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Fig. 1.5  Conventional method of considering shrink fit effect to the bending stiffness
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Fig. 2.1 Example of a rotor model and definition of coordinate system
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Fig. 2.2 Assembling mass matrix of beam element
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i

2.3.3 RLCYIRSBHETIVIZS TS EEEHDETILIE
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LA—Td 5.
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ST R R T EZ M L= 1D FEM B L OMMREE 23 M 5. & 612, dhife—
ROEAREE O EFRFEREZSE L L TREFIEOZSYMEZFHIT 5. &%, BELpH)
& U T Y OFFNTE T M OWT, BEFEEZHEA L72S6 LA L WGEE o)
T— FOEGRE A L LT, COREDOERNECL0ERT.

3.2 EREEOKE

B DRET I E R o dh PRI O &R EEL, BFEMRTH DB LD NIE
ZIEIZLTEbOTHAHT2D, WHTE HEERL g & RO hidy OFIFHIT 1.2.1.2
i TR LTz p=0.3175 OEEIL hidy> 0.2 TH 5. BEFMIFETIX, 2303175 L B2 53550
X (1.4) DALY S22 Wldy DFIFAIZ DWW TIIRE STz, X 1.4 O 3 oA BRE
FETT N EHNT, EEEE f=0.3175, £=0.5650, LT f=0.7874 DFAIZOW TG %
1T-o7=.

X 1.3 @ 3D FEM €7 /VO-FEE dy=25.4mm, L=12.7mm & L, #MEHEEIZY L 7%
E=2.050x10" N/m®, BEBEIELREL G=7.880x10"" N/m?®, A7 ¥ H1v=0.3008 & L7=.

3DFEM 7 /M2 k5, R (1.2) 12815 a & Wdy DEfROBEHFIRITKOEY THD.
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1.3 IZBWCEFER S %2 A-A Wi ok, x#E Y ofmiFes—2 2~ M 2Vh
PR D Sl D FEFE0, 0, IC/ERH Lz & & O yz HEIZEB T 2 /MRl 7= b A il 2 2R 8 T,
X 3.1) O33R TEHETS.

Wz)=¢2 + e,z +¢yz, (0<2<1,) (3.1)

C1, C2, C3. flbﬁ%;ﬁ%@'f%\%{

A-A Wi OB X M w 1E, FEREFS CTOME dy(0)/dz=c; 1D

w=tan"' c, (3.2)

THEZ2OLND. Lo T, REHMoAFmMES (MROES) h 222 TR ()2 H(d)D
FNEAEfETHZ LTI ODLIZONT a & hdy DERERD D Z ENRTED.

(@)

(b)
(©
(d)

1.3 @ 3D FEM &7 /L C/MERI DO Seliml Z i £ — A N M & 5 2 T/ NMR#hDO 72
FHFR A KD %

BB D 7= Al 2 2 (3.1) @ 3 RATHIFRE S L TR CTOME ¢ 2Rk 5.
A (32) ITE->TAAWHROEE A y ZRDD.

X (12) IZk-oTamkdsb.

B43.1, 3.2, BLOM 33 ILENEI, fERE =0.3175, =0.5650, ¥ L p=0.7874
DEFEIZDOWT a & Wdy DFRZRDTFHERTH L. ZnboKIZiE (1.3) &30 (1.4)
DIEZEZNENFAEREOIEHR TR L., X (1.4) DY LD Wdy OFEFRE, WTho
POGECYH, BXZEhdy >02ThHD. Tz, pkEL 251, X (1.4) 2K D06
FERMETFT LTV,
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Fig. 3.1  Relationship between a and 4/dy (f=0.3175)
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Fig.3.2  Relationship between a and 4/d, (f= 0.5650)
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Fig. 3.3  Relationship between a and 4/dy (= 0.7874)

PLEDORGETE D, WEICTRET 2B REEHOET WL FIEOGE HHEBPHIL, plc L 67,
BEEWNG>02THDLZ ENRPHLNIRST.

3.3 MERELEMEOEEERICKIENTOHOHITRIHETEZEELZETILE
Ak

AEICHE, —Mi7e 1 IR OAFREFRET /L (IDFEM €7 /L) % Hv 7o iR B fiRdT
7%7:7-@%ﬂ%ﬁ HHE AR AL E B O B 03 F OO T RIMEAR T2 B8 L7-€7
AL FEZ DN TR RS,

WIS — AR BB TlE, COEERICE W TY, TOmmIcR T 5 TR TS L
TENREF L. L, BIEREMEOERIZBW T, @fﬂ@@ﬁ?#%ét

Z DT Té@ﬁﬂﬁ#ﬁ&ofbi? Z 2T, MBERNCAHIRE S OB 25k T
ZOEFROMHITHIMEZ B ET D Z LI ;D,%piKMﬂ@&##®%®@TW¢
KTEZBETEHET MEAEEZRET 5.

3.3.1 HMEFRECHMEOEMEEROEME FRIE

INRERD SR T DT E— A 2 kN M IC X - TAE U ZERZCEW O X f w
(K 1328) %, TRLRODOAA &N L BT, HERZ AW i O B2 T 0%
Al Bl TR 2SR D B

HiF£— 2 v b M EEhERZEBIE O b y ORI (12) ThHhEzb6h5.
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3A4ITRENDIESL, YU URE, Wik 2RT— AL N LO—FEHEEO R FHENE
BT E— A P M EZF L EOEMOT=bA A pik, X 33) THE2LND (TR

fifi, 1973a) .
7 |
4 )
A EL
/ |
|
Fig. 3.4 Slope of cantilever beam due to bending moment
Ml
W= (3.3)
El,

A (1.2) &K (3.3) 7, flEARZAERW I O M O FRIVE EL 233X (3.4)
NELND.

El, = Eah’l (3.4)

3.3.2 MEEFRDEIHKEICL >~ THERELHHEOHEEERICLDENMTOEHD
(FRIEETZEELI-ETIL

1D FEM E7 /LT, ShiE AR E Wi O HMEE I X 5 A0 T Ofho gh i PRI T
REELI-ET VAKX 35 IR

ddy

i

i

i

i

i
o |
IO-
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fi

|
Pd_|

* element 1 A element 2

Fig. 3.5 1D beam model for bending in consideration for elasticity of stepped cross-section
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3ODHIE T2 SDOEER L2 EFR L, KEEAWROE S 2 OMFHIE EL & /Nl o 22 i
O 2 OMTRME EL 2 FnFn (3.5) 2 (3.6) DEAFESICL > TRDS.

11,

Ell =E (3.5)
I, +1,

EQ=EJiL (3.6)
I, +1,

WA, REEHH L /NI OREAE (A 2) Oz, @ OEREPE, T7bbil
FIFEEIZ L > TRD S,

L1 1,1
EI"=EI+El, =E —“%+ 214 (3.7)
IL+1, I,+1,

X (35), 36), (3.7) %X 3.6(a)& X 3.6(b)% HVTHAT%.

4 3.6(a)iF, 2 DOEEFIZOWT 1 DOFEMEHHEICE R LIBEMEE—A 0 b & EERT
NOFREEEZ AR LD THS.

X (2.1) OFEEHFERUCE T LMY VXL O x #lJE 0 OFEGRA 0, ORE B 2D &,
X Q7)) &V, HiA1LHA2 CERSNDIER | OEERTR L EHiA2 LHIA3 TER
SN HEH 2 OEEITA LITENEN, k =EL(@4+70)/{1+7)-h} & k, =EL(4+7)/{1+7)-1,}
THZHH, 2o ORERZANRK 22 ITRINDHERIC 2 DOBEENEET HHIA 2 TIXE
nebtE, TROBWIIFEGINT itk &7 5. BHHFE 1 LEE2 OBEMEE—A Fm &
my [ DWW T G [EERIER E FRRICEREDLE LN T 2 DOEENEET 2HIA 2 T m+m,
L%, Filo, RO 1 SOWEROMIRICK W CHER, BHEE—A 2 K, LR
[FRIE IR —OfE & 72 5. (AL, X 3.6(a) CIEBhE A2 LI O BIEZE AT X 5 BT
OEHO g FHIMEAR N IEB E S AL TR0,
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Fig. 3.6 (a) Assembling rotational springs for two adjacent elements in 1D FEM model
- Parallel connection of each rotational springs for two beam elements

—J5, X 3.6(b)i%, BHERZEE O 2 1231 D W OB K 2D 20T Ofod il
FHIMER T 2, Brim o2 a2 £ EEIER L 20T, b & kg OESIFESIER
feey ke, +ky) & by & kg DEFIFEERIERk,k, Ik, +k, ) ZWFEEE LIZEFTATELEZ LD
TV, Him 2 2B B EHRERIER 3.6(0) IR SR BRI bk, [k, +k, )+kok, [k, +k,)

L.
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Fig. 3.6 (b) Assembling rotational springs for two adjacent elements in 1D FEM model
- Parallel connection of each series-connected rotational springs for two beam elements
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KX (B7) TR THEME 2GR O SPELT 2 9 ITH 2 B — A 2 b 13 (3.4)
THEZLNDD, ZOFETIMERE Lo TLAEELTLES o, B4R IO
ERET 5. X (G4) 1IN (14) Z2RATLLEHROES hBHESH, K (3.8) RS
FLDRRICIBIT 2 IRE—A 2 b LI MEMOEROBERE d LRSI OATRIND.

I,=2a% (3.8)
18

Wi 2 IRE— A > B L2/ MEBIOWIE 2 IRE— A > M L EFfiiE < &, FEMTER i
T

Q:Q:éd4 (3.9)

Epn, A 38 X (3.9 Xv, EHEAREALEINE OMIEETE S &S 2 dh I & 5
Z5/WEIDOE X 2R T (3.10) LI ELND.

Z:Zd (3.10)
32

X (3.10) 1%, #HFE—RA > MT X 2 ihiE A ERIET i O = ) & /NIl D 72 30 72 £ D3 AT
LD, MREEORIZRLTND.

X (3.10) THZONDESEZFOEE d O/NEEIOEFE O HFRIME EL AS8iE 228 (LE
Writn o il FREIYE E1, & 0T o D720,

El, =EI, (3.11)

EBL T ENTE, Wil A-A BT D #TREIME EL 234K (3.7) 1%, X (3.12) L7225,

1,1 1,1 Li, I
El,=El"=F| — 2+ |=f 12 4+ 2 (3.12)
1, +1, I,+1, 1 +1, 2

X (3.12) ITX - T, SERZACHWIE OFPEETZZ K 5 H03F O g PRIV T 2 &
BT 22 ENTE DN, REENEER, NS, Tl O b © fiFmrEs 5272 5
728 (EL#EL’, EL'#EL), —#%#72 1D FEM &7 /L%l & N7 sidREN T BR 512 = 0 7
EERBETT 5 Z LIRS TR,
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3.3.3 BEHEFLDAFNEEIZE > THERZILMHEDOBEERICK HHMITOEOD Y
(TRIEETEZERLI-ETIL

— %72 1D FEM €7 /L CHW STV S RERIZROWFIREAIC L - C, ShiEaZ b

Wi D BRI ZE I £ B BT OB O TR T2 B8 T2 2 LN TE B ET ML EE
RETD.

B3.71%, ZZTRETLIMEREMEHOET /ML TEZRLIZbDTH L.

[ = Ed
A
h | 12 = Zz-l |
|
I ILog
o E I
S| O- - — -2 ——_. _ =
s %s 4#)_3
1 2
Lz\ ~ J| ~ ~— -
element A element

Fig. 3.7 1D beam model in consideration for elasticity of stepped cross-section
using the method proposed by the author

FT, &S 9d/32 OEEEHR 2 BhEARZALE O /NEEBIZER T 5.

wiz, A (3.12) RSN W A-A 2T D TRV EL &2, —f%)72 1D FEM &7 L
T*Fﬁb\ﬁ;héEmAbﬁ TROHLWHIFEG TERTZ }:%:%7_6. X 3.7 IZBWT, £
9d/32 O /INEEHEL SR O ST |IE %2 EL, & B THiA 2 L iR 3 TF & O TR 151
fEeSh, His 2, 3 OMITRIMENESIR G S eb0nA (3.13) THY, Ziud 3.12)
LEMTHD.

(1, +1,)(1,+1,,)
El, = . +quq)+(12 ”; ] (3.13)

X (3.13) (IZ2OW T 3.8 W TR 5.

¥ 3.8 1%, X 3.7 OhERZE O R 2 (231 5 Wikl OBEZE I X 2 BT Ot i
TRV T4, Sim2 LIS 3 TERSINDE S 9d/32 OBIE R ORI k,, & FWT,
s 2 Efis 30— LORERERATERLEZET L THD. K38 TiE, £ & 9d/32 O
BWEOEME—A L N my TERL TS, Hii2 ORERZRIFESE 1 oREREh L &S
9d/32 DEFED[EHERIEIA kyy B FIFES ST kitky, & 720, Fim 3 OEERIZAILE S 94/32
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DFFZ DBk, & SR 2 OEHRIE I b DWFIFES ST hatky, & 72 5. Him 2 LHIR
30 h—ZnolEERiERE, JiA 2 ORERIERA kith, &S 3 ORI khitk, 2 EIR S
S AV T (hrtkeg) (katheg) {( kitkeg) H( kotheg)} & 725
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Fig. 3.8 Assembling rotational springs for tree adjacent elements in 1D FEM model

XG.13) 3 (3.12) LEAlTH D DT, #iTEINEDFMHIE 2 RE— A > b Ly 173 (3.14)
L%,

11[2_112+\/114+7112122+611123+2124 (3 14)

“ 2(11+12)

X 3.8 DEiM 2 LHiM3 TEHESNDE S 9d/32 OHHEFE & B R AL E O/ NN FR T
T, ZOESOMTMINEE EL, L3 2 & T, Wik A-A OFRIEZETE 25 R L 7o it F 9 2
KETHZEenTES. 72720, X B14) BT 2501%, X (1.4) DT 585 %
Wdy>02 OFIPAICIBNTTHD. £z, MEEIOR S L7539dB32 1< 722 X 5 725w i
BREANIDZ2HB20E ) G TEANGS LD, Lrl, LMK EZ T2
WIEROENZ W T, BFIRETET VO T ALEE 2N LS5 Z LN TX 5.

3.3.4 HIFRIEDEMEBRDKRE

ARETH, ERZEIOZNT OO FRIPER T 2R LS < 3570, %k
i TR 2 52 D /N OB doy H TEFE L, dog DB B (=dld)IZxf L TED X H 1%
6T 20 & HREtd 5.

