
OVERVIEW
Variations of blade-geometry or -material in bladed struc-
tures like compressor rotors result in localized vibration
modes, higher displacement amplitudes, critical stress lev-
els and reduced high cycle fatigue strength (HCF-strength)
of several blades due to inauspicious aerodynamic excita-
tions.
Based on numerical investigations an overview of the vibra-
tional behavior in particular of mistuned blisks is presented
in detail. Localized vibration modes are evaluated using a
new criterion and illustrated in detail for updated full finite el-
ement models of the first rotor stages1 from the Engine 3E2

research program high pressure compressor (HPC) (see
FIG. 1).
The investigations show, that in general the blade mode,
the blisk geometry, especially the disk stiffness, are major
factors for the level of mode localization. Due to the higher
share of blades on the whole blisk strain energy, blade tor-
sion modes of blisks with higher disk stiffness have a signif-
icant higher sensitivity to mistuning than blade bending
modes of blisks with lower disk stiffness.
In this context it can be also concluded, that modified cyclic
symmetry modes (MCSM), which are arisen out of cyclic
symmetry modes (CSM) with lower numbers of nodal diam-
eters, are less sensitive regarding blade mistuning com-
pared to modes, which are arisen out of CSMs with higher
numbers of nodal diameters.
An understanding of these coherences is a step towards to
reduction of mistuning caused effects for future aero en-
gines and also the base for the improvement of strain gauge
instrumentation of mistuned bladed integrated disks.

NOMENCLATURE
= cyclic symmetry mode (number of circulating

sine waves of a vibration mode, number of
nodal diameters of a vibration mode resp.)

= highest cyclic symmetry mode
D = dimensionless damping value

= coefficient of Fourier transformation
= Young‘s modulus [N/mm²]
= engine order
= frequency [Hz]
= eigenfrequency of blade n [Hz]
= mean value of all blade eigenfrequencies [Hz]

FRF = frequency response function
HCF = high cycle fatigue
HPC = high pressure compressor
IBR = integrated bladed rotor, blisk

= component of displacement vector,
blade number resp.

= localization factor of a vibration mode
= number of blades of a blisk

ND = nodal diameter
Q = quality factor, 

= root mean square
s/g = strain gauge

= time [s]
= displacement vector
= maximum blade displacement / root mean

square
= blade phase angle [rad]
= eigenfrequency, 

1. INTRODUCTION
Aiming at more environmental-friendly, more efficient and
more powerful aero engines, integrated bladed disks
(blisks3) become more important in the further development
of aero engines (Steffens [2000, 2001]).
The vibrational behavior of conventional bladed disk as-
semblies was investigated in detail a long time before (for
example Campbell [1924], Malkin [1942], Armstrong [1955],
Kirkhope [1971] and Soares [1976]). In contrast to these as-
semblies the deletion of the heavy blade-disk connection re-
sults in reduced masses, higher maximum rotational
velocities and improved pressure ratios (increased efficien-
cy factors).
In this connection a number of disadvantages occur as very
low structural damping and higher sensitivity with regard to
manufacturing- and material tolerances (mistuning) [Beirow
2005].
Especially the negative effects of mistuned bladed disks
have been studied longer than thirty years. Ewins [1969,
1973] showed that blade-to-blade deviations occur in higher
blade displacement amplitudes in combination with a split-
ting of double modes. Whitehead [1966, 1998] derived a
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maximum amplitude magnification factor which predicts the
increased maximum forced vibration response of blades
due to mistuning.
Pierre and Wei [1987a, 1987b] considered that the mis-
tuned case represents pertubations of the tuned system.
They conclude that the vibrational behavior depends on the
ratio of absolute amount of mistuning strength and the cou-
pling between the blades through the disk. In addition, Grif-
fin and Hoosac [1984] and Bladh [2003] determined the
influence of inter-blade coupling on localized blade modes. 
Kielb and Kaza [1984], Wildheim [1979], Wilson [1993] de-
termined unsteady blade loads arising from the fluctuating
forces due to passing of wake shedding through the blade
rows. The aerodynamic coupling of the blades was included
in the calculation approach by Pierre and Murthy [1994].
Schrape et. al. [2006a, 2006b] investigated the effects of in-
and also anti-phase-blade-motion of tuned and mistuned
blisks on aerodynamical damping.
All of the previous characteristics of mistuned bladed disk
have to be regarded during the design and test-phase of fu-
ture aero engine rotors. In this context, the maximum blade
amplitude magnification and the splitting of the double
modes play major roles for resonance excitability and high
cycle vibration fatigue, whereas mode localization has to be
kept in mind for rotor instrumentation. Due to the demand
for an acceptable signal-to-noise ratio only blades with high
amplitudes are suitable. From this results, that an optimum
choice of only a few blades to be instrumented with strain
gauges (s/g) is the basis of a convincing vibration monitor-
ing systems during rig tests.
Up to now the ability to predict the sensitivity of different
blisk designs and blade vibration modes to mode localiza-
tion and the knowledge how to design less mistuning sensi-
tive blisks is still missing.
To achieve a better understanding of these contexts both
the free and the forced vibrational behavior of HPC-front ro-
tor stages is analyzed using different evaluation factors.

