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In turbomachinery rotor, there are small differences in the structural and/or geometrical properties of
individual blades, which are referred to as blade mistuning. Mistuning effects of the forced response of bladed
disks can be extremely large as often reported in many studies. In this paper, the pattern optimization of
intentional mistuning for bladed disks considering with intentional mistuning intensity effect is the focus of the
present investigation. More specifically, the class of intentionally mistuned disks considered here is limited, for
cost reasons, to arrangements of two types of blades (A and B, say) and Genetic Algorithm is used to optimize
the arrangement of these blades around the disk to reduce the forced response of blade with intentional

mistuning intensity levels.

1. Introduction tical. But, in practice there are small differences in the
structural and/or geometrical properties of individual

In a dynamic analysis of a turbomachinery rotor, blades, which are referred to as blade mistuning. Much
one traditionally has assumed that the blades are iden— of the vast literature on this topic(”%) has assumed
* School of Mech. and Aerospace Eng., The Institute these differences to be small and to arise either during
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in service wear. The motivation for considering such
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small variations is that their effects of the forced res-
ponse of bladed disks can be extremely large as often
reported in the above studies. Interestingly, the large
sensitivity of the tuned system to these small varia-
tions has been linked® to its high level of symmetry.

In this light, it would appear beneficial to design
bladed disk not to be tuned, namely to exhibit inten-
tional mistuning, to reduce the sensitivity of the forced
response to unintentional mistuning. Certainly, the
consideration of intentional mistuning is not new?
however, in the context of forced response, some
papers(ﬁ)m have only recently investigated the use of
harmonic pattems of mistuning. Recently, the authors
have investigated and identified the effect of inten—
tional mistuning which can significantly reduce the
magnification of the forced response due to uninten-—
tional random mistum'ng(S)'(g).

In this paper, the pattern optimization of intentional
mistuning for bladed disks considering with intentional
mistuning intensity effect is the focus of the present
investigation using the two sets of blades A and B.
Genetic Algorithm is used to obtain the pattern(s) that
yields small/the smallest value of the largest amplitude
of response to a given excitation in the absence of uni-
ntentional mistuning using simple model (one-degree-
of-freedom per blade) of bladed disks.

2. Optimization Approach

In view of the complexity and cost of intentional
mistuning, one should not look simply at set patterns,

“ but rather one

for example the harmonic patterns
should optimize the pattemn to reduce as much as
possible the amplification of the forced response to a
given eXxcitation or set thereof. Accordingly, it was
suggested by authors that the use of intentional mi-
stuning is probably not a standard design tool but
would be very valuable if: (a) it yields a large decrease
in sensitivity to unintentional mistuning, and (b) it
involves a minimum number of types of blades, ideally
9@

Therefore, in this paper, the disk will first be assurmed
to support only two different types of blades (blades A
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and B, say) and their arrangement that yields the
smallest amplification of the forced response will be
sought with different intentional mistuning intensity.
Many sets of blades A and B were selected to change
the intentional mistuning intensity having natural
frequencies lower and higher, respectively, than the
tuned ones (type C) in this paper.

Mistuning also produces a very nonlinear effect on
the forced response. That is, by switching the order of
the blades around the disk, dramatic differences can be
obtained in the variability of the blade-to-blade ampli-
tudes of vibration as exemplified in particular by the
harmonic mistuning analysis of Mignolet et a? 1t
might thus be suspected that there exists a series of
local optima in the complex, high dimensional space
over which the optimization must take place. In this
light, the present optimization effort has relied on the
use of Genetic Algorithm (GA)Y,

3. Simple Genetic Algorithm

GA are particularly well suited for the present effort
because the design variables only admit discrete values
(i.e. a specific blade is only of type A or B), see
References'” for further details. The simple genetic
algorithm (SGA) used here relies on a population of
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Fig. 1 Single—degree—of—freedom per blade disk model
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npop bladed disks each of which is a random arrange-
ment of N genes (the type A or B of the different
blades). Accordingly, each bladed disk can be charac—-
terized by a sequence of N A and B letters, for
example AABBBBAA---, which evolves from one ge-
neration to the next according to the rules of selection,
crossover, and mutation until all the chromosomes
yield essentially similar values of the fitness or objec—
tive function (the maximum amplitude of blade response).

