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What is Mistuning?

Why does Blade x break?

® Local Production Error?
* Local Material Error?

* Local Overload?

* Local Erosion?

* Non cyclic System due to

* Allowed Production Tolerances
* Small Erosion

- Mistuned System
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Model Order Reduction

Cyclic Reduction

P— Ie—ja(i—l)(k—l) \
x = Pq
P*'MPg + P*'CPq+P*'KPq=P"F
Mx 4+ Cx+ Kx=F \Modal Reduction l
X = Pq

' MbGg+ ' CPG+ P KPq=d*'F
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Aero Mechanic - Reduced Oder Model

Frequency, Hz

Campbell Diagram

1 Operating Range |
I EE—

Engine Rotation Speed, RPM

v

Pressure Ratio

Flutter Margin /;;gae,‘x
(0

» | choke Point |

Mass Flow Rate

Blade Flutter

© 2015 ANSYS, Inc. June 28, 2016

Aerodamping

J

h

mX+(c+cC

aero

Forced Response

)X+ (k+Kk

aero

)x=F(t)
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Aero Mechanic - Mistuning

BT -
Apn|= [AP]7! [tf:] l K, ®,
Cyclic Modes are approximated

by cantilevered Modes->Modal
Participation Factors q

1 A - A .
—PI+ i Kﬁ + ﬁg) AS + a1] +A* + Z dn Qqn + K, $ac™t = Z Pl po®f Fel®t=1) 4 it

Py e U

Excitation Reduced Single sector

frequency mass Reduced Reduced Mistuning Aero Projection to engine order
damping stiffness terms stiffness modal space forcing
and expansion
from cyclic
domain
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SEt-Up « Reference=Mean Value=0, i.e. Tuned
'+ 22 Blades = 22 Random Variables
Parametertype  Referencevalue  Constant  PDF Type  Mean St Del 0 nc
\ Mssecorlsocsic [ rE Standard Deviation=0.1% 1.0% 10% 100%
> Mist.Sec.02 Stochastic 0 NORMAL 0 01 ° DoE Wlth 400 and 800 dps
3 Mist_Sec_03 Stochastic 0 NORMAL 0 01
4 Mist_Sec.04 Stochastic 0 NORMAL 0 01
3| MisSor 05| Sochusic 0 w0 e Objective: Variation of Meximal Stress
6 Mist Sec_06 Stochastic 0 NORMAL 0 01 —
7 Mist_Sec_07 Stochastic 0 NORMAL 0 01 100%
8 Mist Sec_08 Stochastic 0 NORMAL 0 01 100%
9 Mist Sec 09 Stochastic 0 NORMAL 0 01 100 %
10 Mist Sec 10 Stochastic 0 NORMAL 0 01 100.%
11 Mist_Sec_11 Stochastic 0 NORMAL 0 01 100 %
12 Mist Sec_12 Stochastic 0 NORMAL 0 01 1007
13 Mist Sec_13 Stochastic 0 NORMAL 0 01 100
14 Mist Sec 14 Stochastic 0 NORMAL 0 01 100
15 Mist_Sec_15 Stochastic 0 NORMAL 0 01 100
16 Mist_Sec_16 Stochastic 0 NORMAL 0 01 100 ¢
17 Mist_Sec_17 Stochastic 0 NORMAL 0 01 100 %
18 Mist Sec 18 Stochastic 0 NORMAL 0 01 100% _
19 Mist Sec 19 Stochastic 0 —_— - = B
20 Mist_Sec_20 Stochastic 0 N h R‘Dbustnm m .
21 Mist Sec 21 Stochastic 0 N'-l,_vl Metamodel of Optimal Prognosis (MOF)
22 Mist Sec 22 Stochastic 0 N
ge ) v
WhichiBladesH* & * * & »=@* ~—— &
_ .
Text Input Batch Scrupt . F'nstprn:ess;mg MOP

have deominamnt
IMpPACt222
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Meta Modell of Optimal Prognosis

Increasing Coefficient of Prognosis

Std. Dev. &

= 0,

Polynomiol regression of MaxAtSectors8640_Max
Coefficient of ragnasis =

0ssas
0.5935
05925 -
0.5915

0.5905

Polynoml reqression of MaxatSectors640_Max
Coefficient of Prognosis =

0.595
0.594
0.593 -
0.592 -

0.591 -
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Important Parameters