S 2n it RINE 2 5 2 B/ MEE O E % d, & LT, X (3.14) TR S D #fF I O A
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Wit 2 IRE— A b L, 230 (3.9) OPRMEWmEOWH 2 IRE—A > hDORETERT L,
X B15) &4,

T 4

I, =—d, (3.15)
q 64 q
X B15) v, SR FHINEE 5 2 5/ MEBOEEE 4,133 (3.16) TRIND.
64
Ao = (3.16)

X (3.14) T Ii=ndy'/64, L=nd'/64 ZXN LT L, % dy & d DEIFTE L, S § (=d/dy)
LA dod OBRERD B L, K 3.9 OHBAELNE. ZORBBRORSIE, Wi
B B DVINS K T2 D & EATENERLE d,/d 23 0.8409 ([ZHBE T 58 CTHh L. kb, X (1.4
ISV SED hldy > 0.2 OFIFEATIE, RESHRELS do 2V IMEEIER d 123 L TV b RE L Ao
T, Sl g M EL, 13/ NV T HINE EL O 0.8409°=0.4979 {5 % FlEIL 220 &5 %
5.
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Fig. 3.9 Relationship between f and d.,/d

IEIZEY, BE9d32 O/WEEEEOMITAINEE EL, L35, 50T, & 94320
IR OERR A (3.16) O i AMWE % 52 2 /MR O dy, & U, —#K
78 —RITRE T VM SIICEHRBYRNT Y 7 b U = 7T, BB LT 0 B
Wa BB L-iiRE) (i THRE) O MEICEB TR TES. 2L, KRR
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FETITRS 9d/32 O/NMEEIE SR THIE R ZLES O 400 OBl dl TRV F 2 &8 LT
WB T, SIS d,, & N2 T AL TR B R & B oD A7 e A W A A EBE Ol &
DINSS REEL D2 LT D, 22T, Shiad RN 5 2 5 /NI O d, 2> T
RS 72 T AL EAT 5 12T, IO B B A MR 2 7210 F X 94/32 /MRS OH
SHMEd, W doy DT 4 A2 BREMNL, R AMERE cnd, /4 T3 < erd/4
ETHIERW K (25 &),

3.4 REFEDERIEDBREE
ARETIE, RETDWMEREEOET MEGEZ#EA L2 1D FEM €7 /L TR 72,
H B SCFRRREE O # T £ — FOEAIREIEL & # T EIC L S ZTE 4, 3D FEM £ 7 /L & ik
LT, TOZAMEZRAETS D.

3.1 3 RTABERETILOHITRIEDHHIE

WEEICESL D, 2845 3D FEM T 7 A O iR Z ¥ o 7 SROEEIC L W #HIET 5.

FEMZR T T LN R Sz El > 3D FEM €7 UL, EiSHBEN 6 TH S0, floh
TR U VTN CHERZ (LW m oA b RBETHZ N TESH. LirL, BHE
DEATRA v ath A RFE L - TEAMEMTERPZMT 2. F2E, PEMABEmE
1> 3D FEM 7 VO ET b kL LT, &S0 4, Eriioaks Lz
BHBOWVEEZALEDOBORGHERIIHEIL, Z Oz o .08 0 12 360° A5 S
BT, NEEROY Y v REREERTHHENRSD. ZOHE, i OLISEWERIEE
IR W IEARTHARD O T BEN TR & 72 D728, B AT OREME T T 28003 H 5.
1D FEM &7 /L CH ERSERNC & o TEAEMITRERPSZT 508, EHT 2EAE—F
2t U T 2R R A W R T AU I — AR il IR IS @ W E CEAEZ R D 5
ZENTED (A2, 22T, ZZ Tl —#Mrmiho 1D FEM &5 Lo il FiRE)
OEAFIE N E S LT, 3DFEM 7 /L0 v VR EEIET 5 715 TERE 7 3D FEM &
TNEAERT %, LFICEOFIEEZ R,

F77, 2K 350mm, #ME 20mm D[] 3.10 278 L7z — kWi #h o 3D FEM €7 /W22 C,
B SFRIREE O B AT 21T > C 4 RE COMTIESOE AR ZRD 5. HEHE
(THIR DX 3.12 O/MEER L [Fl— & § 5. MEMEIZ Y > 73R E=2.09x10" N/m®, RETEVELREK
G=18.0335x10""N/m®, K7 >  kv=0.3008, %)% p=7846 kg/m’ & L7=.
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e

Fig. 3.10 3D FEM model of shaft with uniform cross-section

Iz, X 3.10 O—EEWrEEi o 3D FEM B /L & [f/l—~1s, [/—BHE D, X 3.11 @ 1D
FEM &7 /L2 DWW T H B XERHREED B G BT 217 - T 4 IRE TO/ITIRE) O A IREH L
RO D, BESENIHEOK 313 LE—ET 5.

Fig. 3.11 1D FEM model of shaft with uniform cross-section

S BT, —kEZR T EMNTEEEHIO 1D FEM ©7 /L OIS 1 Ik~4 RO BEGIEE N AZ SR L
T3DFEM EFNLDY v VT REFET S, Yo 7 BogiEicid, X 3.17) OFEAAIEEH
w, & BITFHEIME ETORRHN A5 (3.18) ZHWS.

o, o« EI (3.17)
1 2
E’=[ _j E (3.18)
1+¢

E : fiERTOY > 73R (N/m?)
E  fE#OY > 7R (N/m’)
g T 1 IR~4 RO EH A IRENE D )R8 74
#3113, 3.11 ® 1D FEM €7/ (ZE7 /1) &£[X 3.10 D 3D FEM £ 7 VO 1
W’~4 IRDEFREI O AR LD THS. 3D Model 0 23Y > 7V REMMIET HRE1TO

E=2.09x10""N/m* & L7=FF /L% Y, 3D Model | B¥> 7HEERX (3.18) ICL->THEL
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E’=2.05175x10"" N/'m* & L7=EF /A Tdh 5. 1D FEM EFMICKHT 5, Yo 7V REMET D
i 3D FEM &7 /L D [E A IREF O Z DO HEIZ R R T 1.02% TH L DTk LT, ¥
FaMHIE L7200 3D FEM £ 7 /L O [E A IREF O A O #EseH B I35 K T 0.09% & 49 1/11 12
IR L TV 5.

Table 3.1 Comparison of natural frequencies for bending modes of a shaft
with uniform cross-section between 1D model and 3D model

Unit: Hz
Mode 1D Model 3D Model 0 (Error) 3D Model 1 (Error)
1 743.69 750.04 (0.85%) 743.14 (0.07%)
2 2018.8 2037.6 (0.93%) 2018.84 (0.00%)
3 3873.7 3908.8 (0.90%) 3872.85 (0.02%)
4 6236.7 6300.5 (1.02%) 6242.59 (-0.09%)

3.4.2 HIFfE—FOBRFR

ZZCE, K312 D) & (DSR2 FEOE AR Y LS.

AT 2 FERTICH - EOREREZFD, B IE2 EETIC R SBROREREZRS. WO
Sk U TICRT.

- ShaftA ;  £F 350mm, /NMEHSIME $20mm,
KEEIME ¢25.4mm (6=0.7874) & $25.4mm (f=0.7874)
KEBERONLE : 20575 57.3mm~82.7mm  (h/dy=1),
162.3mm~187.7mm (h/dy=1)
- Shaft B; &5 350mm, /NMEHIME $20mm,
KEEFIME ¢25.4mm (6=0.7874) & #35.4mm ($=0.5650)
KEBERONLE : L0575 57.3mm~82.7mm  (h/dy=1),
162.3mm~187.7mm (h/dy=0.7175)
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(a) Shaft A

(b) Shaft B

s

Fig. 3.12 3D FEM models of shafts with stepped cross-sections (Shaft A & B)

3.12 @ 3D FEM &7 /L0 B HFRREE O B EAATRE R (1T 1 R~4 ROE A RS
) 2L T, K3.13 D 1D FEM £ 7 /VICIRE LA A LI 356 OREA IRENCA 3T
L7z, @A, @B I, 3DFEM 7 /L OMEHEIZY > 23 £'=2.05175%10" N/m* (#i 15
%), W7V Hv=03008, B p=7846 kg/m’ & L, 1D FEM &7 /L O BHEEIEIL Y > 7 3R
E=2.09x10"" N/m®, 7R7 > kb v=0.3008, FJE p=7846 kg/m’ & L7=. 723, € 3.13 ® 1D FEM
BT VTIHAERS 5, 10, 17, 22 FHOHEHRREEX (3.10) IZE-T9d/32 & LTN5.

- N M T VYR XOS— N T WV 0 %

Fig. 3.13 1D FEM models of shafts with stepped cross-sections (Shaft A & B)
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3.14 138 A O 1 R~4 ROBEBFEET—RFRE2RLIZHDOTHD.

1st mode 2nd mode

3rd mode 4th mode

Fig.3.14  Eigenmodes of Shaft A

#3213, K312 OERETEZAT 28 A © 3D FEM 7V (BZRET L) &,
X 3.13 (@)Dl A ® FFLD 320D 1D FEM £ 7 /LIZ DWW TR 1 tk~4 RO [EAIRE R Ot
BERLIEBDTHD.

- 1D Model 1 : HECEZALHITIR O BT & 21 L A8 £ 7 1

* 1D Model 2 : /NIED JFEIC X - CTHIE R ZALERW i O A 2 558 LT T /L
« 1D Model 3 : $2RJ7IEIC L - CTHIERZAL Wm0 ML LR 2 Z8 L7571

Table 3.2 Comparison of natural frequencies of shaft A

Unit: Hz
Mode | 3D Model 1D Model 1 (Error) 1D Model 2 (Error) 1D Model 3 (Error)
1 763.64 772.55 (1.17%) 772.55 (1.17%) 767.09 (0.45%)
2 2050.9 2064.1 (0.64%) 2064.1 (0.64%) 2055.0 (0.20%)
3 3964.3 4027.7 (1.60%) 4027.7 (1.60%) 3985.8 (0.54%)
4 6307.7 6382.3 (1.18%) 6382.3 (1.18%) 6323.7 (0.25%)

36



Hil AR A AL T I O BRPEZSTE 2 5 8 L 72\ 1D Model 1 TlXE KT 1.60%DFEENH 5.
B4 3.13 ()08l A OETATIE, A (1.1) Ol FRINEE 5 2 5 R ORI d, R
WAME dy LW KREL D720, WMROFIETEH TE 0. 2072, 1D Model 2 DEA
EEHELIT 1D Model 1 & [Al—DfEE 72> T 5. FERFIEIC K o CTHEE AL i o jHE
I % & L71= 1D Model 3 DFE7E1T 0.54%LL FTH 5.

#331%, K312 b)OHERE(HZ AT 58 B O 3D FEM E£7 /v (BZRET L) &,
X 3.13 (b)D il B DRIZED 3 2D 1D FEM £ 7 /M2 DWW THINT 1 k~4 RO EAAIREI SO L
BERLIcbDTHD.

Table 3.3 Comparison of natural frequencies of shaft B

Unit: Hz
Mode | 3D Model 1D Model 1 (Error) 1D Model 2 (Error) 1D Model 3 (Error)
1 733.33 754.86 (2.94%) 739.64 (0.86%) 731.99 (-0.18%)
2 2034.8 2049.8 (0.74%) 2047.6 (0.63%) 2036.1 (0.06%)
3 3804.9 3924.8 (3.15%) 3841.9 (0.97%) 3812.8 (0.21%)
4 6161.8 6245.6 (1.36%) 6226.5 (1.05%) 6160.2 (-0.03%)

il B PR AL T ] O B AR T & S5 L 72U 1D Model 1 Tld K T 3.15% D241 H 5.
X 3.13 (b))l B ®DET /T T, Llih D 57.3mm~82.7mm DN E (28 H K CTIEX
3.13 (@)Dl A DE TV EERRIZA (1.1) OZEAREh T MM 2 5- 2 2 REEBOIRE d, > KEH
SR dy X0 REL R DTD/NRO FIEITEH TE R0, s b 162.3mm~187.7mm D
frigE (FRE) IZHDRBEETIX d, DN dy LV /NS BT, /WNNEOHIEZEHATHZ &
NTED (de=31.41 mm). /NIROTTEIZ K o THIEARZALHW i O IEA T 2 ZJE L7z 1D
Model 2 Tid, KT L.O5%DREEN D 5. $RFEITEIC Ko THRIEARLALERT i O w22
% %8 L7- 1D Model 3 DFEZE1X 0.21%LL FTHD.

723, #H A @ 1D Model 3 ¥, i B ® 1D Model 3 ™ J5 S EAREIIL DOFRZEH /N XV
HIL, EhERL pORBEIZLI D20 EBZZOND. 32HII/R LI L 1T, HERL g 23K
FWEER (14) ICKDEEPRBEMETT 5. 202w, £ EEZEH L7z 1D Model 3
TlX, p=0.7874 ORHERZACE 2 4 EATFFOHl A LV, $=0.7874 & p=0.5650 DHfiE AL
W 2 AT OROH B O BN EOEWET L E o TN D,

PLE, ¥ 313 OMERELE 26T 25 2 DO, fit A Ll B ® 1D FEM €7 /LIZ2W\ T,
[¥3.12 ® 3D FEM €7 /L2 &M LT, sERZ EWim Ot Z R 2 ZE L WiGa, /I
WOHETERB LGS, REFHIETEELIEGAED 3 7 —ATHNT 1 Ik~4 RO EFHIES)
Brhml, BEHEPEETHLZ L aMR L.
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fih A, @ B 3L 2 FETOMERZLE A AT 5, il A TIEHEIEAZ RO EH HIZD
WCH/NMEOFIENEHTE T, @il B CIXERZRO—FIZ 2\ TN 7k
TERWEYD, R—FHT/MNMEOFIEER LI EICbR0. 22T, /NNEOTHIEE
WA T DMEARLLEAZA T 58 L CX 315 (288 C Lo D 2 VT, /RO JTIE
ERBEFECHOWCEFIREE DR D ik &2 17 - 72

(a) Shaft C

(b) Shaft D
Fig. 3.15 3D FEM models of shafts with stepped cross-sections (Shaft C & D)

i C 1, X3.12 Dl B OEMOEL 3254 DREHEHELS LT, KEEZ FROERE ¢
354 DEyOFHE LT TH L. DI, [X3.12 Ol B OLAOELR 254 OKEBEHOE
Bw, TROREBEE—D ¢354 L L7 THS.

