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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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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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Ú9Ã9Ô�Á�Â9Î�ÁÛÎ~Ù�Ä=Î�Ô3Ë�Ã+Ü�À�ÏÒÔ3Ä�Ï½Î�Ã9Î=Ù�Ð+ÅNËQÅ{Ï-Ä=Ý$Þ/Ë�Ï�Ä=Å{Ô3Ä�Ï-ËCÕ�Î�Á-ËCÕ$Ä=Å|Þ/ÖhÁ�ÀTÅNÄ=ÌSÀ�Ã9Ô�À�ÏpÔ3Ä�ÏYÈßÚ9ÏÒÅNÁ�À�ÏpÔ3Ä�Ï½Á-Ä�Ï�¿TÅ
Ô3ÀTÃ/À�ÁnÌ�Î=Ö/Á-Þ/Ï�Ä~Ï�Ä�Ù�ÄuÕ�Î=Ã3Á½àvÄuÂ9Î�Õ3ËCÀ�Þ/ÏSÊpá�Â/Ä�Ã9ÌSÄ~Ñ	ÄnÃ/Ä�Ä=Ô�Ç$È�É3Ê5Á�À�à9Ä~Á�Â/Ï-ÄuÄnÁ-Ë�¿PÄ=Å�Ô�ËmâHÄ�Ï-ÄuÃ3Á�ËQÎ�à+Ù�Ä�ËCÃ
ÅNÀ�¿�Ä�Ã/Ä�Ë�Ü�Â3à9À�Þ/Ï-Â/À$À�ÔoãäÀ=Æ{Á-Â/Ä�À�Ï-ËCÜ�Ë�ÃæånÇhçéè½ê�È�ã�Êp×h¾$Ë�Ã9ÌSÄ~Ñ	Ä~Ñ5ËCÙ�Ù7à9Ä�Î=Ö/Ö/Ï-À=ë�Ë�¿TÎ=Á-ËCÃ/Ü�Ç�È�É3Ê�Á�À
ÅNÄ�ÌÍÀ�Ã9Ô�À�ÏpÔ3Ä�Ïuì/Ñ|Ä�Ï�Ä=Î�ÙCÙ�ÐPÌ�Î�Ï�ÄOÎ�à9À�Þ/Á�Á�Â/ÄtÅNÞ/àMÅNÄ�Á�ísîïã}Ñ5Â/Ä�Ï�ÄOÇ$È�É3Ê7ËQÅ	Î�Ì�ÌSÞ/ÏpÎ=Á-Ä�ÙCÐ�Î=Ö/Ö/Ï-À=ë�Ë�¿TÎ=Á-Ä=Ô
à�ÐjÅ@Ä=ÌÍÀ�ÃMÔðÀ�ÏpÔ3ÄuÏ�Á-ÄuÏ-¿TÅ�Ë�Ã�É/×�ñ/À�ÏtÁ-Â/Ä�Î�ÃMÎ�Ù�Ð+ÅNËkÅ�Á�ÀhàvÄTÖ/ÏÒÎ�ÌÍÁ�ËQÌ�Î=Ù�ì'Á-Â/ËkÅ�Ï-Ä�Ü�Ë�À�Ã�íò¿�Þ9ÅNÁOà9ÄTÀ�ÆÛÎ