Impoenrtant
Rarametens
notidetected

]

cie

creasing Coeffi

prepenly!!
Std. Dev. & Std. Dev. & Std. Dev. & Std. Dev. & WV HYa2:2

CoP=33 CoP=22 CoP=22 CoP=1

Coefficients of Prognasis (using MaP)
full modlel Cop = 22 %

Coefficients of W%qonus\s (uslr;z MoP) Coefficients of ""’c'i',""“ (usw;z MoP)
full model: CoP = 33 full model: CoP = 22 o T TNPUT: Mist Sec_21 T ] Coctfiments of Progosis (us n MoP)
- . . : . - ; =2 Hia iients of Prognosis (us pg Mol
INPUT: Mist_Sec 21 ] E] TNPUT: Mist_Sec_21 INPUT! Mist. Sac_20 ull mocel: Co = L%
INPUT: M 2
PUT: Mist_Sec_20 TNPUT: Mist_Sec_20 w INPUT: Migt_Sec_02 B
5 INPUT: Mist_Sec_12 1 o INPUT: Migt, Sec 02 2 INPUT: Mist Sec 04 .
E INPUT: Mist_Sec_06 E INPUT: Mist_Sec 04 E“‘-‘ INPUT: Mist Sec_13 1z - 400 Desi n
E‘D INPUT; Mist_Sec_08 ] Fo INPUT: Mist_Sec_13 5 INPUT: Mist. Sec_22 g F g
TNPUT: Mi 14 ] = £
5 PUT: Migt Sec._ E TNPUT: Mist_Sec 22 5 AT 13t Sec 03 I
2. f 4 : "
B INPUT: Mist_Sec_05 ;« INPUT: Mist_Sec 03 = INPUT: Migt Sec_06
Z INPUT: Mist_Sec_01 2 t
FUT: Mist_Sec_O INPUT: Mist_Sec_06 ~ INPUT: Mist_Sec_17
~ INPUT: Mist Sec_15 1 ~ INPUT: Mist_Sec_17 INPUT! Mist Sec_ 08
INPUT: Mist_Sec 07 INPUT: Mist_Sec_03 . %
L 4% L L 4% L 0 20 40 60 80
0 20 40 60 80 a 20 40 60 80 CoP [%] of OUTPUT: MaxAtSectors8640_Max
CoP [%] of QUTPUT: MaxAtSectors8640_Max CaP [%)] of OUTPUT: MaxAtSectors8640_Max
CoP=35 CoP=35 CoP=
P= P= oP=
Coefficients of Prognasis (ysing MoP)
Coeficents of Prognosis (ysing MoP) Coeffcients of Prognasis {using MoP) e el e (42
full model: CoP = 35 full model: CoP = '35 % o T TNPUT: Mist_Sec_22 T
=3 T INPUT: Mist_Sec_12 T T T -
5 5 sec 1 e INPUT: Mist Sec 12 . TNPUT: Mist_Sec_03 - bUT: Mist_Sec_15
TNPUT: Mi 11 i iwm
PUT: Mist_Sec_ INPUT: Mist Sec_11 o INPUT: Mist Sec 15 1%
o INPUT; Mist Sec 16 14 INPUT: Mgt Sec_16 -2 INPUT: Mist Sec 05 E .
2 INPUT: Mist Sec 21 2 i
: e : £, S, g : b o g 800 Design
: ) = Se : .
E‘D INPUT: Mist_Sec_04 1 ge INPUT: Mist, Sec_04 g INPUT: Mist_Sec_08 2 1%
TNPUT: M 4 INPUT: Mi = 5
2 PUT: Mist_Sec_08 z UT: Mist,_Sec 08 EN INPUT: Mist_Sec 11 g
2 INPUT: Mist_Sec 02 = INPUT: Mist_Sec_02 g 3% S
s 3% ] = INPUT: Mist_See_15 = X
= INPUT: Mist_Sec_14 = INPUT: Mist Sec_14 - INPUT: Mist_Sec 09
T ~ INPUT: Mist,_Sec_20 1%
: INPUT: Mist_Sec 07
~ INPUT: Mist_Sec_07 1 0~ i erwg _09 U i S 02
INPUT: Mist Sec 09 + Migtgpec ! L L
EL S , . E L , o 30 T w0 30 20 40 60 a0
CoP [%] of OUTPUT: MaxAtSectors8640_Max CoP [%] of QUTPUT: MaxAtSectors8640_Max