2. VIBRATIONS OF TUNED BLISKS

2.1 Natural Vibrations
Integrated bladed disks have a multitude of different eigen-
modes, which can be characterized by the number of dia-
metric and concentric nodal lines.
In general the eigenmodes of a tuned blisk (with blades,
which have the same material and geometry) can be divid-
ed up into three categories: disk-dominated, blade-dominat-
ed and „coupled“ vibrations.

2.1.1 Disk Vibrations
The disk dominates the vibration mode of the whole blisk.
The blades can be idealized as covibrating rigid bodies,
which contain only a small part of the total blisk strain ener-
gy (see FIG. 3).
Due to the existence of nodal diameters a cyclic symmetry
mode (CSM) appears. The maximum number of nodal di-
ameters depends on the blade number N:

 for even N, (1)

 for odd N respectively. (2)

Caused by the homogeneous mass- and stiffness distribu-
tion the eigenmodes of the blisk have no spatial orientation

regarding to the blisk. In the special case of CSM-0, also
known as umbrella mode, the number of nodal diameters is
zero.

2.1.2 Blade Vibrations
Neglecting the three-dimensional geometry of modern com-
pressor blades as a first assumption, the blades can be con-
sidered as a plain plate.
Generally the fundamental eigenmodes with the lowest
eigenfrequencies of a cantilever plate are the 1st flap- and
the 1st torsional mode, respectively. Depending on the as-
pect ratio of the plates, modes with higher eigenfrequencies
will follow, e.g. higher flap- or torsional modes and also oth-
er complex blade modes like edge modes, tramline modes
e.g. (see FIG. 2).

Analogous to the disk-dominated modes, nodal diameters
also appear in blade-dominated modes. There are 0 to

 characteristic nodal diameters per fundamental
blade mode (see Figures 4 and 5). Equations (1) and (2) are
valid. 

The maximum number of blade vibration modes can be de-
termined to N (  double eigenvalues and one single
eigenvalue in case of odd N and ( ) double
eigenvalues and two single eigenvalues in case of even N
respectively1).
If the system is tuned, all blades have similar displacement
amplitudes, which occur with a delay of the inter-blade
phase angle:

, . (3)

2.1.3 „Coupled“ Vibrations
The so called „coupled“ vibration modes represent a combi-
nation of disk- and blade-modes. Caused by the physical
connection between the disk and the blades all vibration
modes are coupled, so the notation is not indisputable.
In technical terminology this term is used for vibration
modes, where both, disk and blades, store a similar high
quantity of the total blisk strain energy (see FIG. 3).

This classification of blisk modes supports the improved rat-
ing of HCF-sensitive vibration modes because generally
only blade modes result in critical strain levels. So a benefit
results for strain gauge calibration, where only blade modes
have to be included to refer s/g response signals to blade
displacement amplitudes. If adjacent disk- and/or coupled
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1. If , all blades oscillate in opposite

phase to each other.

FIG 2. Fundamental blade vibration modes (1st flap
mode [left], 2nd flap mode [middle], 1st torsional
mode [right], magnitude of displacements), fixed
sector model, Engine-3E-II-HPC rotor 1
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modes with dominating disk displacements and negligible
blade displacements are included, misinterpretations of vi-
bration monitoring system results are probably.
The coupling diagram offers the possibility to illustrate the
complex vibrational behavior of a blisk. The eigenfrequen-
cies are printed in dependence on the number of nodal di-
ameters (see FIG. 4).