Ï-Ä�Î�ÅNÀ�Ã9Î�à+Ù�ÄtÅNËCó�Ä$×7ôõÐ�Ö/ËkÌ�Î�ÙCÙ�Ð$ì�ËöÆ�÷ø'ì/ù9ú{Î�Ï-ÄtÅ@¿�À$À�Á�Â�Î=Ã9Ô�Á-Â/ÄOÄ�ËCÜ�Ä�Ã�Õ�Î�ÙCÞ/Ä�À�Æ	û Î�Ï�Ä�Ô�ËQÅNÁ�Ë�Ã9ÌSÁ5Î�ÃMÔüÃ/À�Á
Á-À$À�ÌÍÙCÀ$Å@Ä$ìýÁ-Â+Ä�Ãhà9À�Á-Â�ÌSÀ�Ã9Ô3ËCÁ-ËCÀ�Ã9Å�Î=à9À�Õ$Ä�Î=Ï-Ä�Å�Î�Á-ËkÅþÚ9Ä�Ôý×�Ø�Änà/Ï�Ë�ÄÍÿ9ÐT¿�ÄuÃ3Á�Ë�À�ÃTÁ�Â/Ä�Æ!À�Þ/ÏÛÌ�Î�Å@Ä=Å�Á-Â9Î=Á
Ì�Î=ÃüÕ�Ë�À�ÙQÎ=Á-ÄtÅN¿�À$À�Á-Â/Ã+Ä=Å-Å{Î�Ã9Ô�Ö/ÏÒÎ�ÌÍÁ�ËQÌ�Î=Ù'ÅNËCó�Ä�À�Æ íWÏ-Ä�Ý�Þ/ËCÏ-Ä�¿PÄ�Ã3ÁÒÅÍ×�	Î�Å@ÄnÀ�Ã/Ä$å��7Ý�Þ/ËCÙ�ËCà/Ï-ËCÞ/¿ Ö9À�Ë�Ã�ÁOù ú È����pÉ3Ê¸Ô3À$Ä=Å�Ã/À�Á�Á-ÏÒÎ�Õ$Ä�ÙµÅ@¿�À$À�Á�Â/Ù�ÐTÑ5ËCÁ-Â��»Î�ÃMÔ
	�À�Ï�É/×½ôõÐ�Ö/Ë��
Ì�Î=Ù�Ù�Ð�ì3Å@Þ9ÌpÂ�Ö/Ï-À�à/Ù�Äu¿TÅ7Î�Ï-ÄtÌ�Î=Þ9ÅNÄ�Ôlà�Ð�Ä=Ý�Þ+Ë�Ù�ËCà/Ï-ËCÞ/¿äà+ËmÆ!Þ/ÏÒÌ�Î�Á�Ë�À�ÃMÅ|Î�ÃMÔlÖ+Ï-Ä=Å@Ä�Ã3Á Î�Â/À$Å@Á5À�Æ�Ô3Ë�lÌÍÞ/ÙCÁ-ËCÄ=Å
Ñ5Â/ËkÌ�ÂT¿�Þ9ÅNÁ7à9ÄnÔ3Ä�Î�Ù�Á5Ñ5ËCÁ-ÂTà9ÄÍÆ!À�Ï�ÄtÅNÁpÎ=à/Ë�ÙCË�Á@ÐPÌ�Î�Ã�àvÄtÌÍÀ�Ã9ÅNËkÔ3Ä�Ï�Ä=Ôý×�	Î�Å@ÄnÁNÑ	À/å���Æ�� È�������Ê	Â9Î�ÅOÎ�Ô�Ä�Ü�Ä�Ã+Ä�ÏpÎ=Á-Ä�Ï�À$À�ÁtÎ�Á����������@È��$Ê{Î�ÅOÅNÂ+À�Ñ5ÃhËCÃhñ¢ËCÜ�Þ/Ï�Ä £ × �3ìýÁ�Â/Ä�ÃhÇ$È�É3Ê