20 a0 0 a0 20 40 60 80
CoP [%] of QUTPUT: MaxAtSectors8640_Max CoP [%] of OUTPUT: MaxAtSectorsB640_Max
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Apply Best-Practice Guide Lines

Number of Design Points for Meta-Model
depends on:

* Number of important Parameters

* Nonlinearity of Response Surface

Reason for small Coefficient of Prognosis:
* Parameterization Input (TWC vs. discrete)

* Parameterization Output (Scalar, Signal, Field)

* Number Design Points

* Number of Input Parameter

© 2015 ANSYS, Inc. June 28, 2016 _ il | ;,’II/};;{/////%%*A\\\: '

Objectivertor
Meta:Model:

Maximall
Cloefficientiof:
Rrognosis




Parameterization — Input

Mistuning Patter= ‘

[ Fourier Series ‘

) Direct Input ‘

Mistuning Parameter

1712 2.2
Sector \

R170 Rotor67 MIST optisLang03—Harmcnic Response (D5)

+Fourier Sieries: \/

* Independent of #Blades
* Parameter Reduction

* High Flexibility

* 100% accurate

1.50

-1.50
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Parameterization — Input as Fourier Series

'Mistuning Patter ‘ Imperfection Wave ‘
N=2

N=3 N=4

Parameters per Imp-Wave: ﬁ\ /—\

 Amplitude

* Phase Position: + ) + !
* N=1:0-360°> [0-1] K T SEEC T Sk
« N=2:0-180° > [0-1] \ /
« N=3:0-120° - [0-1] NPy N
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Simulation — Results

June 28, 2016
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Parameterization — Output

 Scalar

) Response @ Ti
— Global Maximum P R

Node @ Resonance
for Blades

uy

— Local Maximum @ Blades i

e Signal

— Local Maximum @ Blades

7 13 19

4 10 16
Sector Mumber

22

&% Signal plot [ @] =]

channel 0 of signal UY_MAX_IFREQ

o [1e-8]

- Frequency Rewsponse @ Node

* Field 2 SoS

— Value @ Surface
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Investigation: Number of Design Points

\ Coefficient of Prognosis 1 —o—Blade 1

—@—Blade 2

0.8

—8—-Blade 3
—0—Blade 4
—8—1Blade 5

—@—Blade 6
—8—Blade 7
0.7
Blade 8

| - —8—Blade 9
= . o) | o Blade 10
Expected Behaviour | o ...
. —8—Blade 12
Monotonic convergence o Bide 13

of CoP with increading —e—Blade 14
#Design Points —e—Blade 15

—0—Blade 16

0.6

0.5

0.4

—8—Blade 17

0.3 —8—Blade 18

0.2
0 500 1000

—8—Blade 19
Blade 20
—8—Blade 21
1500 2000 2500 3000
—@—Blade 22

#Design Points
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Investigation: Number of Input Parameters

* Parameter Reduciton

e CoP wrt:

— #lmperfection Waves

 Amplitudes 035
* Phase
— #Design Points

* Increased with Imp. Waves

© 2015 ANSYS, Inc.

100% | Coefficient of Prognosis [

Expected Range

0.85

0.8

#Design Points
100 200 200 400 1200
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6

INFUT parameter,

Parameter Impact & Response Surface

| Phase is more
MoP is Phase 4 | Important than

Shifted! i —

ed Istropic Kriging of usumUZ MOP generated Isotropic Kriging of usumo3
S Coeticient of Prognosss = Coefficient of Prognosis =

Blade 3

MOP generated Isotropic Kriging of usumoy
Coefficient of Prognosis =

Blade 1

c c
& &
5 5
c
2 S 8
5 » o
o - -
b2y P %
L 3
L7
ll
0.2 e
047
MIST 0.6
" Phag
< g, 08
Coefiiants o Prosnosis (using MOP) Coeflcients of Pregnasis (using MOP) Coflients o Proonosts (using MOP)
full medel: CoP = full model: CoP = full medel: CoP