The fitness proportionate selection, the single point
crossover technique and an exponentially decreasing
mutation function was used in the present inves-
tigation. Also, the one elite reservation strategy was
used in this paper according to which the best disk is
retained unchanged from one generation to the next.

4. Simple Bladed Disk Model

To identify the effect of intentional mistuning inten-
sity to optimum pattern of intentional mistuning, the
SDOF per blade model shown in Fig. 1 was first
considered with the coupling stiffness (&, = 45430 M/m)
and damping coefficient (¢ = 1.3814 & « s/m) with only
4 blades was considered in this paper. Specifically,
each of the N blades is represented as a single mass
(m) which is connected to the ground (i.e. the disk)
and the aerodynamic and structural coupling between
blades are modeled by springs(k,) and dashpots(c). In

the sequel, it is assumed that the coefficient vanishes
in this paper. The values of mass (m = 0.0114 kg), and
stiffness (= 430,300 M/m) have already been used in a
previous Investigations to model a high-pressure
turbine stage is used in this paper.

The computations proceeded as follows. The bladed
disk model and engine order of the excitation were
first selected. The SGA described above was then
used to obtain the intentionally mistuned disk formed
of blades A and B such that the maximum of its re-
sponse over the entire frequency range was the smallest
possible.

First, the intentional mistuning intensity to optimum
pattern of intentional mistuning is identified. Many
sets of blades A and B were selected to change natural
frequencies lower and higher, respectively, than the
tuned ones (type C). In analysis, the stiffness of A and
B type blade is selected to have lower and higher than
the tuned ones. For example, in table 1, A(0.9) and
B(1.1) means that A and B have natural frequencies 5
% lower and 5 % higher than C. The optimum pattern
of intentional mistuning is searched with 45430 N/m
(an average to strong blade-to-blade coupling level)
by Genetic Algorithm.

Table 1 shows the comparison of optimization result
by Genetic Algorithm for each intentional mistuning
intensity level with the tune system (all C:1.0682¢-4 m
and all B) in 3™ engine order case.

Table 1 The comparison of optimization result by Genetic Algorithm for each intentional mistuning blade set with the

tune and other mistuning pattern

A Mistuning blade type B Optimum distribution
0.7 13 BBBB = 95817e-5m, ( ABBA = 1.0026e-4 m)
08 12 ABBA = 9.7014e-5m, (BBBB = 991725 m), 9.18 %
09 11 ABBA = 99242e-5m, ( BBBB = L.028e-4m), 7.09%
091 1.09 ABBA = 1.0i86e-4 m, ( BBBB = 1.0326e-4 m)
09125 1.0875 ABBA = 1.026le-4 m, ( BBBB = 1.0305e-4 m)
092 1.08 BBBB = 1.0344e-4 m, ( ABBA = 1.0536e-4 m)
094 1.06 BBBB = 1.0425-4 m, (ABBA = 1.163e-4 m)
0.96 1.04 BBBB = 1.0529¢e-4 m, ( ABBA = 1.2457e-4 m)
0.98 1.02 BBBB = 1.0619¢-4 m, ( ABBA = 1.1438¢e-4 m)
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Fig. 3 Comparison with forced response of optimum,
tuned and other A/B pattern(A:0.9125, B:1.0875)
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Fig. 4 Comparison with forced response of optimum,
tunedand other A/B pattern (A:0.94, B:1.06)

In Table 1, the optimum pattern that yields small/ the
smallest value of the largest amplitude of response to
a given excitation by GA was changed according to the
intentional mistuning intensity (mistuning blade type)
level. The genetic optimization algorithm yielded the
configuration ABBA and BBBB the highest responding

SHIOAKL M10A, H1E, 2007

blade in each mistuning blade type. Figs. 2~4 show the
forced response of optimum, tuned and other A/B
patterns in three mistuning type. As known from Figs.
2~4, A/B patterns have several resonance peak because
the blade symmetry is destroyed by the mistuning,
while the tuned pattern have one resonance peak.

