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Optimization of Intentional Mistuning for Bladed Disk :
Damping and Coupling Effect
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ABSTRACT

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 damping and coupling 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 and steepest descent method are used to optimize the arrangement of these blades around the
disk to reduce the forced response of blade with different damping and coupling stiffness. Examples of
application involving both simple bladed disk models and a 17-blade industrial rotor clearly demonstrate
the significant benefits of using this class of intentionally mistuned disks.

2 %

B H 7)Ao A mistuning> 733, 7|88 SHAM 9 bladedt blade Aol v 2% EAA}0)E <n)
&4, blade®] Alga#golt 2 F #AsE viRe] Folof 23] WAFTT daA Uk BladertoloiA
WA sk ole| gk W&t o7t A HF Al ofF & FEAFE o] Al F AuE AMe) o =R E
o)) &olE At FHLolE Z3 B9 intentional mistuning® B& ARR-sle] A L AL Zo] WA EE
unintentional mistuning®ll |3} blade®] ZHAAEF &S £Y F dvhs 77 H2 AT ] B =8
AME F 7FA Fele) blade(A9t B)E AH2-3lZ, bladeZ 49} coupling &#E Z# 38l bladed disk®) 7+
ANETHE £Y 7 T intentional mistuning®] HHWEARE AFAT ¢xeEY U FaL e
%3} steepest descent®-& ©-&3te] 7822 3t} 22]3 B4 bladed disk$} 17-bladeE © A A ZE 9
FX A ¥8le] intentional mistuning® bladed diske] ©]4-& ZwstE . g}

T AQAZ AR, st Z1 AR e, S aTA 1

. . Introduction
E-mail : bgchoi@gsnu.ac kr,

Tel : (055) 640-3059, Fax : (055) 640-3188 _
Q39 AN S AR, s aATs In a dynamic analysis of a turbomachinery rotor,

#

o 00 0

e X B o one fraditionally has assumed that the blades are
o] EHEX 2004FA s go M Y REFOR FH . .
Hoe identical. But, in practice there are small

AT ESSeE =2 /A 15 A 45, 20059/ 429




ByeongKeun Choi and WonChul Kim

differences in the structural and/or geometrical
properties of individual blades, which are referred
to as blade mistuning. Much of the vast literature
on this topic“‘S) has assumed these differences to
be small and to arise either during the
manufacturing process and/or as a consequence of
in service wear. The motivation for considering
such small variations is that their effects of the
forced response 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 variations 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
intentional mistuning, to reduce the sensitivity of
the forced response to unintentional mistuning.
Certainly, the consideration of intentional mistuning

. 1.2 .
is not new'™” however, in the context of forced

67
response, some papers( )

investigated the wuse of harmonic patterns of

have only recently
mistuning. Recently, the authors have investigated
and identified the effect of intentional mistuning
which can significantly reduce the magnification of
the forced response due to unintentional random
mistuning.m

In this paper,
infentional mistuning for bladed disks considering

the pattern optimization of

with damping and coupling effect is the focus of
the present investigation using the two sets of
blades A and B. Genetic Algorithm and steepest
descent method are 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 and a 17-blade industrial rotor.

2. Optimization Approach
In view of the complexity and cost of intentional

mistuning, one should not look simply at set
patterns, for example the harmonic patterns T out

rather one should optimize the pattern to reduce as
much as possible the amplification of the forced
response to a given excitation or set thereof.
Accordingly, it was suggested by authors that the
use of intentional mistuning is probably not a
standard design tool buf 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 2.(8)
Therefore, in this paper, the disk will first be
assumed to support only two different types of
blades (blades A their
arrangement that vields the smallest amplification
of the forced
different coupling stiffness and damping. The two

and B, say) and

response will be sought with
sets of blades A and B were selected to have
natural frequencies 5% lower and 5% higher,
respectively, than the tuned ones (type C) in this
paper.

The process described above has some rather
dramatic computational implications. Indeed, for
each mistuning pattern considered, it requires the
determination of the largest amplitude of blade
response that can be observed on a disk
exhibiting  both
mistuning. At this point in time, however, reliable

intentional and unintentional
estimates of this largest amplitude can only be
obtained by Monte Carlo simulations that are so
computationally expensive that they can only be
performed after a problem has been detected and
on very simple dynamic models of the bladed disk.
Accordingly, a straightforward application of the
proposed optimization strategy could only be done
for very simple bladed disk models. It was thus
proposed to proceed slightly differently by: (1)
performing the optimization in the absence of
unintentional mistuning, and (2) obtaining a
qualitative/quantitative estimate of the sensitivity
of a given intentionally mistuned disk to additional
unintentional random mistuning.(g) In this manner,
the optimization effort as step (1) requires only
one forced response evaluation per intentionally

mistuned disk considered, as opposed fo an entire
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population.