INPUT : MIST_Amplitude_ARGL . INPUT : MIST_Amplitude_ARG1 ] INPUT : MIST_Amplitude_ARG1
7o % 5%
INPUT @ MIST_Amplitude ARG3 INPUT : MIST Amplitude ARG2 INPUT : MIST_Amplitude ARG2
T 8% T4
INPUT ; MIST_Amalituce_ARGZ ° INPUT : MIST_Amplitude_ARG3 1 © INPUT ; MIST_Amplitude_ARG4
7% 5 g% 5 o
@ g
- INPUT : MIST_Amplitude_ARG# E - INPUT : MIST Amplitude_ARG4 E INPUT : MIST Amplitude_ARG3
: MIST Phase ARGL Se : MIST Phase ARGL 1 Se ! MIST Phase ARGL
22 % % 22 % ; 21 %

MIST Py

Bse_ARG2
R

MIST ph
23 %

: MIST_Phase_ARG2 ase_ARG2
B%

MIST Phase_ARG3 : MIST_Phase_ARG3 MIST Phase_ARG4
26 % 2% 24 %

| MIST_Phase_ARG4 : MIST Phase_ARG4 | MIST Phase_ARG3
29 % 28 5% 25 %

) 50 a0 60 a0 60
CoP [%] of OUTPUT : usum0i CoP [%] of OUTPUT : usumD2 CoP [%] of OUTPUT : usum03
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Investigation: Number of Input Parameters

* Parameter Reduciton

e CoP wrt:

— #lmperfection Waves

* Phase

— #Design Points

* Increased with Imp. Waves

© 2015 ANSYS, Inc.
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Robustness Evalution

(1-4)

PUT : MIST_Amplitude_ARG2

2x4 Parameter,
100 Design
Points

@f’_’i |

Path to F-CoP raw dataF-CoP raw data to MOP

MOP to -MOP  SoS - Postprocessing

Nominal
Exsitation
Response

Modal Coordinate

Probability

Imperfection Phase 2




Imperfection Shapes - Statistic on Structures "'!/
\ ot

shape[1] i
creation time 2016-06-07 11:30:50 -J0e- YA
Lo s : ¢ Shape[l] _
minimum value -0.000365302 -7 .87e-l / A\
maximum value 0.000427616 -2.18e- \ g\
variation (absolute) 0.00039468 -3 5Be-| R Shape [2]
variation (relative)  17.4165% -4 93¢-| )
variation (cumulative) 17.4165% EI0W % g
= shape[3]

shape[4] @ 60.6409 %
shape[5) @ 724765 %
| shape[6) @

quantity BladeSurf_uy_ifreq51
g-g%?gi =| resut; : shape[3] s ._ 83-1157 %
2:14e-l]4 creation time 2016-06-07 11:30:50 5 AN Shape[7] @

i \ dat d N
9.50e-05 =y . y A\ n'ﬂn?M;value "0 00263421 Al \ 92‘7379%

-2 456-05 S\: ; 3 B
] maximum v:3lue 1.000453377 SR / -
-1.44e-04 gy : ‘Nt chioniEs DGl ¢ 5hape[8] @

'2'@5[9‘,% f - - * ariauon { 2lanve) ’I.:Alti% a3 1 . 99.9503%
‘ B ol @ 9906150

| shape(1q] @ %9707,

shape[11) @ %9787
shape(1) @ o %

g ;hanpng] @
— 99.9907 o

BladeSurf_uy_ifreq51 (Design shape[1], type node) BladeSurf_uy_ifreq51 (Design shape[2], type node)

BladeSurf_uy_ifreq51 (Design sha|
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BladeSurf_uy_ifreq51 (Design mean, type node) BladeSurf_uy_ifreq51 (Design stddev, type node)

result mean stddev
creation time  2016-06-20 11:54:29 . creation time  2016-06-20 11:54:49

2.02e-02

Above |I quantity BladeSurf_uy_ifreq51 i BladeSurf_uy_ifreq51

data type node data type node
1.88e-02 7 fy minimum value 1.43102e-006 L minimum value 1.01798e-007
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Summary

Process:

® Full automatic
* Reliable - Physics and Numerics
* Efficient - fast Simulation

-

amm,  dynardo

) optistang®

O

Number of Design Points for
Meta-Model depends on:

Number of important Parameters

Nonlinearity of Response Surface

Beat-Practice Analysis:

Parameterization Input

Parameterization Output (Scalar,
Signal, Field)

Numerical Error

Number of Design Points
Number of Input Parameter
Systematic Error