It is also identified that ABBA are better then tuned
and other patterns in case of A (0.9), B (1.1) and A
(0.9125), B (1.0875). But in case of A (0.94) and B (1.06),
BBBB is better than tuned and ABBA. The reason
about the decrease in forced response of the mistuning
pattern than that of tune pattern have been investigated
In many paper(‘l)”(g) but still does not prove clearly.

According to Table 1, in A (0.9), B (1.1) and A (0.8),
B (1.2), the max amplitude of blade is reduced to 9.18
% and 7.09 % than tuned one respectively. So, in this
paper, more detail analysis around the A (09) and B
(1.1) is needed to identify the effect of intentional
mistuning intensity to optimum pattern of intentional
mistuning. Table 2 shows the comparison of optimi-
zation result for intentional mistuning intensity levels
around A (0.9) and B (1.1) with the tune system (all
C and all B) in 3 engine order case.

In Table 2, as the gab between A and B is larger,
all A become worse; max amplitude is increased while
all B and ABBA become good; max amplitude is
decreased. Also, if the gab between A and B is equal,
the larger A or the larger B is better than others. That
means that the max amplitude is more reduced than
tuned one.

5. Summary

The investigation of this paper focused on the
pattern optimization of intentional mistuning for bladed
disks considering with intentional mistuning intensity
effect is the focus of the present investigation using
the two sets of blades A and B. Genetic Algorithm is
used to obtain the pattern(s) that yields small/the
smallest value of the largest amplitude of response to
a given excitation in the absence of unintentional
mistuning using simple model (one-degree-of-freedom
per blade) of bladed disks.
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Table 2 The comparison of optimization result by Genetic Algorithm for each intentional mistuning blade set with the

tune and other mistuning pattern

A B B-A All A All B ABBA Compare | Compare
09 L1 02 | L11%Be-4m | 1028e-4m | 99242%-5m | toalB | toalC
09 + 001091 1.1 + 0.01(L1D 0.2 1.1124e-4m 1.0238e-4m | 98977e-5m 346 % 709%
09 - 0.01(0.89) 11 - 001109 02 1.1201e-4 m 1.0326e-4m | 99536e-5m 332% 734 %
0.9 + 0.01(091) 1.1 - 001(1.09 018 1.1124e-4 m 1.0326e-4m | 1.018e-4 m 36% 6.82 %
09 - 0.01(0.89) 1.1 + 0.01(1L.1D) 0.22 1.120le-4 m 1.0238e-4m | 97272e-5m 1.36% 464 %
09 + 0.02(092) 1.1 + 0.02(1.12) 0.2 1.1078e-4 m 1.0209e-4m | 98468-5m 499% 8M %
09 + 0.02(092) 11 - 002(1.08) 0.16 1.1078e-4 m 1.0344e-4m | 1.0536e-4m 355% 7.82%
09 - 002088 1.1+ 002(1.12) 0.24 1.1273e-4 m 1.0209e-4m | 95777e-5m -1.86% 1.37%
09 - 0030087 1.1 + 0.03(1.13) 0.26 1.1332e-4 m 1.0153e-4m | 94605e-5m 6.18 % 1034 %
0.9 + 0.008(0.908) 1.1 + 0.008(1.108) 0.2 1.1112e-4m 1.0252e-4m | 9874le-5m 6.82 % 1144 %
09 - 0.012(0838) | 1.1 - 0.012(1.083) 0.2 1.123%-4 m 1.032e-4 m 9.9855e-5 m 369% 7.56 %
09 + 0.01(091) 11 - 0008(1.092) | 0182 1.1124e-4m 1.0307e-4m | 10147e-4m 324 % 6.52 %
09 - 0.008(0.892) 11 + 0.01(L11) 0.218 1.1215e-4 m 1.0238e-4m | 97473e-5m 155% 50%
Through the optimization, it is found that the Students in Regional Innovation.
optimum pattern that yields small/the smallest value of
the largest amplitude of response to a given excitation References

