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Flutter and Forced Response

High Cycle Fatigure Compressor Stall & Surge 

Inlet Separation Combustion Instab.

Shear Layer Instab.

Turbulence

Inlet Buzz Distortion

Noise

Turbine Tip ClearanceBearing & Seal

Technology
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ÐIÑ,Ò#Ó-Ô&ÕAÖ#× ÏMØYÙ�Ú#Û�Ü Ô)Õ;Ý&Ý Ú Ô ÛVÞ;Ü Ý9ß Ú2à Ñ=á�ÒAâ9ã Ü ÑFä Þ2å0æ Ó�â&â)Õ4ÔYç Ú Ó�á8è Þ Ô)Ñ,Õ;Ý\éëê�Õ4á8ì#í2îS×

Þ Ò Þ â)Õuï Þ Ýpâ&Õ4Ô\â&ß�ÕKá Ü Ô&Õ;èMÑFäGâ&Õ@è Þ á0è�ä Þ Ó0Ý9ÕÁä Þ â Þ Ý9â)Ô ÚNÜ ß�Ñ6ä�ï Þ Ñ å Ó�Ô)Õyç0Õ4â à ÕKÕ4á Þ Ý)Ý9Ñ=Ò#á�Õ;è^ç å6Þ èMÕVä7ß�Õ;ä7ð�ÝC×
ñmÕ4á8äGÕVÑ,âAÑ6Ý�äGÔ)Ó0äGÑ Þ2å â Ú�Ü Ô&Õ;è�Ñ6äGâ�ä Ú Ô)Ô&Õ;äCâ	ò Ú ÔVä Ú á0Ý9ÕKÔ&ó Þ â)Ñ,óZÕ#ôvï Ú Ô7äGÕ;è�Ô)Õ;Ý Ü0Ú á0Ý9Õ Þ;Û�Ü�å Ñ=â&Ó0è�Õ;Ý�Ó�á0èMÕKÔ
ÛVÞ áMÓMï Þ äGâ&Ó-Ô&Ñ,á-Ò Þ á8è à Õ Þ ÔYÓ�á0äCÕ4Ô&â Þ Ñ,á�â&Ñ=Õ;ÝG×

õ�ß�Õ�ß�Ñ=Ò#ßMötäGã-ä å Õoï Þ â&Ñ=Ò#Ó�ÕVòSñ Ù ÐrôÊä Þ Ó8Ý9Õ;è	ç�ãuï Ú Ô7äGÕ;èZöqÔ)Õ;Ý Ü0Ú á8Ý9Õ�Ñ,á^òUâ&Ñ=â Þ á-Ñ,Ó Û ô�ÕKá�Ò#Ñ=á�Õ Ü0Þ Ô)â7Ýmß Þ Ý
ç0Õ4Õ4á[Ñ6èMÕ4á�â&Ñ½÷0Õ;è Þ Ý¼â)ß�Õ\è Ú#Û Ñ,á Þ áMâYÓ�á-Õ4ø Ü Õ;äCâ&Õ;è�Õ4á�ÒNÑ,á�Õvï Þ Ñ å Ó-Ô&Õ Û�Ú è�Õ|ïUÔ Ú#Û Ö4ùNì#ùyâ Ú ÖKù#ù;ú�éëû Þ ó-ù#ü;î
Þ á8è Þ Ýuâ&ß-Õ Ü Ô&Õ;è Ú#Û Ñ=á Þ á�â�ä Þ Ó0ÝpÕ Ú ïAÝ9ÕKóZÕ4Ô Þ;å ß�Ó�á0èMÔ)Õ;è Þ ä4äGÑFèMÕ4á�â7Ý Ú óZÕ4ÔAâ&ß-Õ Ü0Þ Ý9âVâ&ß-Ô&Õ4Õ�èMÕ@ä Þ èMÕ@Ý
éþý»ÿvêYù��;îq×�õ�ß�Õ;ÝpÕ�Ñ=á0äGÑ6è�Õ4áMâHÝrß Þ óZÕoÔ Þ á�Ò#Õ@èÁïUÔ ÚNÛ Ù�å6Þ Ý&Ývÿ Û ÑFÝ9ß Þ;Ü ÝYè Ú;à á	â ÚyÛÁÞ Ñ,á�â&ÕKá Þ á0äCÕ Þ äGâ&Ñ Ú á0ÝC×
ò Ù�åFÞ Ý)ÝXÿ Û ÑFÝ9ß Þ;Ü ÝmÑ,á�ó Ú#å óZÕoÕ4Ñ,â)ß�Õ4Ô Ø ò Þ ô Ü Ô Ú#Ü Õ4Ô&âpã�è Þ;ÛVÞ ÒNÕ�Ñ,á~Õ4ø-äGÕ;Ý)Ý Ú ï Ú á�Õ Û Ñ å=å Ñ Ú á è Ú#å=å6Þ ÔHÝ���ò²çQô
ÿmÑ=Ô�Ð Ú Ô7äGÕ Þ Ñ,ÔHäGÔ Þ ïUâsè Þ2ÛVÞ Ò#Õ;èAç�ÕKã Ú á0èyÕ@ä Ú á ÚNÛ Ñ6ä Þ2å Ô&Õ Ü8Þ Ñ,Ô�� Ú Ôoòqä;ôDß�Ó ÛVÞ á�ï Þ â Þ2å Ñ,âpã Ú Ô ÞXÜ Õ4Ô ÛVÞ á�ÕKáMâ
Þ á8èÃâ Ú â Þ;å èMÑFÝ Þ ç�Ñ å Ñ,âpãZ×�ô�� Ú Ô&Õ Ú óZÕ4Ô���ñ Ù Ð Ü Ô Ú ç å Õ Û Ý Þ Ô)Õ	âpã Ü Ñ6ä Þ;å,å ã�èMÑ��VäGÓ å â�â Ú ÑFèMÕ4á�â&Ñ½ïUã Ü Ô)Ñ Ú Ôyâ Ú
ï Þ Ñ å Ó�Ô)Õ�Õ4óZÕKá	â&ß Ú Ó�ÒNß<â)ß�Õ�Ô ÚZÚ â\ä Þ Ó8Ý9Õ ÛVÞ ã�ß Þ óZÕ�ç0Õ4Õ4á Ü Ô&Õ@Ý9Õ4á�âmï Ú Ô|Ý Ú#Û Õ�â&Ñ Û ÕZ×sÿvÝ Þ Ô&Õ@Ý9Ó å â	��Ñ=âmÑFÝ
óZÕ4Ô)ãAèMÑ
�ÁäGÓ å ârâ Ú ÒNÓ Þ ÔHè Þ Ò Þ Ñ,á0Ýpâsñ Ù Ð<Ñ,á�â&ß�ÕY÷0Õ å è�×�ýZÓ0ä7ß�è Þ â Þ ï Ú Ô7äGÕ@Ý Þ á Ú çMó�Ñ Ú Ó0Ý��ZÓ�Õ;Ýpâ&Ñ Ú á ØRà ß Þ â
ä Þ Ó0Ý9Õ;ÝYâ&ß-Õ;Ý9ÕoÝpÓ�Ô Ü Ô&Ñ6ÝpÕ�ñ Ù Ð~ï Þ Ñ å Ó�Ô&Õ@Ý�


� á�Õoä Ú áMâ)Ô&Ñ,ç-Ó�â&Ñ=á�ÒXï Þ äGâ Ú Ô�Ñ6Ý�ç å6Þ èMÕ Þ Ý9ã Û�Û Õ4â)Ô&ã�ä Þ Ó0ÝpÕ;èyç�ã ÛVÞ áMÓ�ï Þ äGâ)Ó�Ô&Ñ=á�Òoâ Ú#å Õ4Ô Þ á0äGÕ;Ý Ú Ô à Õ Þ Ô
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Mistuning
      z 

x = f(x,z,t)
.

x = f(x,z,t)
.

Model

Response: X

Specific Model

Perturbation Method

Valid for any z.

Valid for any f.
Resp., Stability

X(z), s(z)

Analysis

High analysis, low complexity: useful for design.

Low analysis, high complexity: almost useless.

Stability: s

as functionals:

[X, s] = P(f)
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��� } x R=yU~ vw	x R=yU��� u�vw2x ROy � ~ vw	x R=y XkYiS!a[SUV	�]YiSkTb|(p�nHV4|
} x ROy �2� ~ vw x R=yU��� u�vw x ROy � ~ vw x R=y � z | z ^o^oV-SUX z Y[Z } x R=yC�
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Mistuning
      z 

x = f(x,z,t)
.

x = f(x,z,t)
.

Model

Response: X

Specific Model

Perturbation Method

Valid for any z.

Valid for any f.
Resp., Stability

X(z), s(z)

Analysis

High analysis, low complexity: useful for design.

Low analysis, high complexity: almost useless.

Stability: s

as functionals:

[X, s] = P(f)

wxo�yzd�f1h 8 }�{����*h���h�m�u���o�i�yVlVp�h�jkt�uO���zl�m�os����u�felni��"p�uO�Oh�m�}
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SERIES EXPANSION EIGENVALUE/VECTOR
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2nd order approx.
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Mistuned Eigenvalue Comparison: mode 1, incr 0.00033, max−size 0.01485

real

im
ag

øcù[ú�û*ügý þ*ÿ��������
ù[ú�ý���	�

�SûJý�	#ýGýGügù��*ú��vù������tù����oû��*ù��*ú�����ü��! #" �$��%�ý&�'�(�oû��*ý)%1ýGùSúuý��*	�
+�Sû*ý+�$,�-/.10
ý�23
/45���tù����oû��*ý)%Àý�ùSú�ý&�*	�

�[û*ý+�(,�6�0Hú�ügý�784ºû*ü�	#ý+%:9;

�<�;�=.10#
+9�9*ü��+2�ù��(
+�oý>�tù����oû��*ý)%Àý�ùSú�ý&�*	�

�[û*ý+��,<6�0
? �@
/4BA$���oüB
�ùSú��*�C9;

�<�;�=.�ÿ



D
E

MISTUNEDTUNED

- Denotes Active Modes
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Response: Bode Plots

Tuned : all blades same. Mistuned : a single blade response.
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Eigenvectors & Forcing Vector
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Acceptable response level

Response Amplitude vs Mistuning Size
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Tuned System vs Purely Aerodynamic Eigenvalues.
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Response vs Mistuning Size (DFVLR model, random mistuning)
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Two dimensional slice of Figure 5.4
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