#3413, K315 OMERZEEEZ AT 2% C O 3D FEM E£7 /v (BZRET L) &,
X 3.13 L [RERDET ML EFT > TR D 3 5D 1D FEM EF/UZOWT, #id 1 k~4 ik
DOEARBE DL AR LIZbDTH 5. SERZEC K DML TE 2B E L 72\ 1D
Model 1 TR KT 2.72%DiREN & 5 W3, /NI FiE% @ H L7z 1D Model 2 OFR A Dkt
EORKMIL 0.56%, $-EHiE%Z#EH L7 1D Model 3 OFZEDMRHE D KAEIT 0.28% T
HY, ELLHRFREENGLNLTND.
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Table 3.4 Comparison of natural frequencies of shaft C

Unit: Hz
Mode | 3D Model 1D Model 1 (Error) 1D Model 2 (Error) 1D Model 3 (Error)
1 730.28 750.15 (2.72%) 729.84 (-0.06%) 728.62 (-0.23%)
2 2001.2 2005.6 (0.22%) 2003.1 (0.10%) 1999.2 (-0.10%)
3 3743.2 3832.4 (2.38%) 37222 (-0.56%) 3740.5 (-0.07%)
4 6080.9 6121.4 (0.67%) 6096.5 (0.26%) 6063.6 (-0.28%)

#3513, K315 O)OEREEHEZA T 58 D O 3D FEM €7 /v (BRET L) &,
X 3.13 E[RAEEDET WAL ZIT S T=HIIRD 3 5D 1D FEM £7 /LW, i 1 k~4 &
DEARBBOLKZ R LI DO TH L. MERZEHBmOMEER ZZE LR\ 1D
Model 1 TIEHK T 3.65%DFAEN B 5%, /NED L% #H L7z 1D Model 2 DFAZE Dbt
EORKMEIX 1.01%, 225 EZEA L7z 1D Model 3 OREZEDMEXHE D KMEIE 0.38% T
HY, PAONREFTEOFPREENRIFTH D, /IO HETIIRE O %) LT
HHE R AW O AT O# O ITRIMER T2 RBLL TW D013 LT, BEHIETIE
i/ NEEBICER T TR & 9d/32 DBEROMITHIMEZ 53D D Z L 1T K o TEAZEERD H0> T
OO TR FE2RBE L TWD. 2078, WHEOBAEEEO TR E O 2= R1X
HHIE AR AL ERWT T O A 23T O #h FRIMEAR T 2 RELT 25N Re 5 Z LICERT 5 &
EBEZBHD.

REFEEZHNDLZ LIZE T, MMEOFIEL Y SREICEARESZ TR T2 &
HER ST, /NEOITHE B EERZALE O Z 73T O fi T RIS T 2 B8 L2
Bl EtHoERBELNZD.

Table 3.5 Comparison of natural frequencies of shaft D

Unit: Hz
Mode | 3D Model 1D Model 1 (Error) 1D Model 2 (Error) 1D Model 3 (Error)
1 728.39 750.15 (2.99%) 729.84 (0.20%) 725.61 (-0.38%)
2 2007.2 2005.6 (-0.08%) 2003.1 (-0.20%) 2002.0 (-0.26%)
3 3697.5 38324 (3.65%) 3722.2 (0.67%) 3705.8 (0.22%)
4 6035.3 6121.4 (1.43%) 6096.5 (1.01%) 6035.8 (0.01%)

3.4.3 BEEICKIHITERDOITME
Z ZCIE, X313 (b))l B O I R & O/ B 7R D, T7eb B 3.13
Ol B OFi R 18 22 HHiA 35 FTOEAEY EiF 5. KREHIME 4 0 5K L T/
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WCHiiFE—2 v bbb ao-bAiifiz, [X3.16 ® 3D FEM E7 /L £ [X 3.17 @ 1D
FEM &7 /LIZOW TSRO T AT > 7. X 3.17 ® 1D FEM &7 /L CIIEmn s 5 HHB O
EEEA 932 L LTV,

)M

Fig. 3.16 3D FEM model of shaft with stepped cross-section for bending deflection analysis

Fig. 3.17 1D FEM model of shaft with stepped cross-section for bending deflection analysis

ID FEM E7 /L ClE, BRI O MM 4 E 8 L7y 1D Model 1, /INE O FiE
(2 X o THRABER AW i OB A & B R L7275 % A L72 1D Model 2, 42507
BRI Ko THYE R Wi O 252 2 B 8 L 72 1D Model 3 D 3 DDET /LT DN Tz
Az Rk, 2T, IMEEERICE X HMIFE—A Y MIM=100N'm & L7=. ¥
VIRERT Y UHIE, 3428 LR UEE AV

X 318 IZFET NDObAlifE R Lzt DOTh 5. RKICIE z=20mm £ TOES OFE
KENZIN 2 THIGIZAE T DIk K bAOEZ LBIONEIZ R L. 3D FEM E7 /WIZxd %
1D Model 1, 1D Model 2, 1D Model 3 Dz K7z > A DHEXHEDREFE T Z N ZE A, -3.92%, -1.33%,
0.10%TdH Y, RFEITVEI Lo THIERZH M OMHEETELZBR T L2 LIk Tb
HEORBEE KIBICKRTE 5 2 L3 R S L.
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Fig. 3.18  Deflection of shaft with stepped cross-section due to bending moment

3.4.4 EERICKBHITFE— FOBEHEIREIEO M

4 3.12 (a)lZR AL D WhiE AR &2 R0l A 2, [A—A 06810 ML CORINLTIZ &
ST 16 REELT-. Z OfORVER 2 £k A-3 (23T, X 3.19 [ X NNEER ORI & 7R
L72bDThD. BBl K7 W B RANR L7 & & ORET) & s O iR
BN LS A B85 5002 BREUS A B E, A SRk o3 A S A 7e FEBRE — MY
Y7 hv =7 (Balmes, E, 1996) & M\ Chii— B HE7 /v (Allemang, R. J., 1994) (Z i
A L TARBRBEARE A RO, X (3.19) ([ rkoE®— NI 5, EEEAMH L &R
WO A A IR w,, OBRE R

Fig. 3.19  Impact test configuration of experimental modal analysis of a shaft
with stepped corss-section
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/1r = _grwnr +ja)dr (319)
Wy 2 T ﬁ@x{ﬁiﬁﬁﬁ?ﬁ@b?ﬁ ‘(rad/S)
o r IROE— R

war * 7 OBEEEE PRI (rads), @, =1-¢, @,
il OO SCRFTIRIE, BRI A ACETT R O Zr OEB) 2 7FA T D e DI KT I AR Y

TSRS DG L U, BEEOZE IR 5720l & sz 5 OFMmciZ 7 U 2
Z@AMLLE (X320 2H).

Shaft Spring
S
(Test piece) —| (Sponge)
Grease

. _J Pedestal :

Fig. 3.20  Support method of a shaft

# 3.6 ITEHABERR O — B AR, ERE— MY 7 b U =7 L LTIX, MATLAB®OD
— R/N—7 ¢ Toolbox T& % SDTools 1% Structural Dynamics Toolbox % f L 7=.

Table 3.6 ~ Measuring instruments

Item Manufacturer Type Quantity | Serial Number | Notes
Impulse Hammer PCB T086C03 1 24130 Steel Tip
Accelerometer PCB 352A10 1 10335 0.7g
Dynamic Signal Crystal 24bit

Analyzer Instruments Coco-80 ! 36678 XA ADC
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3.21 ICHEENNIRRER I L » TE O N EREUSERBE E 1 —7 7 v MEROH &R
T, FKIZEBWT, HOOERNPIER SN BEEECERBRETHY, RODOERNI—T
74w Mo THE LN BEEICERMETHD.
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Fig.3.21  An example for curve fitting of frequency response function

#3712, K312 (@RS DERZH A RO A O, 1 IkR~4 RO HFE— RO
AR OERERZ =T, FRICL, T NOBEARBEOFEHE, Dk o, 30 OIH
IZOWTHRL, 30 OEIZOWTIEEAIREIE O FAMEICKTT 5 EaROMEb e L.
EBRTHE LN EAIREEIZ, 16 AOfORIERE, FREBISERBOFHIRRZE, 1—7
T4y FOBEEGMELDLEEZDLZENTELN, 16 AOHO EAIRENEK O LHE
764.56 Hz, 2053.9 Hz, 3966.7 Hz, 6313.7 Hz |%, % 3.2 @ 3D Model @ [ H REh%L 763.64Hz,
2050.9Hz, 3964.3Hz, 6307.7Hz (Zxf L C, &%40.12%, 0.15%, 0.06%, 0.10%D7EHRNH %
I E 720, 1 R~4 RO T E— FOBEAIREIED 3613 0.5% KM Th 5.
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Table 3.7  Identified natural frequencies of a shaft with stepped corss-section

under free-free support condition
Unit : Hz

Istmode | 2nd mode | 3rd mode | 4th mode

Rotor 1 764.23 2052.2 3963.9 6309.0
Rotor 2 762.59 2050.1 3960.6 6304.4
Rotor 3 764.37 2054.0 3966.0 6313.3
Rotor 4 765.77 2055.0 3968.1 6313.5
Rotor 5 763.97 2052.2 3964.5 6307.5
Rotor 6 764.52 2054.5 3968.0 6316.8
Rotor 7 765.19 2054.9 3970.1 6315.6
Rotor 8 765.64 2055.0 3967.5 6314.0
Rotor 9 762.50 2048.7 3958.8 6302.0
Rotor10 766.25 2058.2 3973.6 6324.7
Rotorl 1 765.56 2055.3 3970.3 6318.1
Rotor12 764.20 2055.0 3970.0 6322.2
Rotor13 764.74 2054.5 3967.1 6315.0
Rotor14 765.26 2058.1 3973.8 6324.7
Rotorl5 763.59 2049.5 3957.9 6300.9
Rotor16 764.59 2054.7 39673 | .06316.8
Mean 764.56 2053.9 3966.7 6313.7
o 1.140 7.380 21.90 53.74
(Per(?e(; fage 3.203 8.150 14.04 21.99
mez%alvgsﬁle) (0.42%) (0.40%) (0.35%) (0.35%)

381, #A O 1 R~4 RO E— FOEAREEE EBRFER CFHHE) & 1D FEM
ETMIZONWTRLEBDTH D, [FERIE, £ 32 OBME% 3D FEM E7 VOENHE
3. OEBREROVEMEICEEL L=bDOTHDH. 22T, il A/NEOFIEITEHATX 720
728 1D Model 2 (T8 V2. EBRAER CEAE) (232, RET DEERZ(LEOET L
{bF51E %@ H L7 1D Model 3 OB A IREEOFREITR K T0.48% TH 0, ERFHERNO B,
RRT HMERECHOTT MEFIENRRYE THDH 2 LB ER ST,
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Table 3.8 1st to 4th natural frequencies of bending modes for shaft A
(Test and 1D FEM)

Unit : Hz
Mode Test 1D Model 1 (Error) 1D Model 3 (Error)
(Mean)
1 764.56 772,55  (1.05%) | 767.09  (0.33%)
2 2053.9 2064.1  (0.50%) | 20550  (0.05%)
3 3966.7 4027.7  (1.54%) | 39858  (0.48%)
4 6313.7 63823 (1.09%) | 63237  (0.16%)

3.45 EHRHELOMTITETIVICK H81ITE— FOEFRE DT

AHEITIE, K32 1R F - —HERe —FOFERMHEYET VEHWT, iEEZE
{LERT i O BMEETE Z B FIEICL > TEBLIEHA EBE LRVGEAICONT, T
— FOEA AT R Z kT 5.

Turbine . Generator
ail Coupling Exciter

Fig. 3.22  Bending vibration analysis model of turbine — generator rotor

(322 DETME, F—brma—F LREEKe—F01 0y 7Y 7 TRIFES ST 1
B— X N RE S 6, 45, 67, 99, 107 DAE TV IR SNIEL R > TnDd., #—F
VIR EM T — 2 X2 R 29,614mm, ik 108, O BEHEEL 107 Ol L, T L— R
DT 4 AT BRTHERINTWD. EHETRLE, BEEEFS4, 7, 9, 21, 28, 33, 39, 41,
43, 50, 53, 59, 62, 68, 74, 91, 97, 102, 105 OFEIHR|Z, HhE AR LERTH O ML
(KD BT OEOMITHIMK T 2B E T REERTH LD, BHREL 9432 L LTS,
T, BRESIBICOVTUL, EREFE 33 LM OEEELZE LADETEN 9432 &
BRHEIITHEELTND., flEk A4 [2¥— B —3EH0 — % OTIRBIFITTT L O
JLE T

#3911, HOETRLEEZROMPAMEEZ EL, (X 3.14) 28) LT 2REHIELEE
BRI D F 3 F O gl 1 FRIMEAR T 2 B R L 72 Wl O JEIZ DWW, i 1 IR~5 ko
BEARBBEOHAERRE R LIZbDOTH S, RRITIE, BREHFELBTEOFEOERIZS
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WT bR LT IBEIEIC X 2801 3 RO BEAIREIEIT, @H OHEL VK 5%m W ETH D .
H#EIZ, T 1 R~5 KOBEHE— REK 3.23 12T,

Table 3.9 Natural frequencies of bending modes
for turbine — generator rotor

Unit: Hz
Mode | Proposed method Ordinary method
1 17.026 17.250 (1.32%)
2 17.509 17.708 (1.13%)
3 42.803 44.759 (4.57%)
4 62.921 64.389 (2.33%)
5 65.090 67.220 (3.27%)

Deflection

Position of nodes (m)

Fig.3.23  Eigenmodes of bending vibration for turbine — generator rotor

3.5 W&
1 RICREDOAIREFRE T NA~OHWM A G 72, SE LT O ML & 5 H00 0
OO #F IR T 2 B8 L7-F 7 ML TIEIC W TR L, BLUT Offam 2572,

(1) REMBBERE oD, HHEEEZ B E T & RO hidy OFFE, 3 78b
BIRRTFEOME AT, #hiERL IO TBEE Wdy>02 TH 5.

(2) /MEEBIZR & 9d/32 DEWEFR & 7% T, ZOE O EZX (3200 THEX LN DH%E
il 72 EFRME I, & 95 2 &I Ko T, B R 2 bR O P ZE T K 5 B 5T Ol
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DOFHIMER T 2R R TH LN TE S,

LI, =12+ +71° 1,7 + 61,1, +21,"
I = (3.20)
! 2(11“‘]2)

I 2 RESHHOBIE 2 kE— A > b (m)
L AIMEEN OB 2 RE— A > R (m})

(3) REEHNEM L H72 %, WA 2B ET <& H#PHCIE, KREES do 23/ ihE
B d IR LTS BREL Lo TY, FlZdh M EL, 13/ o i EL
0.4979 fi5 % TIE1 & 720,

(4) BEFEIC X D EFIRBEOMTERIL, ERAWLNTE/NEOFIEL Y EREE
Thb.

(5) BEHEZWEMT 5 LICE-T, BINHERTH 2 EAREFAEZT TR, #HHkR
T AT OWNT S SRR R A/ D Z &N TE 5.

(6) EWILDF—vr —EHn — 20 5 FFT CE UV FFENZETVCRIT D, KR
T— FOBEARBEICET 285 O FE L REHIEOERIY, HRKTR % TH-o7-.

S5 X

Allemang, R. J., Vibrations: experimental modal analysis, UC-SDRL-CN-20-263-662 (1994).

Balmes, E., Frequency domain identification of structural dynamics using the pole/residue
parametrization, International Modal Analysis Conference, (1996).