Looking at all modes of one fundamental blade mode fami-
ly, one can recognize that generally the eigenfrequencies
increase up to the frequency of the clamped blade with an
ascending number of nodal diameters (see FIG. 5)1.
The reason for that is the stiffer reaction of the disk with as-
cending number of nodal diameters (see also Malkin [1942]
and Soares [1972]).
In general blade vibration modes govern the maximum op-
erational lifetime of compressor rotors caused by the high
strain level of the blades, so the focus of the following chap-
ters is located on these. In this context disk and „coupled“
modes will be neglected for further investigations.

2.2 FORCED VIBRATIONS OF TUNED BLISKS
Especially wakes, generated by circumfluented upstream
and downstream located guide vanes as well as blades and
their multiplies excite corresponding blisk modes at every
rotor revolution in operation (see also Yingfeng [2005]). The
number of existing wakes determines the value of the en-
gine order (EO).
According to the requirement of congruity of vibration mode
shape and excitation mode shape, the kth CSM can only be
excited by kth EO respectively kth-aliasing EO. One partic-
ular feature of forced responses of a tuned blisk are the sim-
ilar displacements of all blades, which appear phase-shifted
to each other.

3. VIBRATIONS OF MISTUNED BLISKS
If the blade eigenfrequencies  differ from each other,
caused by different blade geometries due to the manufac-
turing process (milling, polishing, friction welding, etc.) and
material inhomogeneities of the alloy, mistuning of the blisk
occurs. The level of mistuning can be assessed using the
blade frequency standard deviation ( ).
At this point it has to be mentioned that integrated bladed
disks are very sensitive already to slight blade mistuning
(see also Beirow [2005]).

3.1 Modeling of Blade Mistuning
The modeling of mistuning of the individual blades of the full
FE-model can be realized by changing of the material prop-
erties: Due to the decrease and increase of the individual
blade Young‘s modulus  the blade eigenfrequencies can
be modified without changing the blade geometry (material
dependent mistuning) respectively.
The Young‘s modulus of the disk is constant. It is valid:

. (4)

The change of blade eigenfrequencies is proportional to the
change of the square root of the blade Young‘s moduli.
In contrast to the measured mistuning distributions, which
differ for each fundamental blade mode, different sinusoidal
blade mistuning deviations exclusively are used to get bet-
ter clearness comparing different blade modes and mistun-
ing levels with each other (see FIG. 6).
Here, the numbers of full sine waves around the blisk cir-
cumference were chosen to 1, 4 and  with standard
deviations of 0.07%, 0.15%, 0.24%, 0.68%, 1.36% and
2.71%.
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FIG 3. Percentage of blades and disk of whole blisk
strain energy (mean value of double eigen-
modes), Engine-3E-II-HPC rotor 1
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FIG 4. Coupling diagram of Engine-3E-II HPC stage 1,
illustration of the 1st three blade modes, free
boundary conditions
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3.2 Natural Vibrations of Mistuned Blisks
Generally, the mistuning of a blade-disk-assembly results in
several fundamental effects:

3.2.1 Splitting of Double Eigenvalues
The pairwise appearing eigenvalues of the system are split-
ted into two closely adjacent eigenvalues caused by the
missing symmetry (illustrated by the displaced [low mistun-
ing level] or vanished nodal diameters [higher mistuning lev-
el], see also FIG. 8). Generally a stronger mode splitting can
be observed with higher eigenfrequencies. The associated
double eigenmodes (so called double modes) with different
eigenfrequencies have a fixed orientation to the blisk. In-
creasing the mistuning of the system, the distance between
the adjacent eigenfrequencies increases (for further infor-
mations see Kellerer [1982]).

3.2.2 Modification of Mode Shapes & Mode Localiza-
tion

After mistuning, purely sinusoidal vibration modes of the
tuned system are transformed into a superposition of many
single sinusoidal vibration modes, where the shares of the
several harmonics vibrations may be different.