Ucrit(0) Ucrit(z)

Degenerate Intersectionh

U
0

h(U,0)

h(U,z)

s(z)

ñ¢ËCÜ�Þ/Ï�Ä £ ×���å"!�ËkÅ-ÌÍÀ�Ã3Á�Ë�Ã�Þ/À�ÞMÅ|Ë�Ã9ÌÍÏ�Ä=Î�Å@Ä�Ë�Ã�Å@ÁpÎ�à+Ë�Ù�ËCÁ@Ð~à9À�Þ+Ã9Ô/Î�Ï�Ð$×
ËQÅ5Ô�ËQÅ-ÌSÀ�Ã�Á-Ë�Ã�Þ/À�Þ9Å|Ë�Ã�É/×�#�Ã9Ô3Ä�Ï{Å@Þ9ÌpÂ�ÌSË�ÏpÌSÞ/¿TÅNÁÒÎ�Ã9ÌSÄ=ÅµÀ�Ã/ÄtÑ|À�Þ+ÙQÔTÌÍÀ�ÃMÅNËQÔ�Ä�Ï5Á-Â/ÄO¿�ËCÃ/Ë�¿�Þ/¿»Ô/Î�¿�Ö+Ë�Ã/Ü��È����pÉ3Ê	Î=Á�Î�Ü�Ë�Õ$Ä�Ã$�WËCÃ9ÅNÁ�Ä=Î�Ô�À=Æ7Á-Â/ÄtÅ@ÁpÎ�à+Ë�Ù�ËCÁ@Ð~Ä�ë�Á-ÄuÃ9ÅNËCÀ�Ã�Ç$È�É3Êp×�	Î�Å@Ä~Á�Â/Ï-Ä�Ä�å%��Æ	Á-Â/ÄnÏ�Ä=Î�ÙµÖMÎ�Ï-ÁOÀ=Æ5Á-Â+ÄnÙ�Ä=Î�ÅNÁOÅ@ÁpÎ�à+Ù�Ä�È�À�ÏÛÌÍÏ-ËCÁ-ËQÌuÎ�Ù'Ä�Ë�Ü�Ä�Ã3Õ�Î=Ù�Þ/Ä�Ê	Ë�Ã&��È��"�'��Ê{ËQÅ�Õ$ÄuÏ-Ð
ÌÍÙCÀ$ÅNÄ	Á-À�Á�Â/Ä|Ï�Ä=Î�Ù+Ö9Î�Ï�ÁµÀ�ÆæÎ�Ã+À�Á-Â+Ä�ÏµÄ�ËCÜ�Ä�Ã�Õ�Î�Ù�Þ+Ä$ì�Á�Â/Ä�ÃtË�Á'ËQÅ¢Ö9À$Å�ÅNËCà/Ù�Ä	Á-Â9Î=ÁµÁ-Â/Ä�ÅNÄ5Ï-Ä�Î�Ù�Ö9Î�Ï�ÁpÅ¢Ñ5ËCÙ�Ù+ÅNÑ5Ë�ÁÒÌ�Â
Î�ÅtÉ�ËQÅ�Õ�Î�Ï-ËCÄ=ÔoÈ�ÅNÄuÄ�ñ¢Ë�Ü�Þ/Ï-Ä £ × £ Êp×(��Ã�Á-Â/ËkÅ�ÌuÎ�ÅNÄPÇ$È�É3Ê5Ñ5ËCÙ�Ùµà9ÄPÅN¿�À$À�Á-Â�À�ÃoÎ�Õ$Ä�Ï�ÐhÅ@¿TÎ�ÙCÙ¢Ï�Ä�Ü�ËCÀ�Ã�ã�ì
Â/Ä�ÃMÌÍÄ�í È�ÎnÅNÞ/à9Å@Ä�ÁÍÊ�ËQÅ7Þ/Ã9Î�ÌuÌÍÄ�Ö/ÁÒÎ�à/ÙCÐ�Å@¿TÎ�ÙCÙ�×'ñ/À�Ï5ÎOÃ/À�Ã)�@Ô3ËkÅNÁ�Ë�Ã9ÌÍÁ	Ù�Ä=Î�ÅNÁ ÅNÁpÎ=à/Ù�Ä½Ä�Ë�Ü�Ä�Ã3Õ�Î=Ù�Þ/Ä{Ñ|Ä�ÂMÎ�Õ$Ä
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may switch!
Eigenvalues

& =>

z = 0

U

h

Ucrit(0)

pth eigen = h(U,0)

qth eigen

z = 0

U

h

= h(U,z)

Ucrit(z)