HR —, KR RS, IR 9, SRR Lo MR, PEEIRIE (1973), p. 111

mE BT, T B R FRl, ShERE e AT 5 v — 2 o IREE — FICBET
LIRENE R O ERGE ST T L ORE, H AR S5 SCE C i, Vol.75, No.752 (2009),
pp-824-829.
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Fig.4.1  Analysis model for investigating the influence of fit on bending stiffness
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Fig. 4.2  Deflection of shaft with a sleeve
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Fig. 4.3 Equivalent diameter versus bending moment in case of interference Ad=0.024mm
(friction coefficient 4=0.05, 0.2, and 0.5)
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Fig. 4.4 Equivalent diameter versus bending moment in case of friction coefficient x=0.1
(interference Ad=0.01, 0.024, and 0.041mm)
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Fig. 4.5 Alternating bending moment
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Fig. 4.6 Bending moment versus relative deflection in case of interference Ad=0.024mm
and friction coefficient 4=0.1
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Fig. 4.7 Equivalent diameter versus bending moment in case of interference Ad=0.001mm
(friction coefficient 4=0.1 and 0.2, solid model)

52



W HFET

H

R, TX0HV O
Lo, gt~ m

BEOE M INT

3

15k 7)

T

T TR Lo

B oA varm D5+ E
E2bDTHY, T LITEEBRTHS.

TN HEPA A & s

INTW5b.

] 4.8

775D

£
- 37|
—H

~

i

-
—

A

T
#®

Hh i — %
D7 7Dk

OGRS,

SR, 1FFTXTOMHE

-
—

LRI

N

T

2 T HPHA /N

LD

(55

-
—

¢

L

LTV

.

hY

-
—

(

L
A&

=0 Nmm)

Step 3 (M

=200 Nmm)

Step 2 (M

=0 Nmm)

Step 1 (M

=200 Nmm)

Step 6 (M

=0 Nmm)

Step 5 (M

Step 4 (M=-200 Nmm)

=0 Nmm)

Step 9 (M

Step 8 (M=-200 Nmm)

=0 Nmm)

Step 7 (M

=-200 Nmm)

Step 12 (M

=0 Nmm)

Step 11 (M

=200 Nmm)

Step 10 (M:

0.01mm and friction coefficient 4=0.1

Sliding area map in case of interference Ad:

Fig. 4.8

53



HiFe—2 2 b2V LAM LSOO AEWVEIOIREIX, ift—X 2 FORKE
Sk THERDD, 48 OMITFE—A L FV/NSWES L HBIRT T E—X 0 2
KEWGEIZHT CTHIAT 5.

(2)

(b)

27w 7 LI, BHCHTE— A RBER LTz, #osMR X /S0t
EREORA) =T 2 OADEIRETH Y, AU =T ORNEBPILT 5N D DT> T
AV =T RGN ERF SN D T2 OT RO BNEC TN D, BT ¢ 1A U —7 Offi
ERERNT D HMICHRAEL, TORE S|gIIX (43) TREIND.
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Ty 72 CREICA LT R BMREESN, Bl TIET 0 8 LORESREFSND
728, HF O SIENZIT VT X A T > 7 1 s BAREEN (L L 72\, AT v 74 T,

54



27 w72 LRRRIS, #orill (kf) TORMBOHTRMOT O BRELDL. AT v
5T, A7y 73 EEBRIC B E TEICTRVITAETRY. 27y 7 6 LIREIE,
FEAME T3 280 MmN TS, BIFE— A 2 M2 X 280585 m o8 AW/ H
R % LRl 72Tz, BT XD BNETRVIRIEE 22 5.

() HIFE—RAL ERREWVWEEIE, A7 v 72 Tli, #HIFE—2A2 MBS WGAE L
BRIZ, sl (Fi) OA V) — 78 OHEEIME T T 5 DITEN R U —T i o N
BB EIIHED 5 & T D720, BEIPEITE— A M X AHO5EHm O+
AT E R —HIANCAER LT o3_ 0 84 U5, @oMEl (ki) oRY—
T CILE T B — A ¥ M X 28O EHE T oW AW )23, e BRI THEKR
L7-BRFEE ) % BRIV RS G ROTRONEL D, AT v 7 3 TlE, FHllcHiAS
MOFTRONAECD. A7 v 7 4 TlE, ol (Em) CIEMOsmod <0 534
C, #hoMpl (Fii) TIEEMEAGTMOT RN ELDS. A7 v 75 T, LlicHEs
FEOTROPELD. AT v 7 6 LKL, AT v 7 2n6AT v 75 LREIC, il
OO R Y — T CiE, BiFE— A 2 hOKRE IBBRT 5BEE T MO mo
TROMPEL, BOT LB TITMA T ROT RO NET S, FOMME O R Y —7
EBCIE, Mool & i E OFTRY RELD.

WIZ, BV RUEHTZ2HTE—A L FBAREVGEEIZONT, BORELLGEOA
T OITHIMEIZ DWW TRETT 5. #lE LT, K4l IZBWTIHROADELZ AV —TDEX
Z 1.0mm & L THROAWIC L DT E po2/hS< L, BEEMRE u % 0.05, #HOMR A %
0.0lmm, B 50 IR LOHIFE—A > FZ& [ 4.5 D 100 %5 D+20000Nmm & L7255 0,
fiFEe—A 2 b M2 6p-0, (K42 Z2M) ORREK 4.9 (R T. KLY, #OR
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Fig. 4.9 Bending moment versus relative deflection in case of interference Ad=0.01mm
and friction coefficient 4=0.1 (sleeve thickness: 1.0mm)
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Fig. 4.10 1D FEM models of shaft with a sleeve and solid shaft

B A2 LRI OB ZE TR 2 % 8 L7 1D FEM £ /LIZ X 5 R AW O EB o> S fff i 1|
HEOFHMIZSENL S, 1D FEM ET LT, K410 @DTXFIXHORY —T X &
4.10 b)Y U v Rih & OEAREE D 2R %, 3D FEM E7 /L EREBRICEBRTE 52 &
R 5.

EEBRIZE DK 4.10 D LE D XD A U —TfF ZflO RO A VERO BT RIMEO G2 Se N7
5, 410 0)D YV v RO 7€ — FOEARED, X4.10 @DHEHZFIBNTAY —7
DO E VRS 2T XEEIH L Lo TE— FOEAREE, PEICGHEN T 52
& EMERT DT, FRITIC L Dt E1T o 7.
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DAY —T7fFZ#hD 1 IRILET /L (1D Model 3) (ZOW TS E— O [E A IRENEL O MR E
DO ZE R LD THY, K 421%, X 4.10 (b)D Y U » Rifiliod> 1 RItE T /L (1D Model 3)
X410 DT EFFEODORY =T (&l 1 kocET /4 (1D Model 3) 2O\ CHilFE
— FOEARBEOMITEOEZ R LIZbDThHS. TEFXHODORY —7 (& 1D
Model 3 (2 X% 1k & 3 RO ENTE— FOEAREEOMBITEIL, VU~ Rl 3D Model,
1D Model 3 DfiffL & H_TH 1%L HMEVWMEE 72> TEYD, YU v Rt T2 FIXDHDORY
— 7 EEITIE 1 R E 3RO — ROEAIREESARRICR /25 Z L N5,
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Table 4.1 Comparison between analytical natural frequencies of 3D Model of solid shaft and

analytical natural frequencies of 1D Model 3 of shaft with a sleeve set on it by clearance fit

Unit: Hz

Analytical Analytical value of 1D

Mode value of 3D Model 3 of shaft with a
Model of sleeve on it by clearance

solid shaft fit (difference)

1 733.33 724.34 (-1.23%)

2 2034.8 2038.2 (0.17%)

3 3804.9 3753.9 (-1.34%)

4 6161.8 6174.5 (0.21%)

Table 4.2 Comparison between analytical natural frequencies of 1D Model 3 of solid shaft and

analytical natural frequencies of 1D Model 3 of shaft with a sleeve set on it by clearance fit
Unit: Hz

Analytical Analytical value of 1D
Mode value of 1D Model 3 of shaft with a
Model 3 of sleeve on it by clearance
solid shaft fit (difference)
1 731.99 724.34 (-1.05%)
2 2036.1 2038.2 (0.10%)
3 3812.8 3753.9 (-1.54%)
4 6160.2 6174.5 (0.23%)

F£431%, K410 b)D VYV v R 3 RTEF /L (3D Model) O i E— F o [E A4 HEH)
BOMHE L 4.10 (@)D LE D IEDDAY =7 E @ fhiF € — Ko EA RO EHR
DI E R LIS OTH Y, % 4413, B4.10 ()0 Y U > Fliio 1 KIEET /L (1D Model 3)
DT E— FOBEAIREEOMEHTIE L X 4.10 @)D LEVIFDHOR Y —7fFxdihothif e —
ROBEARBEOEREOLEZ R LD THS. YU v Rifiiod 3D Model X 1D
Model 3 @ 1 Ik~4 IRO T E— FOBEARBEOITIESL, LEVIZDODORY =T {F il
DT E— FOBEFIREEOERE & DOAERIL, LI 0.2%LN T LTVN0.4%LU T L/hS
Lo THRY, EL7, MITCL2TEEEDORY —T (Xl & OB TR S
NizT— FREICE 2BEEREZR LB LR, LoT, LEVIFTDODORY —Tff &l
DOHRDE WO HNFHIMEIX, AV —THWRER DYV v Rl 1 FIER—EHFH->TREW
LERD.
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Table 4.3 Comparison between analytical natural frequencies of 3D Model of solid shaft and
measured natural frequencies of shaft with a sleeve set on it by interference fit

Unit: Hz

Analytical Measured value of

Mode value of 3D shaft with a sleeve
Model of set on it by shrink fit

solid shaft (Error)

1 733.33 731.84  (-0.20%)

2 2034.8 2035.1 (0.01%)

3 3804.9 37974  (-0.20%)

4 6161.8 6160.2  (-0.20%)

Table 4.4 Comparison between analytical natural frequencies of 1D Model 3 of solid shaft and
measured natural frequencies of shaft with a sleeve set on it by interference fit

Unit: Hz

Analytical Measured value of

Mode value of 1D shaft with a sleeve
Model 3 of | seton it by shrink fit

solid shaft (Error)

1 731.99 731.84  (-0.02%)

2 2036.1 2035.1  (-0.05%)

3 3812.8 37974  (-0.40%)

4 6160.2 6160.2 (0.00%)
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Fig. 5.1  Deformation of a elastic cylinder which has fixed outer surface due to applied torque
on its end surface by a rigid shaft fixed on it

HPEAEDE S b NHEWVGEIE, 2 RTTOBEERREE LTHRS Z N TE, MY T
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47Gh (bz azj o
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3?—214—03382ﬂ3—F00815ﬂ5—FOJI44ﬁ6—F00125ﬂ74—0068) (5.3)
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V7 T LA RERE 0 OREFRAE T 5.

3T
0= 3 3 5 6 7
16Ga’(1+0.33828° +0.08154° +0.11448° +0.012547 )

(5.4)
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Fig. 5.2 Relationship between the rotation angle of rigid shaft and the width — diameter ratio
on elastic cylinder which has fixed outer surface in case that applied torque 7=1000 Nm
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Fig. 5.3 Torsional angle of cantilever beam due to torque

Tl 3271
G, Gmd*

P

(5.5)

X (54) X (55) 2D, FHERZAGHEOMMEZE R O U Y BitE GL, 2%
(5.6) LD,

Gl =%Ga3(1+0.3382ﬁ3 +0.08158° +0.11448° +0.01254")-1 (5.6)

5.4.2 EERELOEIESICE >~ THERELIHEOBEEHRICIDANTOEB@DR
CYRIEETZEEL-ETIL
1D FEM &7 /LT T, BliE 2 LS OB ZE T IZ X 2 s ofho 72 U 0 [lPE

64



TE2EELEETNVEX 54277

h b |
Igl Ip Ipl ’+1p2 Ipz ‘
3 o 5 ?) 3
N I O St e S _
1 ) 3 N
R N —
* element 1 A element 2

Fig. 5.4 1D beam model for torsion in consideration for elasticity of stepped cross-section
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T OBMETRIC L 2R C VAR T2 ERT 5 2 LN TELET METIELRET 5.
4551, ZZTRETLIHMEREMHOET MEITEZRLIZEDOTHD.
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Fig. 5.5 1D beam model for torsion in consideration for elasticity of stepped cross-section

using the method proposed by the author

7, X (5.10) THZOLNDE I OMEEZERE(E O/ NMESIZER T 5.
iz, A (5.12) TRSNDWIE A-A BT SR C VI GL, &, —#xAY72 1D FEM £
THATHOWONAERAEDLYE, TabbISREGTRTILEE2E 25, K5512B0\WT, X

(5.10) THAONDR SO/NEMESROEMA LT VHITEE Gl & BV THIA 2 LHiA 3

TH A ORL Y EHPENIEFIR S S, HiR 2, 3 ORLYEIENESRES Sz b 0

(5.13) ThHY, ZriEk (5.12) LEMThHD.

-G (Ipl +Ip6q)'(1p2 +Ipeq)

Gl = (5.13)
(1, +1,,)+,,+1,.,)

pA

Lo, X (513) &£ (5.12) 225, 2 LY EIPEDFEAMETE 2 IRE— R 2 b L, 133 (5.14)
Ll b,

2 4 2, 2 3 n
Ll =121, 471,00, 61,0, 421,

202, +1,,) (5.14

preq

55 DS 2 LHiIS 3 TERSNS, I (5100 THZ BN AE S OB ihERs
EEO/NENZER T T, 2O DA T VEIMEZE G, & 3< 2 & T, i A-A OFPEZETE
ZEBLEZRCVMAIMEEZERTHZEnTE 5. 727120, X (5.14) BErd 5ok, X(5.4)
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5.4.4 HLYRIEDFMmehEDsE

AREITIE, EHERZOHNT OO T MK T 28 LS < 3572012, 21l
2R TV MMEE 5 2 D/ OHIE dpey ZTEFZ L, dpeg DWEIEARLL B (=dldg)lZx L TED X
INCEALT D0 ERET 5.

SfiZeda U0 WPEZ 5 2 5/ NRESOEIRZ dye, & LT, K (5.14) TRELD7LE DI
DEATIE 2 IRARE— A 2 B L, & TEMBWmE O 2 SRE— A hOBETET &,
X (5.15) &7 5b.

I =—d * (5.15)

peq 35 req

X (5.15) K0, EfMi7al v iEE 5 2 5/ O d,e, 13 (5.16) TRENLD.

d =47 (5.16)

KGN Li=rdy'132, Ly=rd'/32 2R U T Lo, % do & d DEISETHE L, ShiE B B (=d/d,)
LA dyo/d DBURE RO B L, HITOBRAOMERL LSt d,/d O BSR

(K398 LE—DK 56 OMBAHEOND. FKEY, K (54) 2350 LD hidy>0.2
DOFIPHTIE, REEEHER do DS/ IMEEHE RS d IS LTV BRELS Ao ThH, EfMiRALY
WIPE G, 12/ NEBRO 12 U W IIE GL, 0 0.8409°=0.4979 5% Tl 57800 2 52 5.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
p=did,

Fig. 5.6 Relationship between f and d,,,,/d
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Pikizky, K (5100 THZONDESO/NREERZEORQ L VAIWEE Gl £ 55, &
HW0iE, X (5.10) THEZ OGN LR SO/NEIMEZROERZRA (5.16) OHEhZ2 T v MM
52 D/ RO d,e, & THUE, — 72— R TRE T VDN S iR AT 7
ND =7 T, BHERZEL O &2 ZE L iiRE) (72U 0 IRE)) O 2 Ik
B4z enTx5n.