Locally limited and variable blade displacements appear
around the blisk‘s circumference, the so-called mode local-
ization (see FIG. 7). The extreme case is the fully localized
mode characterized by only one oscillating blade.
Thus a clear assignment of single vibration modes to a CSM
becomes more difficult. So, caused by the displaced nodal
diameters the CSM are transformed into Modified Cyclic
Symmetry Modes (MCSM) in case of slight mistuning. With
increasing mistuning also the warped nodal diameter lines
vanish (see FIG. 8).
Mode localization is indicating for the modified vibrational
behavior of mistuned blisks.

3.3 Evaluation using the Localization Factor
In case of mistuned blisks it is possible that a number of
blades reach high magnification factors and only one single
blade reaches a higher displacement level. Because of the
need for an optimum choice of blades to be instrumentated
this information is highly relevant in terms of s/g application
of rotor stages.
In addition of the magnification factor, which includes the
maximum displacement magnification regarding the tuned
system of all blades in case of forced response, the localiza-
tion factor, which is introduced below, shows how many
blades strongly participate in this mode.
This computational method transforms the complex vibra-
tional behavior of a huge number of blades into one illustra-
tive indicator to ensure an efficient and fast evaluation of the
localization sensitivity of different blisk designs and blade
modes. A further approach can be found in Kahl [2002].

3.3.1 Tuned Systems
With exception of CSM 0, where all blades have an indenti-
cal displacement at the same time t, all of the other vibration
modes are characterized by discrete sine waves around the
circumference depending on the CSM.
A special feature of the undisturbed sine waves is the con-
stant ratio of the maximum blade displacement amplitude

 to the root mean square of all blade displacement
values. So

, (5)

is independent on the number of sine waves around the cir-
cumference (see FIG. 9, left). This should be the basis of
the following calculations.
In case of  (odd N) and

 (even N) the ratio of the maximum
blade displacement amplitude to the root mean square of all
blade displacements, , is

. (6)

In case of the umbrella mode with  or
 (even N) with  follows:

. (7)

FIG 6. Different artificial sinusoidal mistuning distribu-
tion caused by blade Young‘s modulus modifica-
tion of Engine-3E-II-HPC rotor 1

FIG 7. Left: normalized axial diplacements at all leading
edge tips of (M)CSM 1 (torsion mode); right: Fou-
rier decomposition of the vibration mode
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Ûi max,=

ζtuned
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3.3.2 Mistuned Systems
Due to the deviations of the eigenmode of the mistuned sys-
tem compared to the tuned one, the root mean square of the
blade displacements decreases (see FIG. 9, right).

The maximum mode localization, that is characterized by
only one oscillating blade, results in the minimum root mean
square value:

. (8)

The maximum ratio of the maximum blade displacement
amplitudes to the root mean square of all blade displace-
ments, , is defined as:

(9)

for 

and just depending on the number of blades N.

3.3.3 Definition of the Localization Factor
The transformation of the blade number dependent ratio 
into the localization factor LocaFac is necessary for the
comparability of the mode localization strength of blisk de-
signs with different blade numbers. This factor describes
the local limitation of the vibration mode in a defined range
of 0% (no mode localization) up to 100% (maximum mode
localization, only one blade oscillating).
Consequently the localization factor is defined as

 [%] (10)

if  (odd N)
or  (even N),

and
 [%] (11)

if 
or  (even N)

respectively.

The evaluation criterion of mode localization is exemplarily
computed for stage 1 of the Engine-3E-II-HPC. Again the
measured blade mistuning distribution is substituted by dif-
ferent artificial sinusoidal blade mistuning distributions with
different mistuning levels to ensure the comparability of dif-
ferent blade modes and damping conditions.

                             

FIG 8. Influence of different blade mistuning levels on vi-
bration modes (1st torsion modes, (M)CSMs 1;
left: displacement amplitudes; right: normalized
axial displacements of each leading edge blade
tips, Engine-3E-II-HPC rotor 1
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3.3.4 Influence of Mistuning Level and Blade Mode
Starting from the tuned system without any mode localiza-
tion, a continuous rise of the localization factors can be ob-
served with increasing blade mistuning for all of the three
fundamental blade modes as well as the disk and „coupled“
modes (see FIG. 10).