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 amplitudes of vibration as
exemplified in particular by the harmonic
mistuning analysis of Mignolet et al't It 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)™.
3. Simple Genetic Algorithm

GA are particularly well suited for the present
effort because the design variables only admit
discrete values {ie. a specific blade is only of type
A or B), see References (9.10) for further details.
(SGA) used here
relies on a population of #pe bladed disks each of

The simple genetic algorithm

which is a random arrangement of N genes (the
type A or B of the different blades). Accordingly,
each bladed disk can be characterized by a
A and B letters,

which

sequence of N for example

AABBBBAA--, evolves from  one

generation to the next according to the rules of
selection, crossover, and mutation until all the
chromosomes yield essentially similar values of the
fitness or objective 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
Also, the one elite
paper

is retained

present  Investigation.
reservation strategy was used in this
according to which the best disk

unchanged from one generation to the next.

4. Simple Bladed Disk Model

To identify the effect of coupling stiffness and

damping to optimum pattern of intentional
mistuning, the SDOF per blade model shown In
Fig. 1 was first considered with four values of the
coupling stiffness (k.= 5000, 8606, 20000 and 45430
N/m) and three values of damping coefficient
(¢=0143, 04, 09 N-s/m) with only 12 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 (ie. the disk)
coupling

and the aerodynamic and structural

between blades are modeled by springs (k) and

Table 1 The comparison of optimization result by Genetic Algorithm for each coupling stiffness
level with the tune and other mistuning pattern

Coupling stiffness Tune system Optimum solution o
(N/m) (all C) by GA Other pattern
. ] All A © 11787e-3m. All B © 1.0684e-3m
5,000 Ligle-dm | PA%8 L LOAEIM TR s 130703 m, 3A3B ¢ 108le-3m
L7 4A2B : 1204le-3m
o ] All B : 1.056le-3m. 2BA : 1024%-3m
8.606 1.10434e-3 m ZAZB(§§409/1)26 3m 3A3B : 1.06le-3m,
R CDCBAB : 1lle-3m
. ] All A : 1.1139%e-3m, All B : 1.019e-3m
20,000 Lo6e-3m | PAPB. BWEAM AR p0a7e-3m, 3A3B : 106%8e-3m
4 4A2B : 84922e-4m
. ] All A ¢ 1.0289e-3m, All B : 956156-4m
15430 99167e-4m | (AP [ TITOCTIM | a0 8517304 m, AZB : 842270e-4m
on 5A7B : 9.113%-4 m
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dashpots (¢). In the sequel, it is assumed that the
coefficient vanishes in this paper. The wvalues of
(m=00114kg), and stiffness (k= 430,300
have already been used

mass
N/m)
investigations fo model a high-pressure turbine

iIn a previous

stage is used in this paper.

The computations proceeded as follows. The
bladed disk model of the
excitation were first selected. The SGA described

and engine order

above was then used to obtain the intentionally
mistuned disk formed of blades A and B such
that the maximum of its response over the entire
frequency range was the smallest possible. First,
the coupling stiffness effect to optimum pattern of
intenfional mistuning is identified. The value of
the damping coefficient ¢ was set to 0.143
N-s/m(approximately, 0.1 % of the critical value)
and the two sets of blades A and B were selected
to have natural frequencies 5% lower and 5%
higher, respectively, than the tuned ones (type
C). In analysis, the stiffness of A and B type
blade is selected to have 10 % lower and 10 %
higher than the tuned ones. The optimum pattern
of intentional mistuning is searched with k. =5000,
8606, and 20.000 N/m (weakly coupling system)
and 45430 N/m
to-blade coupling level)

(an average to strong blade-
by Genetic algorithm.

Bt 5 Fa
ok kb
H A A wi
K ¢ ka1
ﬂj— "5 ﬂ:}— " ﬂj— el
b P
%j-1 % X+l

F}=E)COS a)t+w
N

m;=00114 kg, %=430,300 N/m, ¢=0.143 Ns/m,
N =12blades, Fo=1N, r=4, k : normal distribution of
mean k and standard deviation o

Fig.1 Single-degree-of-freedom per blade disk
model

Table 1 show the comparison of optimization
result by Genetic Algorithm for each coupling
stiffness level with the tune system (all C) and
other possible mistuning pattern in 4™ engine
order case.