pth eigen

qth eigen
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è Öué�ÄVÛ%Ëk¶F¾�½�·nÔ7¹%¾�ºQ¾�¶n¸�Ì�ÍB·F½�ÀSÄ ä Ê�ÄVÛ]ËQåëê�ÇiÆ7ì�Û]ËH»BÍ�º�º Á�¼7¼�¶nÌ�¼�¸�Ï5½�·)ÍB¼�¾�½�ÀT¼�Öc½�À�Ö}ÀT¹�Ôí»4¼�¶)¸BÌ¶)¸zÕ@¶F¾�ºT¶)¸z¿$º�Ä ä É�ÄcÛ]Ë�Ø ä Ê�ÄVÛ%ËîåïÅ�Æñðì Û]ËOã�ºTÁB¼�¸ªº Á�¼¢¾�¼:ÀT¶)¼1¾7½�â�âBÀT¹�á@¶nÔS½�º ¶)¹5¸ÜÁ4½�¾S½XºT¶n¸@Îò¾�·)¶nÏ%¼�ÀK¹�Ö¿$¹5¸@Ï%¼�À Ì�¼�¸z¿$¼Hµ�Á�¶)·n¼�ºTÁB¼Q¼�¶)Ì5¼�¸@Ï5½�·)Í�¼�Ó:Ï%¼�¿$º ¹�À�Ô7¼�º Á�¹�Õ{Áz½�¾k½7·F½�ÀTÌ5¼�ÀT¼:Ì�¶)¹5¸3¹�Öæ¿$¹5¸@Ï%¼�À Ì�¼�¸z¿$¼$óiô	¶)Ì�ÍBÀT¼´�Ð¯Ñ@Ð Ä�õ%Á4½�Õ�¶)¸�ÌHÕ�¼�¸�¹�º ¼�¾rÀT¼�Ì5¶)¹5¸4¾öµ�Á�¼�À ¼HÄ ´BÐ[Ñ]÷ Ë	¹�À�Ä ´BÐ[Ñ�ß ËoÖc½�¶n·4½�¸zÕ�Ô7¼:ºTÁ�¹�Õ�¾	Õ@¹H¸�¹5ºv¿b¹�¸�Ï%¼�ÀTÌ5¼ Ð Ë à Á�¶�¾¶F¾u½{¿:½�¾�¼Qµ^¼Q¼�á�âø¼1¿$º�º ¹"¾�¼�¼Q¶n¸3â�ÀN½5¿$ºT¶�¿$¼%ù�·)¶nÌ�Á�º�úûÕ�½�Ô7âB¶)¸�Ì�½�¸4Õ3¸�¼�½�ÀkÀT¼1¾�¹�¸z½�¸4¿$¼SÄc½�·nÔ7¹%¾�ºH¾�¶n¸�Ì�Í�·�½�ÀbËµ�¶)º Á"¾�¶)Ì5¸�¶�üø¿�½�¸�º�»�·F½5Õ@¼�¿$¹�ÍBâ�·)¶n¸�ÌSÄ=¼�¶nÌ�¼�¸�Ï5½�·nÍ�¼�¾�Öc½�Àk½�â4½�À º$Ë Ðô�¹�ÀhºTÁ�¼�¿b¹�¸�ºTÀN½�ÀTÎ?¿�½�¾�¼%ùr½�·)Ô7¹m¾�º	¶)¸4Õ@¶�¾�º ¶)¸4¿$ºp¼�¶)Ì5¼�¸@Ï5½�·)Í�¼�¾hÄ ä ÉbÄcÛ]Ë%Ø ä Ê�ÄcÛ]ËhåiÅ�Æ�ìfÛ]Ë	»�Í�ºöÖc½�ÀrÖ}ÀT¹�Ô¾�¶n¸�Ì�ÍB·F½�À ¶)º�Î�Ä ä ÉbÄVÛ%ËNÞ ä Ê�ÄVÛ]ËuðìiÛ�Á�¼�¸z¿$¼hê�ì�Û%Ë4ºTÁ�¼^¾�¼:ÀT¶)¼1¾øÔ7¼�º Á�¹�Õk¶F¾4Ì�¹%¹�ÕQ½�¸zÕ�ºTÁB¼e¼:¶)Ì�¼:¸@Ï5½�·nÍ�¼�Ó:Ï%¼�¿$ºT¹5ÀÔ7¼�º Á�¹�Õ7¶F¾�»4½�Õ%óiôö¶nÌ�Í�À ¼ ´�Ð¯³@Ðuà Á�¶F¾�¶F¾�¸�¹�ºu½�¸3¶n¸@º ¼�ÀT¼1¾�ºT¶n¸�ÌK¿�½5¾�¼%ùv·�½�À Ì�¼$úûÕ�½�Ô�â�¶)¸�ÌK¹�À�¸�¹7À ¼�¾�¹5¸4½�¸z¿$¼ÄýÖc½�ÀvÖ}ÀT¹5Ôþ¾�¶)¸�Ì5Í�·F½�ÀT¶nº�Î4Ër¶n¸4Õ@¶�¿�½�º ¼�¾�½Q¿$¹�¸z¾�¼�À Ï�½�ºT¶nÏ%¼�Õ�¼�¾�¶nÌ�¸Sµ�Á�¼�À ¼�Ô�¶F¾�º Í�¸�¶n¸�Ì�µ�¶n·)·oÁz½1Ï%¼u¸�¹�¶nÔ7â4½5¿$º Ðô�¹�ÀQºTÁB¼S¿�½�¾�¼Sµ�Á�¼�ÀT¼�µv¼7Á4½�Ï%¼7»4¹5ºTÁ<¶)¸4Õ�¶F¾�º ¶)¸4¿bºQ½�¸zÕÿ½�·)Ô7¹m¾�º?