kind of excitation
mistuning
(see page 1F/6EQ| 1F/7TEQ 1F/8EQ 1T/40EO
10)
M1 3.495 | 2.786| 2.290 1.709
M2 3.493 | 2.773| 2.163 1.651
M3 3.379 | 2.756| 2.009 1.679
M4 3.211 | 2.710| 1.457 1.512
M5 2921 | 2.676| 2.103 1.795
Total over| 3.495 | 2.786| 2.290 1.795
all the types

excitation

Type of Maximum Mean normalised
mistuning normalised response
(see page response
10)

Mean for| Scatter, |Mean for| Scatter,

all % all %

patterns patterns
M1 272 |-20...28/ 0.65 | -8...15
M2 274 | -25...28 0.63 | -8...19
M3 271 | -20...25 0.65| -8...15
M4 2.87 | -13...12 0.90 | -1.3...1
M5 237 | -15...23 0.70 | -4.0...5

The maximum normalised amplitudes found
over all the analysed mistuning patterns are give
for each kind of excitation Table 2. The worsening

5. Conclusions

An efficient method for the forced vibration

response analysis of mistuned bladed discs using
detailed finite element models has been presented.
The method proposed here allows the exact
calculation of the response of mistuned bladed
discs using FRF matrices of the corresponding
tuned system and together with a mistuning matrix.
The distinct features of the proposed method are: (i)
only a single sector model is needed to represent
the tuned and mistuned bladed disc, (ii) mistuning
is treated as a structural modification problem, (i)

the computational cost for mistuning calculations

does not depend on the size of the original sector

effect of the mistuning is largest for the 1F/6EO
resonance condition for the considered bladed dis%rdinates and (v) the reduced model
and excitation conditions. It results in more than correspoﬁding to the active co-ordinates is as

three times higher amplitudes for some bla_des 'Fha%ccurate as the initial sector model represented by
for the tuned system. The least mistuning its natural frequencies and mode shapes.

model as the solution is obtained at active co-
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Investigations of the forced response of
mistuned bladed discs containing randomly
mistuned blades (within the normal frequency
mistuning range), and with damaged blades, have
been carried out. The worsening effect of mistuning
on resonance amplitude levels and on forced
response functions has been anaysed using
detailed, realistic finite element model. The highest
amplitude level was determined from many
mistuning patterns. These mistuning patterns were
created by: (i) generation frequency mistuning for
each individual blade randomly; (ii) random
reshuffling a predefined mistuning set.
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