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 coupling stiffness level.
The genetic optimization algorithm vielded the
configuration 7A5B the highest responding blade
of which experiences an amplitude of vibration of
0.79 times (reduced amplitude about 19.56 %) the
tuned value in strong coupling level while 2A2B is
searched as optimum pattern in weakly coupling
level. The largest amplitude on the disk can be
reduced by up to 21.1 % by using a disk with an
A/B blade pattern as opposed to a tuned one.

Fig.2 and 3
optimum, tuned and other A/B patterns with 4=
8606 (weakly coupling system) and 45430 N/m
(strong coupling system). The notation 3A3B
refers to disks formed of 2 groupings AAABBB or
(AAABBB)2 and similarly 2Bl1A represents
(BBA)4. It is identified that 2A2B(weakly
coupling and 7A5SB(strong
system) then tuned and harmonic
patterns in an amplitude of vibration.

shows the forced response of

system) coupling

are better
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Fig. 2 Comparison with forced response of
optimum, tuned and other A/B pattern
(k:=45430 N/m)
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Now, the damping coefficient effect to optimum
pattern of intentional mistuning is identified. The
value of the coupling stiffness k- was set to 45,430
N/m and the two sets of blades A and B were
also used. The optimum pattern of intentional
mistuning is searched with ¢=0.143, 0.4 and 0.9
N-s/m by Genetic Algorithm, Table 2 show the
comparison of optimization result by Genetic
Algorithm for each damping coefficient with the
tune system (all C) and other possible mistuning
pattern in 4 engine order case.

The optimum pattern by GA was changed
according to the damping coefficient in Table 2.
The GA vyielded the configuration 7A5B in
damping coefficient ¢=0.143 and 0.4 while 2A2B
pattern in damping

is founded as optimum

1.2
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Fig. 3 Comparison with forced response of
optimum, tuned and other A/B pattern
(k.=8,606 N/m)

coefficient ¢=09N-s/m. But in case of ¢=09
N-s/m, the largest amplitude of forced response
for optimum pattern by GA, 2A2B have a little
bit smaller than that of 7A5B pattern.

5. Application to an Industrial Rotor

A 17 bladed centrifugal compressor was selected
to exemplify the optimization strategy described
above to an industrial rotor. The compressor
considered is an Auxiliary Power Unit (APU) load
compressor with upstream inlet guide vanes
(IGV's). The blisk rotor is known to be subjected
to a strong upstream disturbance from the IGV's
that excites the 5" characteristic blade mode.
Accordingly, it is with this excitation that the
optimization was conducted

The finite element model shown in Fig. 4 was
built using cyclic symmetry and consisted of
17474  eight-noded
Specifically, the airfoil and disk portion of the
required 24,900 and 41,844 degrees-of-

freedom, respectively.

solid elements per sector.

model

The objective of the present application was to
evaluate the benefits of intentional mistuning in
reducing the sensitivity to random mistuning of
the response of the rotor to the IGV engine order
(=14). The
represented as a single unit load located along the

excitation external loading was

leading edge of the airfoil and normal to the

Table 2 The comparison of optimization result by Genetic Algorithm for each damping coefficient
with the tune and other mistuning pattern

Damping coefficient | Tune system Optimum solution
(N-s/m) (all C) by GA Other pattern

‘ ] All A ¢ 1.0289%-3m, All B : 95615e-4m

0.143 9.9167e-4m 7ASB(1'9%§7OZ§S Am | 5A9B 1 B5173e-dm. AZB © 842271e-dm
0 5A7B @ 9113%-4m

. ] All A : 3687%-4m, All.B : 34187e-4m

04 3546le-4m 7A5B(1’7%§1§7)e dm o opoR 1 31084e-4m. 1A2B : 3.1023e-4 m
o0 5A7B : 35063e-4m

. ] All A : 16396e-4m. All B : 151%4e-dm

09 1.5761e-4m ZAZB(Q&‘E;EZ)‘? 4m | AoB  145567e-4m. SATB : 175156-4m
R 7A5B : 1.4399%-4m
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surface of the blade. This excitation is clearly a
simplification of actual engine conditions in which
the blades are subjected to unsteady pressure
loads. Structural damping was estimated from test
data and used in the forced response calculations.
Finally, the viscous damping associated with the
blade/air interaction was not considered.