5.5 REAEDZRIUEDIREL
5.5.1 3XTABERETILORLYRIEDHIE

MRS, #hiFogE L [R—o 3D FEM 5 /L (X 3.10 2H) D1 UV IR#EhE %
34.1 Hi L RO FIETEBENT S, MEHREIE, T O5E & F— OBBMESEER 6=
8.0335x10" N/m?*, R7 Y > Hv=0.3008, %[ p=7846 kg/m’ &4 %. HHT5HE— FIREKIC
DNTIE, —IZ, ALY E— FOBRAGREEIIMT L ETE WD, Z2TE 3 KE
TET 5. MU VIRBFHENEREE CTh 5 kIO 1D FEM 7 /WZHOWT H I 0%
HEE—DET L (K311 38 L35,

— R ENER IO 1D FEM T57 /L 0R LY 1 kR~3 ROEA RS E S8 LT 3D
FEM &7 VORI A M ET 5. B ERER oM EICE, X (5.17) OEFARDHE o,
LR CYRIME GL BN BHELEN LA (5.18) ZHWD.

o, «GI, (5.17)
1 2
G’=[ _J -G (5.18)
1+¢

G : MIERTOREMMIRE (N/m?)
G’ : MIE# ORBEMELRE (N/mP)
E RULY 1 IR~3 ROEHAIREEL D FHRAE

#511%, K311 D 1D FEME7 /v (BZHET /L) LX3.10 D 3D FEM E£7 /DL Y
1 R~3 IROEARBE O Z R LI D TH 5. 3D Model 0 2SEEFIIELR I 2 M IET 5 Al
D G=8.0335x10""N/m* & L7=EF /L Th v, 3D Model 1 2L I Z K (5.18) 12X - T
MIE L72 G'=8.0726x10"° N/'m* & L7=EF /LT 5. 1D FEM EF /LK 5, FERMELREKL
AT D10 3D FEM & 7 /L DO [E A IR O RE 75 O HaHME T K T 0.48% TdH D DIZHT L
T, BEFEPELR S 2 W IE L 721 @ 3D FEM & 7 /L O [E A HREN R D R E DRI 135 K T 0.24%
&R ITERL TV D,
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Table 5.1 Comparison of natural frequencies for torsional modes of a shaft
with uniform cross-section between 1D model and 3D model

Unit: Hz
Mode 1D Model 3D Model 0 (Error) 3D Model 1 (Error)
1 4573.8 4571.4 (-0.05%) 4582.5 (0.19%)
2 9161.5 9143.7 (-0.19%) 9165.9 (0.05%)
3 13785 13718 (-0.48%) 13752 (-0.24%)

5.5.2 L LYE—FOEFIRE#
Z 2T, 34280 B 20 EIF5 (K57 28).
il B O~HEAZLLFICHET 5.

- Shaft B; 42 350mm, /NMEEAME $20mm,
KEHEAIME $25.4mm (=0.7874) & #35.4mm ($=0.5650)
KRB ONLE : A5 57.3mm~82.7mm  (h/dy=1),
162.3mm~187.7mm (A/dy=0.7175)

Fig. 5.7 3D FEM model of Shaft B

5.7 @ 3D FEM E7 /L0 B HZFRREED B EATRE R ATV 1 IR~3 ROE A IRE)
#) 2L T, X158 IDFEM E7 /MIREFIELZEH LTS 6 O BEA IR 2 570 L
72. 3D FEM &7 /L O BHFE AR SR G'= 8.0726x10' N/m* (fHIETR), K7V Ut
v=0.3008, %5 p=7846 kg/m’ & L, 1D FEM &7 /L DR BHEFHEI IR MAR S G= 8.0335%10"°
N/m?, K7V 2 Hv=03008, I p=7846 kg/m’ & L7=. 723, ¥ 58 D 1D FEM 5 /LT
eSS 5, 10, 17, 2 FHOEFER XX (5.10) THALNLHRESE LTWD.
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Fig. 5.8 1D FEM model of Shaft B
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Fig. 5.9  Eigenmodes for torsion of Shaft B

#521%, 5.7 OEERZLEAH T S8 B O 3D FEM £7 /L (BRET L) &, K58
DOFhB DO FEE?D 22D ID FEM BT /LI OWTHRALY 1 IR~3 KO EAIRE Ok 2R L

LD THSD.

* 1D Model 1 : BHIE AL ERITIE O FEPEATE & B8 L 720 E T /L

* 1D Model 3 : $2EITIEIC & » THIEARZALER T O E R 2 B8 L 2E 7 L

71



Table 5.2 Comparison of natural frequencies for torsion of Shaft B

Unit: Hz
Mode | 3D Model 1D Model 1 (Error) 1D Model 3 (Error)
1 4591.0 4650.7 (1.30%) 4598.1 (0.16%)
2 6538.3 6593.0 (0.84%) 6543.6 (0.08%)
3 14780 15030 (1.70%) 14880 (0.68%)

B 2L BRI T 0D B ZE T & 5 L 72\ 1D Model 1 TR T 1.70% DA 8 5 73,
TR FE X o CTHIE A Z AL Wrir O BAEZE T 4 &8 L 72 1D Model 3 DFEZ21E 1D Model 1
D 1/2 K5 0.68%LL FTH 5.

Lk, 5.8 oiEARE A2 A T S 1D FEM £5 /LW T, ¥ 5.7 D 3D FEM &
TNESRLUT, SERZ W OBMEEE 2 ZE L WEE LIREFIETEE LIS
AIZONTRLY 1 R~3 ROBEFIREE A L L, RETEOZ L2 MR L.

5.5.3 EMIFILYVICK D LY ADOEm

22T, X5.8 Ot B O REEHE & AR O/NEE B2 S, T2 HIX 5.8 Dl
B Ol 18 B FiM 35 £ TOMZIY BiF 2. KREEAME I & s L C/NEER eI by
7 h bz 0 & E O/ OBIEE D53 Fi %, [X15.10 @ 3D FEM E7 /L &[] 5.11 @ 1D FEM
TFTIUZOWTRO THEZ1T-72. X 5.11 ® 1D FEM 5 /L TIEAERD 5 F B OEH
Ex#X (5.10) TH2bNEESEL TS,

5.11 1D FEM model of shaft with stepped cross-section for torsional deflection analysis
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1D FEM 7V ClE, S G E T O M 2 Z 8 L 72\ 1D Model 1 & 252514
(2 &L o THABRZAEE T O WML 2 B8 L= 1D Model 3 @ 2 DDE T /MZ DWW TEIER
AR, 2T, IR E 25 FL 21X T=100 N'm & L7-. BESEMEREIE, 5.5.2
i & R Ui A .

502 1IKET NVO/NRE DA DO FZ R LT b D Th S, [FIZITAemEHOIER
BN 2 T Hedmil o [lds A Ofi 2 FLEIONAIZ R L7, 3D FEM 7 /LIZ%f 3 % 1D Model 1
& 1D Model 3 DSEhniB D EIEL G OFRZTZ LI, -1.46%&-047%ThH Y, REHIEIC
o THIERZALIWHE O WAL 2 Z 8T 5 2 LI K o THRIRB O [RIEE A D7 %%ﬂm

1&{&‘( ?‘_& e L Z)lﬁﬁmu é ﬂf:

0.80

0.70 T=100 (Nm)

0.60 [~ Maximum Deflection ~—
T 050 | 0.7479deg LA o6 :
= 00 0.7369 deg / 074 |
2 04 - —L 072 L .
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£ / ——3D FEM Model
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Fig. 5.12  Deflection of shaft with stepped cross-section due to torque

5.5.4 EHRHBLOB/ITETIVIZE S LY E— FOBRFREBO M

AHEITIE, K SI1B3ICRTH - —RERe - OFEHYET VEHWT, ERE
{LERTE O BPEEIE Z R B HIEIC L > TEE LHE (BEER) EBELR2VWES ek
E) 1ZonT, AlhEe— F‘@Iﬁmﬁﬂﬁﬁ%%tﬁxﬁé.
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Turbine . Generator
hhd Coupling Exciter
gl sz s

Fig. 5.13  Torsional vibration analysis model of turbine — generator rotor

K513 ODFTNVIE, F—bvrmn—& LREER—FN Ty 7Y 7 TS S 1
o— X N RE S 6, 45, 67, 99, 107 DALE O TR SNIHELZFF > T\ D, ¥ —
v —HEK e — 2%, 2K 29,614mm, A 108, WhOZFRE 107 ORI L, 71—
REDT 4 AV BERTHEEINTWD. KETRLE, BRERES4, 7, 9, 21, 28, 34, 39,
41, 43, 50, 53, 59, 62, 68, 74, 91, 97, 102, 105 DEHRL, HHEEZLHELMHE O HE
ERCE DR VAR TE2BETREERTHL-0, BEEZRX (5.10) THx2 b
RBEELTWD. flfk A5 IC¥ —Er —FREH T — ¥ O U0 IREEIT€7 VORECE R
7.

#531%, KETRLEEFERORUVRAIMEE G, (X (5.14) ) L35 EHEL,
HHEARZALEROR L BIMEK T 2B E L722WiEHE O FIEIZONT, AtV 1 k~3 KOMEH
BEHOHBEMREZ R LI bOTH D, MR, BEFIELEFEOHEOZERIZONT
bR L, BEBEICE20UD 1 RE 2ROBEAFREFIE, BFOHEL DK 2%EWET
b5, BEIZ, ALY 1 R~B3ROEAE— &K 514 17T,

Table 5.3  Natural frequencies of torsional modes
for turbine — generator rotor

Unit: Hz
Mode | Proposed method Ordinary method
1 16.873 17.253 (2.25%)
2 132.38 134.94 (1.93%)
3 166.78 167.14 (0.21%)
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Deflection

Position of nodes (m)
Fig. 5.14  Eigenmodes of torsional vibration for turbine — generator rotor

513 OfEHTET VBT 5, REFELBBEOHIECLD 1 RE 2RO LY E—F
DOEG AT R OZER §2%5, COREORE S THINEHMET D202, 2%
RAEFE TRENTOWDIE & g L7z,

5151%, 50 MW LALLM # — b 3@l n — 2 12T 50 U 0 IRE) (ZBT o%KE
FEEHZBIT % Bk 1SO 22266-1: 2009 (International Organization for Standardization, 2009) T/
INTWD, fROXE, REHEEHE DT EFERGHE DEE, ThbbEEROES W
EZRLIELOTHS. R TIE, Al, A2, B, C, D, EQEEZNZEN, 2.5%, 2.5%,
1%, 2.5%, 1%, 2%& 352 L R—iEEE L ORSITWD. 512, ALY IEEOfF
& 73RN E IR CTHEIE SN D HAE, 1%DRBE BN TRATLMENRH D Z LIRS
nTnas.
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Primary frequency

exclusion zone

(No tests required)

Full speed shop test

on generator and
static test on turbine rotors

|
Full speed shop test

C

on generator and
turbine rotors

Field test

verification
1

Allowable grid
frequency variation

A2 A1

B C

Frequencies
Lower than
L/TL frequency <

Line/ twice line frequency (L/TL frequency)

Frequencies
higher than
> L/TL frequency

A1: Allowable upper grid frequency deviation
A2: Allowable lower grid frequency deviation
Margin between maximum/minimum allowable grid frequency and resonance peak

B:
C : Calculation uncertainty
D:
E

Reduction in calculation uncertainty if a full-speed (dynamic) shop test carried out on
generator rotor and static shop test (e.g. modal testing) carried out on LP rotor

: Reduction in calculation uncertainty if full-speed shop tests carried out on the rotor(s) of

concern, e.g. the generator, exciter, LP rotor, or if successful operating experience is
available for a similar shaft system

: Temperature effects

This compensates for the change in shaft stiffness in those cases where calculations or
tests are carried out at room temperature instead of the normal operating temperature.
F is zero if temperature effects have been taken into account.

Fig. 5.15

Definition of torsional frequency exclusion zone (ISO 22266-1: 2009)

X 5.13 Du—X OfFNTET VB W TA UREBELBHOHIEEORQ T E— RO
AIEFRHTRE SO ET K9 2%1F, 1S0 22266-1: 2009 T—&FEEH L L TORENTWD, BET
REEHRAZORE I 25%LFABRETHDLEEZD. 22
DM X D0 0 AR FICinz C, SEcxRnRE 20 LY IRERIrET L
DET IMERRZENFET DHE1E, MBITRRASEE T Mfaét & L ORI N2 % LAl 5
Bnds.
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b.6 #E
1 WIERDOFREFZ T NA~OHEANKS 72, SHEAZALERWE O WM XD BT
OO LT D MK T2 BB L= T UL FIEIC OO TR L, UL TOMmE&ET-.

(1) REBENER E TS, WHEERZZETNE Wdy OFIPH, T7b bR hEowE
FHFE, SERE IO TEIZ Wdy>02 TH 5. ZHUIHTOLHRE LHEETH
%.

() /IR & 37d/{64(1+0.33824°+0.08154°+0.1144°+0.012587)} DEG TS 2 3% 1T, Z DHE
S3ORLT Y HHEE T O5E L EEEOR (5.19) TH X L2 % M7 U 0 RIYE L, &
T5ZEICE o T, ShEREE W O LT K D AT OO T v EPER T
ERBTDLZLENTED.

1.1

pl

2 4 2, 2 3 n
, o= L L T 6 20
red 201, +1,,)

(5.19)

Ly + REEBHOWiH 2 KHBE— A > b (m®)
Ly« NEBROWT T 2 YKABE— £ > b (m?)

(3) REEEWNBR E o2, WAL 2B BTSSP T, KREERE dy 23/ EihiE
BT LTS BRELS 2> T, FliZeta UV HIVE GLe, (ZiT OFE & FERIZ/
BER DR T Y W GL, D 0.4979 (5% FlEl 5720,

(4) BEFHEZHENT D2 LICE-T, BINBRTH 2 EHREFEZ T TR, #19%k
RNUEYERICONWT b EREERITREREGD 2 LN TED.

() FEWMHYDF —vr —REHRr —FDOET MBI D, KIKE— NOEAREEIZE
T HME O EERETFIEOERIL, RRKTR 2% Th-o7lz. ZOfEIE, 1SO 22266-1:
2009 TRFREFE L ORI TWD, BETARESMHIFAEOKRE I 2.5% & [FRRET
H5.

B35 X

R B, SHTRVESE, AR (1977), p. 91.