The maximum mode localization independently appears
from the mistuning level for the highest cyclic symmetry
mode MCSM 12 (maximum LocaFa 98.4% at

) in case of 1-sine-wave-blade-mistun-
ing distribution (see FIG. 11).
It has to be mentioned, that in case of lower MCSM (1 4)
significant lower localization factors occur.
At this point it can be also recognized that disk and „cou-
pled“ modes are less sensitive to mode localization due to
their lower blade percentage on the whole blisk strain ener-
gy (see Figures 10 and 12). In contrast to the medium local-
ization factors of mistuned flap modes, the mode
localization of torsion modes is more pronounced caused by
the lower coupling between the individual blades (see Fig-
ures 11 and 12). Furthermore the bandwidth of eigenfre-
quencies increases with rising mistuning levels - the
eigenfrequencies of the various vibration modes are bear-
ing off from each other (see FIG. 11), so the bandwidth of

possible blade mode resonances enlarges, which has to be
regarded to avoid critical resonances in operation during the
aero engine development.

With an increased mistuning level the percentage of blades
on the whole blisk strain energy decreases due to lower
number of mode-participating blades. So, in case of the
high localized torsion modes the mean value of blade share
decreases from 98.8% to 98.4% (in addition: 1st flap mode:
95.9% 93.9%, 2nd flap mode: 89.1% 83.5%, see Fig-
ures 12 and 13).

The mean localization factors of all three sinusoidal blade
mistuning distributions of the first three fundamental blade
modes are presented in dependence on from the mistuning
standard deviation in Figure 14.
As one can recognize, the curve shapes of the localization
factors are very sensitive regarding blade mistuning for
small mistuning levels ( ). A nearly
linear context between mistuning standard deviation and lo-
calization factor occurs. With increasing mistuning standard
deviations local maxima and minima can appear
( ) followed by a continuously rise

FIG 10. Localization factors of natural vibrations depend-
ing on the blade mistuning standard deviation
(first three blade modes) 1-sine-wave mistuning
distribution around blisk circumference
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FIG 11. Localization factors of natural vibrations depend-
ing on the blade mistuning standard deviation of
1st torsion modes 1-sine-wave mistuning distri-
bution around blisk circumference
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FIG 12. Percentage of blades on whole blisk strain ener-
gy of natural vibrations depending on the blade
mistuning standard deviation (first three blade
modes), 1-sine-wave mistuning distribution
around blisk circumference
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FIG 13. Percentage of blades on whole blisk strain ener-
gy of natural vibrations depending on the blade
mistuning standard deviation of 1st torsion mode,
1-sine-wave mistuning distribution around blisk
circumference

mean value (tuned)

mean value (2.71%)

0% σmistuning 0.2%≤<

0.2% σmistuning 0.4%≤<
322



of the localization factors ( ) up to 67.5%
(1st flap mode), 68.3% (2nd flap mode) and 97.5% (1st tor-
sion mode).

3.3.5 Effect of Disk Stiffness
Because of the known influence of disk stiffness on inter-
blade coupling (see R. Bladh [2003] and S. Baik [2004]),
aero engine manufactures are interested in reducing mode
localization as well as amplitude magnification using modi-
fied hub sections to extend service life.
To verify suitable disk stiffness ratios, the Young‘s modulus
of the disk section was modified about % of the original
value.

As presented in figure 15 the percentage of blades on the
whole blisk strain energy steadily increases with higher disk

stiffness, because of a stiffer embedding of the blades on
the disk.
As a result the eigenfrequencies of the blade modes as well
as the eigenfrequencies of the disk and „coupled“ modes
become higher.
In case of the first and second blade flap mode the de-
creased inter-blade coupling, that corresponds with the per-
centage of the blades on the whole blisk strain energy,
results in higher localization factors. In contrast to this, in
case of the first blade torsion modes local maxima (at 95%
and 125% of the original disk stiffness) and minima (at 70%
and 115% of the original disk stiffness) occur.
Aiming at a minimization of the mode localization effects,
the modification of the disk stiffness has to regard all of the
relevant blade modes. Within the realms of constructive
possibilities and without consideration of local maxima and
minima this means a reduction of disk stiffness to increase
the inter-blade coupling and to decrease the structural
blade-to-blade isolation.