The effects of intentional mistuning on the
maximum forced response of the rotor were
considered. Following the previous discussion, this
analysis was Initially done  without any
unintentional mistuning and only patterns of two
blades were considered. While blade “C”

“A” was

always
corresponded to a tuned one, blade
softer than tuned, ie. with a Young's modulus
reduced from its tuned counterpart by 2.5 %, 5 %,
75 %, and 10 %. These changes in blade stiffness
can be construed as originating from a uniform
distribution with standard deviations of 0.72 %,
144 %, 216 %, and 2.88%. The combination of
steepest descent
algorithms, as available in ANSYS, was used to

subproblem approximation and

obtain the optimum patterns of the A and C
blades.

The optimized pattern corresponding to the 7.5
1.e2CAC3A2C8A, was
used to estimate the sensitivity of the response of

% decrease in stiffness,

such intentionally mistuned disks to random

(unintentional) mistuning. The results, see Fig. 5,

clearly show that this pattern has a much reduced

Fig.4 Single sector

of the

model
17-blade centrifugal compressor rotor

structural

sensitivity to unintentional mistuning as compared
to the tuned (all C) disk for low values of the
standard deviation of mistuning. When the level of
unintentional mistuning becomes comparable to its
the benefits
different blades becomes substantially reduced but

intentional counterpart, of using
no worsening has been noted. Also, the standard
deviation of unintentional mistuning at which the
maximum magnification occurs tends to be pushed
toward higher levels in Fig.5. It occurs at 05
%~1% without intentional mistuning and at 25
%~35 % with intentional mistuning which creates
an additional benefit when the variability of the
frequencies of the manufactured blades is low.

That is, the response penalty for achieving very

+ - Tuned
© - Optimized 2-Blade

8

99.50% Percentile

50.00% Percentile

Amplitude Magnification

0.50% Percentile

0 001 002 003 004 005 006 007 008 009 01 0.11
D of F i ing (% of Tuned)

Fig.5 Sensitivity of the tuned and optimized
intentionally mistuned disks to unintentional
random mistuning

o Optimized 2-Blade
+  1/rev
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iy

Amplitude Magnification

0.50% Percentile

~

0.8

o 0.01 0.02 0.03 0.04 0.05 0.06
Standard Deviation of F y Mistuning (% of Tuned)

Fig. 6 Sensitivity of the optimized and some
harmonically intentionally mistuned disks
to unintentional random mistuning
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tight manufacturing control of the geometric
parameters of the airfoils has been substantially
reduced.

As a final assessment of the benefits of the
optimized pattern, a comparison of the above
results with those produced with approximate 1
and 3 per rev arrangements of A and C blades
(ie. 9C8A and 3C3A3C3A3C2A, respectively) is

shown in Fig. 6.

6. Summary

The investigation of this paper focused on the
pattern optimization of intentional mistuning for
bladed disks
coupling effect using the two sets of blades. Two

considering with damping and

different optimization algorithms, one based on
steepest descent and one genetic algorithm, have
been tested and shown to perform well in finding
the A/B pattern yielding the smallest maximum
response in the absence of unintentional mistuning
using simple model (one-degree-of-freedom per
blade} of bladed disks and 17-blade industrial
rotor,

Through the optimization, it is found that the
optimized pattern considering with damping
effect and coupling effect may or may not
appear as variations of simple harmonic patterns,
the patterns 7ALB, 2A2B on the 12-blade disk
distorted 1, 2, 3, and 4
harmonics of mistuning but the distortion plays

may appear as

an important role in reducing the amplitude
magnification. Further, the 2CAC3A2C8A arrange-
ment obtained in connection with the 17-blade
industrial rotor is not close to any specific
harmonic pattern. It would appear that patterns
of two blades close to simple harmonics are in
general less robust to unintentional mistuning
than those that are not.

According to the sensitivity of the response of
disks  to

mistuning, the standard deviation

intentionally mistuned random

(unintentional)

rok

of unintentional mistuning at which the maximum
magnification occurs tends to be pushed toward
higher levels, That is, the response penalty for
achieving very tight manufacturing control of the
geometric parameters of the airfoils has been
substantially reduced

Also it is identified that the optimum pattern of
mistuning by GA was changed

according to the coupling stiffness and

intentional
level
damping coefficient in Table 1 and 2. Therefore,
the effect of coupling stiffness and damping
coefficient should be considered to optimize the
intentional mistuning pattern which can reduce the
forced response in blade.
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