IR —, R RE, I R, ROITREAR TR MR, BEZEE (1973), p. 46.

Sneddon, I. N., The Reissner-Sagoci problem, Proceedings of The Glasgow Mathematical
Association , Vol. 7, No. 3 (1966)

ISO 22266-1: 2009, Mechanical vibration - torsional vibration of rotating machinery - part 1:
Land-based steam and gas turbine generator sets in excess of 50 MW, International
Organization for Standardization (2009).
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RERNTET VO TORSEFALE T2 ENTE LA, BERORS [, MR
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n—XDE&EET A A7 ODEREIIBERPERRRTH Y, BHAMIE 206, B [A]
AHNCE AT 288 0 OFEIEE— A 2 N Jeg, BRI S, BEAE—F o, X OHAIH
F Iy 1ZIEEERRE D 1 — & ORBIRER ) B3RO D Z E N TE D, v —F ORIREE T E 5
ISEBEN RO D Z LN TE (Fareed, Wahl, 2001, KFAE, Heylen, 2000), = — & O JPERHE:
b E BB B VD — R ERE — RIRITIC L > TRDDHZENTE L. e,
EAE— FICOWTIFHIIORS S LEHIEE 2 ZE L CIHERBHEDALEE X UTR V.

6.4 RH/NSA—ZDEEFIE
BRI OB & 7 ¢ 27 ORERENT A — 5 LR S AR & PERAEDN D, RO H
ET 4 AT DIERNT A —H RO D FMEZ LT IR,
IREVEATE T A B ROTZMMARE (&, EOME, BXOELZIE Y RS E AL
ToME D OFEMET—A ) LEEERE (BAREE, EAEE—F) oL, FEER
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Yotbv, YU RE) &, T4 AT OELEE D OEMET— A b Jge 2RO, BT
T 2 Z LI Ko TRENTE T 5. [F—#EOlTIE, REAZEBIL 3+ nue 8 (ngse
I7 4 A7 O¥) THY, EERIIT 3+ nat np xn fll (ny ZEAREEROK, np ZEA
T RO, n 1TEHRE) RET D Z LB TE, nye 1T n LT TH D728 3+ ng <3+ npt+ np xn
LY, B/NCRMNEE D, P, FERTIE, EARBBEIIFERI KDDL ZENTE
LNEAE— FIZEARBEICHRD ERHERS KDDL ZENTERWEARH L. 22
T, MEMBOZREL L THEATOHIEAE-FE L TRKEORWL DDA ZERT H Z
LEBE LT, EARBBICET 2RERBOR ny & EAE— FICET 5RZERBORK
np AT TVWD.

FERELZ 63 D IREVIFATE 7 VT K D FHREORRZERE A, MUTICRT & 5 ICEREIC
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(measured value) Z/ "3 HD LT 5. ks, KRim X TITHEwRAZSMEOALITHER L, WK
RePE & MR E O ST — X I E ENDREEZBE L VWb D LT 5.

(1) H& (m—20O2EE) mg (k)M 2r8250%, 118

e =Mre ~Mrm. (6.1)

(2) ELALE (#ETEOEOLLE) zeq (m) (ZBT DR, 11E

_ ZcGe T ZCGm (6.2)

ZCG m

e
ZcG

(3) FE.LZ i@ Y [fEE B AT S EE O O FEPEE— A > b Jog (kgm?®) (ZBIT % REEEIHK,
1 1

e, = Jeoe = I com 63)
“ JCGm

(4) BEEREE f(Hz) (CBIT 2342085,  nafE
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{ef}: {efl,efz ..... ef"fl}l = {fd; 1fml , fczf_zfmz ..... fcn/l _fmnfl } (64)

(5) BEAE—F O ITBT 2582, npxn {H

e -, i @, }-{®,,) {%,»;}—{CD\W,Z} g (6.5)
{ {0,} }{ (@, } { @, | }

3+ g OREE AR LS x L L, FloBEEEICEIEOEEEAZE LT-H
HEAT b OO " FfE BB ev) & LT, gx) % i/ Mbd 2 IERIER /N REE~D
ERALEAT . BHIBEE g2 R TERT S.

n

g()= We, () (6.6)

i=1

ei(x): i WHOBERE, =12, ...n, ) ={ene, e, le, [ e}

Wi i BAOEMBEL, =12, .n., W= Wy, 0, )
ne . iAZBBOR, n=3+ npt np xn

ZIT, EMRE W OMIE, ENERORBREREIZOWT, EREOEEMELHEREE O
WORMER 2B E L TIRET D.

PLEDOYE(H DT, Trust Region Reflective Newton Method (Coleman and Li, 1996) 7 & Dl
TSRS & e/ 385 Simplex Search Method (Lagarias, et al., 1998) 7 E Ol 72 L/
TREAEA LT, BB g0 & HB/MET D RAER O A RDDH T LITL o T, &
W/ T A — % OBENSFHTH OB EBIAE L WIREWMENT £ 7 L O R ELZ BT 5
ZEMTED. B, fNGEOFEICEDL T, R/ R E 155 2 DICBRE R
RIRREREDFMZTOREL THBMLERH L. ZOMIT, HIRISRIEAT & &N 5
IETIEHER S 2 RANAEBORRERDH 2 6l (ETRME) & L THEANIRET 2 06%H
WY, HlFI7R U/ ZRETIIRMEBORERZZ L T 570 & LT b ifD %
UHEZ MR T OULERDD.

6.1 1%, HIRISATAT S /b “RIBIC X DRFI AR ORIELO 7 0 —2 R L bDTH D,
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|

L

| Test& Measurement || ______ e || Anatysis & Caleutation ||.___________ [ seting ©
¥ ¥ (13)] i|l - Weighting Coefficients
(1) Measuring Vibration Test i Creating Finite Element Model E - Tolerance
Total Mass of Rotor |(2) foration Tes | i ) of Rotor 'l - Maximum Number
[ ‘L ! of Iterations Mier max
' 1|l - Upper & Lower Bouds
Measured H E Finite Element H for Design Variables
Frequency Response E : Model of Rotor '
Functions T I | ;
I I 11[(6)  Calculating .
3 . ; ' | Total Mass of Rotor, Finite Element |}
(3) Idmuf}mg_ Experimental |! '|  Center of Gravity, e |
Sosiher i sty s Moda.l 1| Moment of Inertia Analysis 1 Design
& Moments of Inertia ||(4) Analysis E ! (7 ¢ : Variables*!
il |

e e e g

Measured Calculated
Rigid & Elastic Properties”? Rigid & Elastic Properties”? 1/
. Updating (12)
V
(Rnfeance Vatn) Design Variables !

within Upper & Lower

9) Calculating Value of Objective Function using Equation (6.6) Bouds

* - .0 I : '\ -‘ES Al

(10) Esror< Tolerance Updated |

Design Variables !

*1 Design Variables:

Mass coefficients a,,, Inertia coefficients a;, Shear coefficients 7, Bending siffness £7, and Moments of inertia
about diameter of discs Jy.

or Density of shaft p, Poisson ratio v, Young's modulus £, and Moments of inertia about diameter of discs Jy;.

*2 Rigid & Elastic Properties:

Rigid properties: Total mass of rotor mg, Center of gravity z¢g, Principal moment of inertia Jcg

Elastic properties: Natural frequencies f, Eigenmodes ®

*3 nie- number of iterations

Fig. 6.1 Flow chart of optimizing design valiables
by least squares method with constraint

LTIz 6.1 D7 a—4%2A4 5.
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(1) v—FDOREE mp, ZWET 5.

(2) HHFF AR L 7ORIED v — Z OIREERER 217 - T BUSE B A ST 2.

(3) AEBISEREEND, BEAMLE zegn & HO%H 0 [BlHRHHCE A 5 6HE © o EEME
F—A Y N Jegn BRDS.

(4) BEBOSERED D, BEEREE S, EEAE— RO, 2Rk D (FBT— NEHT).

(5) v—Z OMITFIREIMATET LV AERR L, REHEE (BEROE &R a, 721318
PECRER o), HAWIERE ¢, BITHINE EI, &7 4 A7 BROELREE O OEMEE— A v
N Juse) ZRDD.

6) T—X OHIFIREENT T L O & mp, & BONLE zeg. ZRD D .

(7) [EAERENT 21T > CHEAREE L S EAE— N O 2Kk 5.

() EARE W, HIBMOTAEM, RREWREEER, REEHRO ETREZRD 5.

(9) E & mp, EOANLE zeg, L% 8 0 BRI EAZ T 2008 0 O FEME— A 2 b Jeg,
EAREE , BEAE— N OB 2R E BEMEE W 5, KX (6.6) DHPY
B g(0) 2R ET D.

(10) BB g(0) DIED TP EARR Cdo D & HIET 5.

(11) BB ) DEAFFRMLL ETHIUE, BRFHR BIED R KB G R BRI < &
HHEHET .

(12) BREHE B B EH R B ChHIUE, ETRENCTHREEHEE ST 5.

(13) Fric 7ot 2 H o, v—2 OITIRBITET VA2 RD 5.

(14) LLF, (6), (7), (9), (10), (11), (12), (13)DOFNE%, HAOBEATFRMEARM L7225
FT, BWITBEREFHR BN R RBFRF AR, L 725 FTHRDIERL, RELE
KB W TR /e v — % OfhITIREMENTET L 2 RD 5.

6.5 RIANFELEEEREICETIBERORAEICKIREZH BNETILOEHEEL
ZITIE, AREELROXMGEE LT 4 BRORLEMED — X OFET VAR, #TIEEHO
WCEBTH. B 3 O LIcEhE R I O FPEE I X D 0T Ol dhiF R
ﬁT_omfiﬁﬁﬁé.

6.5.1 IRBMEWNETIL

OB 2 — Z OIREWMENTE T L2 X 6.2 1R T . 7 — X X 19 D ZFF oK S 350mm
O & i 7,9, 11, 13IZIO AT DN 4 DT 4 A7 THERERSNTEY, il T+ 271X
FheEn® 6.1 LF£ 62 (R HEEZRFD. SIOMEMFEEIZEE 7800kg/m’, ¥ 7%
211GPa, "7 Y b 03 (BEIESREL 81.154GPa) THD. T4 AV DEEIIT 4 A7 1)
BIEIZZHZFH 2600 kg/m®, 2600 kg/m®, 2437.5 kg/m®, 2294.1 kg/m’ TH 5. LIF, ZDE
TNEFY OFNETIVENESRZ EICT 5.
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v Discl Disc2 Disc3 Disc4

—aNnNn T N C oA —aAn I wn O oo
— = = e —

— e — —

Fig. 6.2 1D FEM model of a centrifugal compressor

Table 6.1  Dimensions of shaft elements

Shaft element Ig;lrit)h Outez‘lgiil)neter
1,2,17,18 15.0 10.0
3-5, 14-16 25.0 12.0
6,13 25.0 13.5
7-12 15.0 13.5

Table 6.2  Dimensions of discs

. Width Outer diameter | Inner diameter
Disc
(mm) (mm) (mm)
1 11.0 75.0 13.5
2 11.5 75.0 13.5
3 13.0 750 13.5
4 14.0 750 13.5

6.5.2 RHTIIDORE

TV PCFINET K L CHIOBE, Yo 7R, K7V HICEATI -10%, +10%,
F10%DFREEZFFLRTOT 4 A7 OEZHEE D OEMEE— A2 MIHI0%DFEAEZ FFOE
FNEPMET VE Lz, £63124) U LET N EUHIET VBT DE%EFHEE (@ho
B, YUK, KT YU, T4 AT DOENT—A M) OEERT.

&4



Table 6.3  Design variables of original and initial model

P E v J. discl J. disc2 J, disc3 J. disc4
(kg/m’) (Pa) (kgm?®) (kgm?®) (kgm®) (kgm®)

0;115(112?1 7800 | 2.110x10" | 0.30 4.56064x10°]4.77992x10°|5.10716x10°(5.20738x10°
rlrrl‘(l)gill 7020 | 2.321x10'" | 0.33 [5.01670x10°(5.25791x10°|5.61788%10°|5.72812x10°

FUVCFNVETNNL Y I 2 b— b U7, RRERE & VRIS B3 2322 FFz e
FEREDERE & 7 4 27 OBRICBET 2 H 6, BEFECL > THIHET VOl
Ep, BT YUy, BEOYUTRE LT 4 27 OEEE D OBEMEE— A2 N Jyoe DI
WAE % >R & TRE L7z ReEATH 0 B3R S LD MIRRAE & iRt %2, Y O vET L
DHED LR LTZ. 22T, 3+ ng=1 HORMEL (T4 27 DI ngee=4) 1Tk LT,
HIREV O % ny =3, BEHE— ROEE np=1 £ LT, 3+ ng+np xn=25 {8 (Hi 85 n=19)
DR AERE L. £, EMEE WX, Eimg , BEOLE zc6, BO%H Y A5
\ZEAT 2808 0 OFEEE— X 2 b Jeg, BEAREE S, EAE— F O IZOWNWTENLL,
1000, 1000, 2000, 1000, 50 & L7z. [AESNWIREENTET LV AREETT LV ERESZ &
29 %.