3.4 Forced Vibrations of Mistuned Blisks
At the current state of the art a completely symmetric man-
ufactured, tuned blisk without any imperfections is not pos-
sibile. Thus, a mistuned, excited blisk can be treated as a
rule during operation of an aero engine.
During both, operation and rig test runs aerodynamical forc-
es excite compressor rotors in dependence on from its op-
erating point. Aerodynamic damping1 including fluid-
structure-interactions2 and structural damping3 limit the re-
sulting blade amplitudes. At this a modal damping value of
D=0.1% (Q=500) was selected as basis of the following
analyses. Engine orders 1, 4 and  were chosen for
the illustration of various forced responses.

Induced by the huge number of different Fourier coefficients
of the modified vibration modes, many resonance peaks

σmistuning 0.4%<

FIG 14. Maximum localization factors of first three blade
modes depending on the blade mistuning stan-
dard deviation;  1st flap mode,  2nd flap
mode,  1st torsion mode, averaging of three ar-
tificial sine blade mistuning distributions
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1. caused by the airflow around the blades
2. Anti-phase-blade-vibrations of tuned and mistuned

bladed disks result in additional aerodynamic forces
and aerodynamic damping due to the compression of
the flow between the vibrating blades. For further
informations see also Schrape [2006a, 2006b].

3. Only the material damping occurs because of the
missing blade-disk-connection of blisks.
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FIG 16. FRFs of blade # 6 for different mistuning levels,
EO 1, 1st torsion mode, magnitude amplification
of axial displacements of leading edge blade tips,
D=0,1% (Q=500)
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can be observed in the frequency response function (FRF)
of the individual blades due to excitation of the kth engine
order. Each peak correlates with a vibration mode, which
has also a kth harmonic in its Fourier decomposition. The
maximum amplitude level of the FRF depends on the per-
centage of the kth harmonic on all Fourier coefficients (see
FIG. 16). See also Mück [2004], Pianka [2004], Wei [1987a,
1987b].

3.5 Influence of Mistuning Level and Blade Mode
Using the three artificial sinusoidal blade mistuning distribu-
tions with different standard deviations in combination with
EO 1, 4 and  a non-linear context between localiza-
tion factor, amplitude magnification and the level of mistun-
ing was determined (see Figures 17 and 18).
The curve shapes of the forced response results resemble
the curve shapes of the former determined eigenmodes
(see FIG. 14). Again localization factors of the torsion
modes are higher than corresponding values of the 1st and
2nd flap modes at identical mistuning levels. As maximum
localization factors 83.0 % for 1st torsion mode, 70.3 % for
1st flap mode and 61.4 % for 2nd flap mode are found.

At this point the selected medium modal damping value of
D=0.1% reduces the markedness of the local maxima and
minima compared to the eigenmode analysis (see also
chapter 3.5.1 “Effect of Modal Damping”).

Because of the non-symmetric mode shapes in case of mis-
tuned blisks the individual amplitudes differ from blade to
blade. This results in amplitude magnifications for some
blades and also in a minification of amplitudes for other
blades. Figure 18 presents the averaged maximum blade
amplitude magnification for EO 1, 4 and  of the
three fundamental blade modes.
In case of the 1st torsion mode and the 1st flap mode the
maximum amplitude magnifications occur at the local max-
ima at , while the absolute maximum of
the 2nd flap mode occurs at . Over-all,
due to the lower interblade-coupling and the resulting higher
structural isolation forced torsion modes are more sensitive
regarding blade mistuning than flap modes.
It can be summarized that generally mode localizations
steadily increases with higher mistuning levels, while the
maximum displacement amplitude magnification of a slight-
ly mistuned system appears at moderate mistuning stan-
dard deviations.

3.5.1 Effect of Modal Damping
Figure 19 exemplarily presents the context between FRFs
of blade # 6 and normalized excitation frequency in case of
EO 1 in dependence on the modal damping value.