¾�¶)¸BÌ�Í�·�½�À�¼:¶)Ì�¼:¸@Ï5½�·nÍ�¼�¾bã�Ä ä ÉbÄVÛ%ËQìä Ê�ÄVÛ%Ë�ì ÛK¹�Àuê'ì�ÆkìñÛ]Ë^»4¹�º Á3Ô7¼�ºTÁB¹�Õ�¾�½�À ¼�â4¹%¹�À�óiôö¶nÌ�Í�À ¼ ´�Ð�÷mÐ�à Á�¶F¾�¿�½�¾�¼Q¿�½�¸�»4¼�¼:¸4¿$¹�ÍB¸@º ¼�ÀT¼�Õâ�ÀO½�¿$º ¶F¿�½�·)·)Î Ð ô�¹5ÀQ¼�á�½�Ô7â�·n¼%ù�Öc½�¸4¾Qµ�¶)º ÁD¾�ºT¶ � Á�Í�»4¾7ÄV¾�ÔS½�·n·�¾�ºTÀTÍz¿$ºTÍ�ÀO½�·�¿$¹5Í�â�·n¶)¸�Ì�ËNãh¿$¹5Ô7â�·)¼:á3»�·F½5Õ@¼¾�Áz½�â4¼�¾7½�¸4ÕÜ¾�ÔS½�·)·�½�¼�ÀT¹�Õ@Î�¸4½�Ô7¶F¿S¿$¹5Í�â�·)¶n¸�Ì ¿�½�¸ ¼�á@ÁB¶)»�¶nºQÔS½�¸�ÎX¿b·)¹%¾�¼�·)Î%úû¾�â4½5¿$¼�Õoãv·n¶)Ì5Á@º ·)Î%ú�Õ�½�Ô7â4¼�ÕÔ7¹�Õ@¼1¾ Ðè ºH¾�Á�¹5Í�·FÕ3»4¼�¸B¹�ºT¼1Õ.º Á4½�ºHÏ5½�À ¶F½�º ¶)¹5¸4¾H½�¸4Õ3¼�¸�Á4½�¸4¿$¼�Ô�¼�¸@ºO¾�¹5¸îº Á�¼K¾�¼:ÀT¶)¼1¾�Ô7¼�º Á�¹�Õ�µ�¶)·n·r¾�ºT¶)·n·r»4¼â4¹%¹�À�¶n¸�º Á�¼�½�·nÔ7¹%¾�ºv¾�¶)¸�Ì5Í�·F½�À^¿�½�¾�¼ Ð ô�Í�¸4Õ�½�Ô7¼�¸�ºN½�·n·)ÎH¶)ºp¶F¾r¸�¹�º^â4¹%¾T¾�¶)»�·n¼�º ¹Q½�â�â�ÀT¹�á�¶)ÔS½�ºT¼�º Á�¼�Ä}Ô�ÍB·)ºT¶Ï5½�À ¶F½�»B·)¼�Ë^Õ@¶�¾T¿$¹5¸@º ¶)¸�Í�¹�Íz¾eÖ}Í�¸4¿$º ¶)¹�¸¢Â�Ã������XØ ä	� ÄVÈ@Ë�
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SERIES EXPANSION EIGENVALUE/VECTOR

z1

z2 z2
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 "!$#&%('*),+.- �0/21 )43*5(6�798:6�;�<	)�'*#&)�;=8:) /">@?$A 6CBD3EBF!$;(#&% ?�> 'E8 > BF)	-
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SERIES EXPANSION
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z1

EIGENVALUE/VECTOR

z2
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Response: Bode Plots

Tuned : all blades same. Mistuned : a single blade response.

0

+

Eigenvectors & Forcing Vector
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Tuned System vs Purely Aerodynamic Eigenvalues.
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Tuned System Eigenvalues: numbered by nodal diameter.
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