FVFNET N, PIIET IV, BIOREET VIS 2RIERE & B RS,
F VT NNET KT DRAEL RICENTNR 64 LK 65T, £z, TV VT LE
T B EA T — RO MAC & (Balmes and Leclere, 2006) (%, #IH€T 1L TIXE 1 &
T— RMBIEIZZNET0.9998, 0.9993, 0.9989, 0.9990 TH YV, FETT L TIEENAEN
1.0000, 1.0000 , 1.0000 , 1.0000 THd. ZNDHOFERND, [FEET /VOMIAKER: &
PERFMEIZA Y O F VBT A E —F L TWND I N5,

Table 6.4 Rigid properties for centrifugal compressor

me ZCGe J CGc2 JPCGS
_ (kg) (m) (kgm"®) (kgm”)
Original 0.84821 | 0.17593 | 3.574x107 | 3.859x10™
Model

Initial Model | 0.81559 | 0.17597 | 3.314x10° | 4.246x10™
(Error) (-3.836%) | (0.023%) | (-7.269%) | (10.020%)

Id&“;ifd 0.84821 | 0.17593 | 3.574x10° | 3.859x10™
(Error) (0.000%) | (0.000%) | (0.000%) | (0.000%)
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Table 6.5 Natural frequencies for centrifugal compressor rotor

1st Mode | 2nd Mode | 3rd Mode | 4th Mode
(Hz) (Hz) (Hz) (Hz)
Original Model| 444.87 954.00 1773.9 2741.9
Initial Model 486.15 1025.5 1878.2 2886.5
(Error) (9.279%) | (7.495%) | (5.880%) | (5.274%)
Identified Model | 444.87 954.00 1773.9 2741.9
(Error) (0.000%) | (0.000%) | (0.000%) | (0.000%)

i 2 L s 18 (2 [A— DOl SR M E 2 R ol 2Bl L7 v — & —ih RIZBWNT, ¥
YA uRENEN Ve —Z OREEEN =0pm DA E T v A B ENBND N =18,000
pm DL EICBIT L2HEARE— NETOREE~ v 7%, AV OFVE7 0, YIHET L,
BIORREET MIOWTHIEE L7 b DO &K 6.3 1277, #IHIET VO RBEEAIREEEI,
FERMRIE & ¥ A T AEH 238 < @R EERRF O RFIZHB N T, F U U VET L L Bk E
BPROOND. —F, FEET/VORBEEAGREEL, FERERRZ T Che < mlElis
FFZB N THLAY VT AETAE —FHLTNDZ NG5,
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F: Forward .
B: Backward o™ e=eTeTETE Y

107 2nd e 3
e — Original Model
- - - Initial Model
Ist o Identified Model

6 7 8

10° 10 10 10
Bearing Stiffness (N/m)

Undamped Natural Frequency (Hz)

(a) Nz=O0rpm

1022635 c8=ca=60"

— Original Model
- - - Initial Model
o Identified Model

Undamped Natural Frequency (Hz)

6 7 8

10 10

3 4

10 10

10° 10
Bearing Stiffness (N/m)

(b) N =18,000rpm

Fig. 6.3  Critical speed maps of centrifugal compressor rotor — bearing system

6.6 DILEEOEIZ /L, T 4 A7 11210 gmm/ 0°, T 4 A7 412 10 gmm/ 90°DRE
BWE G Z TG OB ALE COREWVISERIEL X 6.4 (-7, FIHET L OREIEN
ISERIRILA Y T NET N E MR ZERRRDONDDICH LT, FAEET VOREE
VISZEIRIEIZA Y OF AETF L E—FH L TWA.
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Table 6.6 Bearing parameters for centrifugal compressor rotor

. Koy kyy ko kyy Crx Cxy Cyx Cyy
Bearing | Node |\ | (N/m) | (N/m) | (N/m) | (Ns/m) | (Ns/m) | (Ns/m) | (Ns/m)
#1 2 |2.0x10°%[ 1.5%x10°|1.0x10°]3.0x10°[2.0x10°[1.5x10%[1.0x10°| 3.0x10°
#2 18 [2.0x10% 1.5%10° [1.0x10°(3.0x10%]2.0x10%|1.5%10°| 1.0x10%| 3.0x10°

— Original Model
, ---- Initial Model
R Idendified Model
g
3 1
g 10 puy
2
k=
e o
S
ol : : 5 o
0 10000 20000 30000 40000 50000
Rotor Spin Speed (rpm)
(a) Bearing #1
10° ;
Original Mode
---- Initial Model
=0
=3
g
s 1
L 10
ER:
= 0
210
= ¢
10

0 10000 20000 30000 40000 50000
Rotor Spin Speed (rpm)
(b) Bearing #2

Fig. 6.4  Unbalance response at bearings for centrifugal compressor rotor — bearing system

% 6.6 DHAEOHEZ ZFL L7234 D, 6,000rpm 7> 5 90,000rpm £ T O EEHEEPHIZH 1T 5,
KIEKN DS 2 FHRAOBEREAMEZ, 4V PFLTT I, O L, BLXOREETT /M
DNWTHE LIZbDEK 6.5 IR T. FIHET VOBERBEGMEIIAY /870 & W
ERPBOOLNDOIK LT, REETNVOEREAMETA) VI rETLE LT
D ENGIND. R, BEMZFMET 5 ECEEREREHEAHEORBBANDIEL 2D,
TROLEENENDA L RDEEEE, YIET AL TEAY T AVET NV EREET IV
DI 72,000rpm L VK 6,000rpm =K 78,000rpm & 7o TEY, T T L ORREN L E
PRI O TRRE I LI TR ENEE CX RN R 00 5.
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Fig. 6.5 2nd complex eigenvalues for centrifugal compressor rotor

6.6 #8

—WIZ, EBRIC K o THERHRFEEICREE 2 B AT 0 — % ORI £ 7 V& mrgE T
D86, FEEER, B HRSFRRREBO v — % OIREEER T O 40 2 WPERE (062 B,
BEAREE, BEAE—R) ([ZHESWT, MBI Z @ 2 FER RO TS, 2
AU LT, Rt (BAREE, EAE—F) 2N CTRIRRE (B&, BHOME,
EEE—A2 b)) OEAMEIZESNT, 2 TOMEHEEZ R RE(LT 5 HiEE IR
L7-.

HhOSRFEAT I 2, B8N LT E &R EMERE, AW RS, dhiTmIM:e & T
ERL, T4 A7 ORMHATHIZE &, EEMEY OEMEE—A b, EITERTLHI L
IZE - T, BRMHATHIOBER OWEN 2B ORI Z M- 7.

4 Brim DR o — 2 2B EC, RRZEO SRR OMIAREE & BRI B9 5
NE, EEICETORMEITIIOREZIT> 2. FERBEICOVTE, LTFOLOERAED
IEWREVENTET L OfE & i 2 Z LI K o THREE L 7.

n—Z OREE, BOME, BO028E Y EHREE S 28)E Y o BEEE—A 0],
FRIEMEE— A v b

FEEERRF O v —Z OE AR L EAE—F

M & R E A BE A Ol TR SN e v — & O, WUKIREIHARE & & AR I 35
TFHEREE~ v 7, AEIEVISE, BEREAE

ZORER, FERELZEHTE I LEEWKEE CRMITIEZFRET 22 ENTEL I L
ZffERd L7z,
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FEZLUTICELDD.

REVERER L, FERIES, H B SRRRRETEE ST L.

[ElRE AR AFH A B e 2 CORHETHI 2 REFRETH 5.

SRPERFIETIZ T Tl SHIRRFE SRR 2720, SRFERBMEATIIRRES LS.
HOBEIC L > TRHARREZ BB T D2 LN TE 5.

RO E PR AT BET UL, BB TEEORM AT A —2 BRI KEL S L
LI, (LT HNTA—FDBENAETH L.
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BIE #BE
1.1 AHRICEY/ONI-ER

1 RITBROAPREFEN A S iz v — % OEHRBIfENTE T Iz B\ T, #iTFIREf#dT £
TNADERENICTF ST 5, MEREEEEOMEETE 2B LT T b AE, i’
BWEBDET ML, B X OHREN B RISV CTIREVET £ 7 LV &2 kL9 5
BE, RUVIREMITET LV OEEENICHFST 5, ERELHW O HEE T % 5
LT b ik EESL LT,

H T IREVENTE 7 L O B EL T, BB O/ NREHANCER T 7o R & 9432 (d 1%
INEREROERR) OEFROIFTHMEZEENCITD D 2 LT ko C, SEARZE LT o
BN L D BT OO f FRIVER T 2 R 5 HIEE B L, 3 IOTfEire7 L & ERIZ
Lo TEBEAOREEZHER L. £, OBV OSAM A th FHItEZ 5 % 2o/
0, OEDLEDLIRAY =T OIMELITIE BT D L%, ROGOMOBEEREZE LTI
MIEEMRIT B & EBRIC X - TR Lz, & 612, EERBERICIE SV TR £ 7 L
FEREEALT 2 kL LTIE, BE, BEOME, BET—A 0 b, BEAESH B IO
AE—RCHET2HERESRT — X L LT, BMELEATEETOMEHEE % FIRF I &
AL, EEFERAICE T 28 TORMEITY (BEITH, BETH, BT, Loy
¥ A wi7A) ZEETHHEZRFEL, ZRT—FITRENENGAITIE, BRAENERT
XD EEREICRETAZRETCE D a2 LT.

AU IREVENTE T VO EREALTIE, SEREEO/NRERNICRTZES
37d/ {64(1+0.3382/°+0.08154°+0.11445°+0.01258")} (B 13/ & REEI OB, p<1) DE
FONRLVAMEEZEYNCIID D Z LTk - T, HHERZ LW O BEERIC X5 BT
OEfOF T Y MK T 2 RBLT 2 HEE B L, 3 RITMHTE T VI X > TEkSEL O F
TR LT,

M FIRENEATE 7L & U0 IREVATE 7 /L O F N ERUTIBNT, BB AR ZEY 5 K D
BT 2 ZE T 5 1R, IR ERLTWD 1 RTROEMIRERITEREEIC, HEAME
BRI T2 2 &< ALSITHEMTE, BIHAHEIR 0O % GHOARE) RE O % R CH 2L 2R [EA
EEEOTHRKEZ2mD5 N TED. £, BEFIE L TEBHBYO Y -2 —%E
o —2 280 BT, ZoMITIREEITET VBB LI FEEZEHT 52 LIk - T,
R E — FOBEFIRBEDIERIEIT S L TIRR TR S%E T 5 2 L 2R L, 2L VIRE)
FERTE T TR L= FiEE2 AT 2 2 210k - T, KIRE — RO EF RS HEREIC
KLU THRRTR2%ET 52 &R Lz

HhE R AL T i O AME T 2 BT 2 HIE L RO A WVEOHITEIEEZ R Y — TSR &
T 5 HE%E, 1 TR OMIEETERERICET T2 2 LI Lo T, #HEAMINNE S BBE
7R TIREN RN & A U0 IRENET A B X . E7, EE, EONME, BEE—A R,
EAREEL, BXOEAE— RICET 2E 0 SRE T RRICBIT 52 TOREITH % [
ET D HEE, FEBRE— RN RIS S W o a — & OIREENTE 7 L O @k (L& 528
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THIDITAMIENTE 5.

1.2 SEDOEE

[l AR DO IRENARAT O ik E L CHES K Lo2ob D, 3RO Y Y v REFRTHEMICE
T LT % 3D BTN, SO A B a—Z OMEE ERICHES T, WROESGWEHY
THOEHEMEND., LavL, KO | IRCERET ML DTS, 1.1 fi Tk 7=
VIR L OB FEE R BT 21T 5 LD B 586 78 & CTIIREHE =2 2 M2 B A FIThH 5 IR
U OMIFEDLLRWEEbND. LER->T, 1 RIERET ML DFERELZEHD D
ZEiIABLAREHEEND.

F3EEH S B TR Lis, WEREHWmHOWMMEE R A2 BRT 5 HIEORKMEL 725 3
WICHPERRIT, 1940 B4R 5 1960 AN E TICIZIFRM SN HRTH v, BERSEM LRk
SRR TRENDBEROIES), O, BOBEGRANS, EEOEEMEDIE T, O
T, ELOBEMEZSRD Z LN TEDLN, BROERFMEDPEREIC 2D LR ELL
WL 2D, 207, 3WILET NVORRERMBHTPE KX LT, IR EMEREZ E R
MITEAEMR 2155 Z &N TE HHAETIE, T T3 RITHEMERTOLOZH )
DIplgoTWADH. ARIFETIE, Z0 3 WocHMEim» OEIPNDHERE 1 RotRRET VT
BWHT D LI TITHE 2 &m0 2N TEL tan Lz, F72, 528 CRLTz,
3oL MmO B E T bV T LR OEERA 6 ORERAL (5.4) 1%, ZhETicm
—Z DR VIREFENTICEHA SN T RS D TH L. ZOFINRTERIZ, v—2 XA
27 ADGBHETERMAE TV, FHREBEFNENET D ARENDH D720, 5% D
MEIRWVEAR & 3B ORI L A2 ATNIE R CE 5 X O B 2 IR - RISE 2 D 555 0 Th
5.

Flo, BomETRLE, HE, BOME, EEE—AC N, BEAREREKR BIOEAE
— REANRT A—=4 L LTREIGRRRICE T 2 2 TOBMITI 2 RIET 5 Hikx, FE
Ou—XTEATHICE, AT A—ZOEEEBE L TEMREEZBYEICRE T
LZMERDHD. ZORESHOFEE LT, BEICHERTEZ200ICT 5720005
EHEDDHOHLN THD.
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A-1 BMEROEETI, BIETH, Pv4 01750

I pkg/m’), WTHIRLA, (%), WTH2KE—A 2 b L (m'), RS I(m), EAWHRE 7 ©
R OE &7, WIPEIT8], v A eitdhizznehnt (A1), X (A2), X (A3) T

EERIND.

(1) E&IT5

m, 0 0 m, my
0 m —-my, 0 0
0 -m, ms 0 0
o pAl, m, 0 0 m; —-m,
8401+, | MmO 0 -my m,
0 my my O 0
0 -m m, 0 0
| my 0 0 mg -m,
om, 0 0 mg -—m,
0 m, —-mg 0 0
0 —my my 0 0
o, mg 0 0 my  —mg
Yy
301e(l+7e) —m, 0 0 —my m,
0O -m, mg O 0
0 —my m, 0 0
| mg 0 0 my,  —mg

m, =312+ 5887, +2807°
m, = (44+ 77z, +3512)-l‘,
my =108+ 2527, +1407°
m, = —(26+63re +35¢j)-1
mg = (8+14re +7rj)-lj
mg =—(6+14re +7rj)~le2
m, =36

Mg =(3—1518)-le

My = (4+51'e +10rj)~zj

my, = (—1 -5z, +5r62)'l

e

2
e
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A-2 BrE—#HRBOHITREIOE A REIH

Wit — B2 O i P IREh O BEA RS Z, AT — « X —A 2, T4 EV 2
PG, BLOT vz 0 aZHEmAEH Lz 1 IRGCROFRERED 3 DO HIEIZHS
WTHET S, A4 77—« SAX—ARZHGRET BT 2 aRHEREOERT, T4F
VU aBEERTIE, AT — - N — A R TIEBE IR, EAWETE & ER
EHERNZEENDHRTHD.

(1) FHRXT4

ZITE, B3 EORK 310 IREND, WishH H O SRR O R T 5 W il A
By BT, Efo 3 SOFETRKRD 1 KD 4 IRE TOMITIREIT— N OB A IREIEK
T 5. LU EMRWE O BHE AR &~k Z2 R

FEBHERE © 7o 7738 E=2.09%10" N/m?, BEMELREL G=8.0335%10'" N/m?,
RT Vb v=0.3008, % p=7846 kg/m’
s A2E L=350mm, EA d=20mm

F AT e PR EER L 1 RTROARERE T, 301 105 Sh B E A
35 DEF AN D, A5 A O 7 DR

0, 14.35, 28.7, 40.1875, 51.675, 57.3, 63.65, 70, 76.35, 82.7, 88.325, 98.7625, 109.2,
122.5, 135.8, 146.2375, 156.675, 162.3, 168.65, 175, 181.35, 187.7, 193.325, 203.562,
213.8, 2269, 240, 253.05, 266.1, 279.15, 292.2, 306.65, 321.1, 335.55, 350

Thsn (HAL: mm).
(2) EAREE D&

FA T — e UL X — A PEEHIZ BT, BRSO W H B OWiiE — R O i T IRE) O
RENECF T (A4) TSI, BHEIRE S 1T (AS5) TH 25405 (Seon, M., etal,,

1999) .

cosk, -coshk, —1=0 (A.4)
ko BER ST EL
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1 [ EI
fn—zﬂ Al ALM% (Hz) (A.5)

I: Wik 2 RE— A > ('), I=md"/64
A WrERE(m?), A= md?/4

TA4EFY o A RBEICBWT, BERSME E B OWE — RO i FIRE O HE Bk
FRERITR (A6) TEIN, X (A6) TDL, &k OBRITIK (A7) TExON. [EA
TEEVE f, 130 (A8) THZXBHMND (Seon, M., etal., 1999).