by GA was changed according to the intentional
mistuning intensity (mistuning blade type) level. The
genetic optimization algorithm yielded the configura-
tion ABBA and BBBB the highest responding blade in
each mistuning blade type in Table 1. Also it is
identified that the gab between A and B is larger, all
A become worse (namely, max amplitude is increased)
while all B and ABBA become better (namely, max
amplitude is decreased). If the gab between A and B
is equal, the larger A or the larger B is better than
others, namely, the max amplitude of blade is more
reduced than tuned one in Table 2. Therefore, the effect
of intentional mistuning intensity should be considered
to optimize the intentional mistuning pattern which can
reduce the forced response in blade.

Acknowledgements
This study is supported by Second-Phase of BK21

Project, New University for Regional Innovation (NURI)
Project and the Program for the Training of Graduate

18

(1) Kaza, KR.V. and Kielb, RE, 1984 “Flutter of
Turbofan Rotors with Mistuned Blades,” AIAA
Journal, Vol. 22, No. 11, pp. 1618~1625.

(2) Kaza, KR.V. and Kielb, RE, 1985, “Vibration
and Flutter of Mistuned Bladed-Disk Assem-
blies,” Journal of Propulsion, Vol. 1, No. 5, pp.
336~344.

(3) Wei, S. T. and Pierre, C., 1988, “Localization
Phenomena in Mistuned Assemblies with Cyclic
Symmetry — Part I: Free Vibrations,” Journal of
Vibration, Acoustics, Stress, and Reliability in
Design, Vol. 110, No. 4, pp. 429~438,

(4) Mignolet, M.P. Hu, W. and Jadic I, 2000, “On
the Forced Response of Harmonically and
Partially Mistuned Bladed Disks. Part I: Har—
monic Mistuning,” International Journal of
Rotating Machinery, Vol. 6, No. 1, pp. 29~41.

(5) Mignolet, M.P., Hu, W. and Jadic 1, 2000, “On
the Forced Response of Harmonically and Par-
tially Mistuned Bladed Disks. Part II' Partial

SMIHMLE H10A, H1E, 2007



Mistuning Intensity Effect to Optimization of Mistuning pattern for Bladed Disk

Mistuning and Applications,” International Journal
of Rotating Machinery, Vol. 6, No. 1, pp. 43~56.

(6) Castanier, MLP. and Pierre, C., 1997, “Predicting
Localization via Lyapunov Exponent Statistics,”
Journal of Sound and Vibration, Vol. 203, No. 1,
pp. 151~157.

(7) Castanier, M.P. and Pierre, C., 1998, “Investi-
gation of the Combined Effects of Intentional
and Random Mistuning on the Forced Response
of Bladed Disks,” Paper AIAA-98-3720.

(8) B. K. Choi, 2003, “Pattern Optimization of Inten-
tional Blade Mistuning for the Reduction of the
Forced Response Using Genetic Algorithm,”

SHAAXML M10A, M1E, 2007

KSME International Journal, Vol. 17, No. 7, pp.
966~977.

(@) B. K. Choi, J. Lentz, A. J. Rivas-Guerra and M.
P. Mignolet, 2003, “Optimization of Intentional
Mistuning Patterns for the Reduction of the
Forced Response Effects of Unintentional Mis-
tuning: Formulation and Assessment,” ASME
Journal of Engineering for Gas Turbines and
Power, Vol. 125, No. 1, pp. 131~140.

(10) Gen, M. and Cheng, R., 1997, “Genetic Algori-
thms & Engineering Design,” New York, Wiley~
Interscience.

19