As one can discern, each eigenmode, which includes an ap-
propriate coefficient in their Fourier decomposition, under-
goes a mode localization during excitation. Not only the
resonance peaks decrease with increased damping, but
also adjacent resonance peaks merge in a single wider
peak.
This results in decreasing localization factors (see FIG. 20),
less pronounced local minima and maxima of amplitude
magnification and reduction of the maximum blade dis-
placements (see FIG. 21).
So, high modal damping is the advantageous regarding
mode localization and amplitude magnification. This means
operational conditions with high aerodynamic damping rath-
er result in lower localized blade mode shapes than condi-
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FIG 17. Maximum localization factor of forced response
depending on the first three blade modes;  1st
flap mode,  2nd flap mode,  1st torsion
mode, D=0.1% (Q=500), averaging of EOs 1, 4,
12 ( ) and three artificial sine mistuning
distributions
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FIG 18. Maximum amplitude magnification of forced re-
sponse depending on the first three blade modes;

 1st flap mode,  2nd flap mode,  1st tor-
sion mode, D=0.1% (Q=500), averaging of EOs
1, 4, 12 ( ) and three artificial sine mistun-
ing distributions
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FIG 19. FRFs of blade #6 depending on the damping val-
ue, forced response analysis for EO 1,
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tions with low aerodynamic damping.

3.5.2 Influence of Exciting Engine Order
The probabilistic studies (see FIG. 21) were extended to all
engine orders between 0 and  to determine the ef-
fects of different EOs. Exemplarily the results for 1st flap
mode are shown in Figure 22.

It can be discerned that the maximum blade displacement
appear at low EO excitation. Contrary to this a steady reduc-
tion of amplitude magnification occur up to

. For higher EOs blade amplitudes in-
creases again (see FIG. 23).
At this local maxima resulting from low EO excitations occur
at higher mistuning levels compared to higher EO excita-
tions, which cause maximum amplitude magnifications at
lower mistuning levels.

4. CONCLUSIONS & SUMMARY
Due to the very low structural damping the appearing vibra-
tion modes of blade integrated disks (blisks) are very sensi-
tive to individual blade mistuning. In contrast to the tuned
design model, characterized by similar blade amplitudes for
all blades, a more or less local zoning of the vibration modes
occurs, the so called mode localization.
For a clear and objective comparison of various blisk de-
signs and excitation parameters the localization factor have
been introduced.
Front HPC blisk rotors of the German Engine 3E research
program has been used for the comparison of the vibration-
al behavior of different mode shapes, damping values and
disk stiffness ratios.
The determined localization factors and amplitude magnifi-
cations show, that in general torsion modes of mistuned
blisks have a more pronounced local zoning of vibration
modes than flap modes. These higher sensitivity regarding
blade mistuning, results from a stronger structural isolation
of the adjacent individual blades due to their lower inter-

FIG 20. Maximum localization factor depending on the
damping value, forced response analysis for EO
1, , 1 sine-wave mistuning,
1st torsion mode
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FIG 21. Maximum blade displacement magnification de-
pending on the damping value and mistuning
standard deviation, forced response analysis for
EO 8, probabilistic mistuning samples, 1st flap
mode, Engine-3E-I-HPC rotor 1
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FIG 22. Averaged amplitude magnifications of 1st flap
modes depending on the EO excitation and the
mistuning level, forced response analysis,
D=0.1% (Q=500), Engine-3E-I-HPC rotor 1

FIG 23. Maximum amplitude magnifications of first three
blade modes depending on the EO excitation,
Engine-3E-I-HPC rotor 1, D=0.1% (Q=500)
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blade coupling, which can be characterized using the per-
centage of blades or disk resp. on the whole blisk strain en-
ergy.
The same effect is valid for non-cyclic-symmetric blade
modes, that arose from cyclic symmetry modes caused by
blade mistuning: Modes with lower numbers of (warped)
nodal diameter lines are less sensitive regarding mistuning
than blade modes, that arose of modes with larger numbers
of nodal diameter lines. The different inter-blade coupling of
these blade modes is the causal of this effect.

Generally a decline of mode localization can be observed, if
a disk stiffness is decreased due to design modifications.
Depending on the blisk geometry a slight increase of all ab-
solute blade displacement amplitudes occurs, caused by
the softer fixation of the blades on the disk.

In general, maximum amplitude magnifications of forced vi-
brations appear at moderate mistuning levels for slightly
tuned systems, while the localization of blade modes steadi-
ly increases with higher blade mistuning.

The knowledge of these connections are used for the im-
provement of future blisk design (sensitivity to mode local-
ization, design and/or modification of hub section), the
prediction of maximum blade loads in operation and also
the instrumentation of blisk using strain gauges, especially
the determination of suitable blades for strain gauge instru-
mentation during rig tests (see also Klauke [2005]).
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