(ka2 - kaij + k) + E%k ke, — kK, ij +k = &%k, + kak,,)
2k ey, + %, Nk, + €2k, )
ky: BHE _E ORI EL (A.6)
E  21+v)7+6v)

2 . fG K 2 _ = _
ERE ¢ kG 6(1+v)

-sink, -sinh k, —cosk, -coshk, +1=0

(20,2 + k2 o222 +k,2)

- A.
kx5 Nise) A7
s HERREE, s=4/T-L
1 |EWk -k
f”_27zL ,0(1+§2) (Hz) (A.8)

T4z AR AEA L 1 KOtROARERETIE, 8 A-1 RSN HiE
THEBITHIM] EMIBATHIK DN ERZ S, X (A9) OEBEAMBEEMFE Z L2k - TH
HIREE f, 2 RDDHZENTED.

(&]- M)} = {0} (A.9)
A A, A=04,)
(@} : [EART v
(3) FHERER

FA T— e UL X —A ZHGHIZBWT, N (A4) DIREEFEANOELND 1 TRND
4WETD k, DEIZ,
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kq 1=4.7300407
kq2=7.8532046
kq3=10.995608
kq4=14.137165

ThHhbd BATFOETITE— NREZERT).
T4y = aPZHGICEBWT, (A6 DIREETREREANSELND 1 R 4RE
TD kg & by DIFLIE,

kqa1=4.7306384, k; 1=4.6886925
kq2=7.8526405, ky,=7.6650678
kq3=10.994838, k,3=10.496361
kqa4=14.135824, k;4=13.118302

Thsd (IAFOHFITE— RkMERT).

T ATy = AP, A T— - LR — R, T 'Y = R B R L
72 1 RITROFREFRVED 3 DO HIETRO T, PHEMAFEEImEIO 1 K5 4 IRE TOHE
FIREN OB AR Z L FIORT. A T — « NAX—AZHEG LT ¢ 2 = 2 ZHE
WA L7 1 TR OABRIEFRIEIC X 5 BRSSO EERICIE, T4Ev =228
WIS L DRAESERE OERATFE IR LE

Natural frequencies of bending vibration modes of uniform beam

Unit: Hz
Mod Timoschenko | Euler-Bernoulli beam 1D FEM
0d€ | beam theory theory (Error) (Error)
1 743.68 750.12 (0.87%) 743.69 (0.00%)
2 2018.5 2067.7 (2.44%) 2018.8 (0.01%)
3 3872.4 4053.6 (4.68%) 3873.7 (0.03%)
4 6230.5 6700.8 (7.55%) 6236.7 (0.10%)

T AT = aRHEERIIKT DA T — - N X — A REEROEA RO ERIX, £
— RREDEL DI EREL 2D, 4 IRE— R TIE755%DERNELC TS, —J7, 7
AV aRHERAEA L7 1 Ot ROARERIETIE, 74 F = I RBERITI L
TA4WE— RETTEDLED 0.1%DEAIREF D AEENBA T HITTE 20,
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Flo, THAEVz AR AEA L | ROCROARERZET VOHAH35 1%, EH
L7ZmRDOE— FREADRISHETHS.

F o T, —HEWrE OO #TIREY O FEE RS AW O %iE, BT 2RKE— NIRED
10 (ERRE OO R E TE DT HEICH T2, Tz a@ilimami L 1 koo
ZORBERETLEHNDZLIZE ST, T4V aRERICLD O L IFIER—
DFEREF/GDHZENTEDHEEZD.

SEZ 3
Seon, M., Han, H. B., and Timothy, W., Dynamics of transversely vibrating beams using for
engineering theories, Journal of Sound and Vibration, Vol. 255, No.5 (1999), pp. 935-988.
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Coordinate of nodes for bending vibration analysis model of turbine — generator rotor

Node z (m) Node z (m) Node z (m)
1 0.000 41 10.628 81 21.408
2 0.390 42 10.847 82 21.708
3 0.481 43 11.001 83 22.009
4 0.692 44 11.133 84 22.310
5 0.780 45 11.375 85 22.610
6 1.300 46 11.700 86 22911
7 1.623 47 12.025 87 23.212
8 1.755 48 12.155 88 23.512
9 1.991 49 12.448 89 23.813
10 2.210 50 12.608 90 24.113
11 2.730 51 12.740 91 24.414
12 3.185 52 12.935 92 24.670
13 3.614 53 13.130 93 24.947
14 3.900 54 13.262 94 25.480
15 4.160 55 13.507 95 26.000
16 4.420 56 13.884 96 26.130
17 4.680 57 14.261 97 26.650
18 4.940 58 14.638 98 26.785
19 5.200 59 14.883 99 27.060
20 5.460 60 15.015 100 27.469
21 5.705 61 15.210 101 27.879
22 5.990 62 15.405 102 28.288
23 6.058 63 15.540 103 28.379
24 6.292 64 15.860 104 28.711
25 6.526 65 16.328 105 29.133
26 6.760 66 16.705 106 29.188
27 7.280 67 17.076 107 29.374
28 7.447 68 17.311 108 29.614
29 7.755 69 17.446 - -
30 7.839 70 17.914 - -

31 8.151 71 18.044 - -
32 8.450 72 18.564 - -
33 8.767 73 19.084 - -
34 8.840 74 19.348 - -
35 9.133 75 19.604 - -
36 9.230 76 19.905 - -
37 9.620 77 20.205 - -
38 10.075 78 20.506 - -
39 10.231 79 20.807 - -
40 10.524 80 21.107 - -
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Dimensions of shaft for bending vibration analysis model of turbine — generator rotor
( Density 7850 kg/m’, Young's modulus 7850 Pa, Shear modulus 7.9192< 10" Pa)

Outer Outer Outer
Node | Diameter | Node | Diameter | Node | Diameter
(m) (m) (m)

1to2 0.312 41 to 42 0.780 81 to 82 1.170
2to3 0.689 42 to 43 0.780 82 to 83 1.170
3to4 0.312 43 to 44 0.468 83 to 84 1.170
4to5 0.312 44 to 45 0.468 84 to 85 1.170
5t06 0.468 45 to 46 0.468 85 to 86 1.170
6to7 0.468 46 to 47 0.468 86 to 87 1.170
7t08 0.468 47 to 48 0.858 87 to 88 1.170
8t09 0.780 48 to 49 0.468 88 to 89 1.170
9to 10 0.780 49 to 50 0.468 89 to 90 1.170
10to 11 1.014 50to 51 0.468 90 to 91 1.170
11 tol2 1.014 51to 52 0.910 91to 92 0.910
12to 13 1.014 52t0 53 0.910 92 to 93 0.910
13to 14 1.014 53to 54 0.468 93 to 94 0.910
14to 15 1.014 54 to 55 0.468 94 to 95 0.910
15t0 16 1.014 55to0 56 0.468 95 to 96 1.300
16 to 17 1.014 56 to 57 0.468 96 to 97 0.910
17to 18 1.014 57 to 58 0.468 97 to 98 0.481
18to 19 1.014 58 to 59 0.468 98 to 99 0.481
19 to 20 1.014 59 to 60 0.468 99 to 100 0.481
20to 21 1.014 60 to 61 0.910 100 to 101 0.481
21t022 1.014 61 to 62 0.910 1010102 | 0.481
22 to 23 1.092 62 to 63 0.481 102 to 103 0.325
23to24 1.092 63 to 64 0.481 103t0 104 | 0.325
24 to 25 1.092 64 to 65 0.481 104 to 105 0.325
251026 1.092 65 to 66 0.481 10510106 | 0.195
26 to 27 1.092 66 to 67 0.481 10610107 | 0.195
27to0 28 1.092 67 to 68 0.481 10710108 | 0.195
28 to 29 1.092 68 to 69 0.481 - -
29 to 30 1.300 69 to 70 0.910 - -
30to 31 1.300 70to 71 1.300 - -
31t032 1.300 71to 72 0.910 - -
32t033 1.300 72 to 73 0.910 - -
33to 34 1.300 73to 74 0.910 - -
34 to 35 1.300 74 to 75 0.910 - -
35t0 36 1.508 75t0 76 1.170 - -
36 to 37 1.508 76 to 77 1.170 - -
37to 38 1.508 77 to 78 1.170 - -
38to0 39 1.508 78 to 79 1.170 - -
39 to 40 1.040 79 to 80 1.170 - -
40 to 41 1.040 80 to 81 1.170 - -
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Specification of disc elements for bending vibration analysis model of turbine — generator rotor

Densit Thick- Outer Outer Densi Thick- Outer Outer
Node (ke /mz})/ ness diameter | diameter | Node (ke /m?)/ ness diameter | diameter
(m) (m) (m) (m) (m) (m)

13 7850 0.130 | 1404 | 1.014 78 7222 0.301 1.580 | 1.170
14 7850 0.130 | 1.404 1.014 79 7222 0.301 1.580 | 1.170
15 7850 0.130 | 1.404 1.014 80 7222 0.301 1.580 | 1.170
16 7850 0.130 | 1.404 1.014 81 7222 0.301 1.580 | 1.170
17 7850 0.130 | 1.404 1.014 82 7222 0.301 1.580 1.170
18 7850 0.130 | 1.404 1.014 83 7222 0.301 1.580 | 1.170
19 7850 0.130 | 1.404 | 1.014 84 7222 0.301 1.580 | 1.170
20 7850 0.130 | 1.404 1.014 85 7222 0.301 1.580 | 1.170
23 7850 0.135 1.508 1.092 86 7222 0.301 1.580 | 1.170
24 7850 0.135 1.508 1.092 87 7222 0.301 1.580 1.170
25 7850 0.135 1.508 1.092 88 7222 0.301 1.580 | 1.170
26 7850 0.135 1.508 1.092 89 7222 0.301 1.580 | 1.170
30 7850 0.169 | 1.820 1.300 90 7222 0.301 1.580 | 1.170
31 7850 0.169 | 1.820 1.300 - - - - -
32 7850 0.169 | 1.820 1.300 - - - - -
34 7850 0.169 | 1.820 1.300 - - - - -
36 7850 0.195 1.820 | 1.508 - - - - -
37 7850 0.195 1.820 | 1.508 - - - - -
38 7850 0.312 1.820 1.508 - - - - -
13 7850 0.006 | 1.612 1.404 - - - - -
14 7850 0.006 | 1.612 1.404 - - - - -
15 7850 0.006 | 1.612 1.404 - - - - -
16 7850 0.006 | 1.612 | 1.404 - - - - -
17 7850 0.006 | 1.612 1.404 - - - - -
18 7850 0.006 | 1.612 1.404 - - - - -
19 7850 0.006 | 1.612 1.404 - - - - -
20 7850 0.006 | 1.612 1.404 - - - - -
23 7850 0.009 | 1.820 | 1.508 - - - - -
24 7850 0.009 | 1.872 | 1.508 - - - - -
25 7850 0.009 | 1.950 1.508 - - - - -
26 7850 0.009 | 2.080 1.508 - - - - -
30 7850 0.012 | 2.444 1.820 - - - - -
31 7850 0.012 | 2.600 1.820 - - - - -
32 7850 0.012 | 2.691 1.820 - - - - -
34 7850 0.012 | 2.860 1.820 - - - - -
36 7850 0.016 | 3.055 1.820 - - - - -
37 7850 0.017 | 3.315 1.820 - - - - -
38 7850 0.019 | 3.640 | 1.820 - - - - -
76 7222 0.301 1.580 | 1.170 - - - - -
77 7222 0.301 1.580 1.170 - - - - -
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Coordinate of nodes for torsional vibration analysis model of turbine — generator rotor

Node z (m) Node z (m) Node z (m)
1 0.000 41 10.628 81 21.408
2 0.390 42 10.725 82 21.708
3 0.481 43 11.001 83 22.009
4 0.739 44 11.065 84 22.310
5 0.780 45 11.375 85 22.610
6 1.300 46 11.700 86 22911
7 1.691 47 12.025 87 23.212
8 1.755 48 12.155 88 23.512
9 2.114 49 12.448 89 23.813
10 2.210 50 12.674 90 24.113
11 2.730 51 12.740 91 24.414
12 3.185 52 12.935 92 24.525
13 3.614 53 13.130 93 24.947
14 3.900 54 13.196 94 25.480
15 4.160 55 13.507 95 26.000
16 4.420 56 13.884 96 26.130
17 4.680 57 14.261 97 26.650
18 4.940 58 14.638 98 26.717
19 5.200 59 14.949 99 27.060
20 5.460 60 15.015 100 27.469
21 5.884 61 15.210 101 27.879
22 5.990 62 15.405 102 28.288
23 6.058 63 15.472 103 28.330
24 6.292 64 15.860 104 28.711
25 6.526 65 16.328 105 29.133
26 6.760 66 16.705 106 29.159
27 7.280 67 17.076 107 29.374
28 7.629 68 17.379 108 29.614
29 7.755 69 17.446 - -
30 7.839 70 17.914 - -

31 8.151 71 18.044 - -
32 8.450 72 18.564 - -
33 8.840 73 19.084 - -
34 8.986 74 19.493 - -
35 9.133 75 19.604 - -
36 9.230 76 19.905 - -
37 9.620 77 20.205 - -
38 10.075 78 20.506 - -
39 10.231 79 20.807 - -
40 10.366 80 21.107 - -
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Dimensions of Shaft for torsional vibration analysis model of turbine — generator rotor
( Density 7850 kg/m’, Shear modulus 7.9192 % 10" Pa)

Outer Outer Outer
Node | Diameter | Node | Diameter | Node | Diameter
(m) (m) (m)

1to2 0.312 41 to 42 0.780 81 to 82 1.170
2to3 0.689 42 to 43 0.780 82 to 83 1.170
3to4 0.312 43 to 44 0.468 83 to 84 1.170
4to5 0.312 44 to 45 0.468 84 to 85 1.170
5t06 0.468 45 to 46 0.468 85 to 86 1.170
6to7 0.468 46 to 47 0.468 86 to 87 1.170
7t08 0.468 47 to 48 0.858 87 to 88 1.170
8t09 0.780 48 to 49 0.468 88 to 89 1.170
9to 10 0.780 49 to 50 0.468 89 to 90 1.170
10to 11 1.014 50to 51 0.468 90 to 91 1.170
11to 12 1.014 51to 52 0.910 91to 92 0.910
12to 13 1.014 52t0 53 0.910 92 to 93 0.910
13to 14 1.014 53to 54 0.468 93 to 94 0.910
14to 15 1.014 54 to 55 0.468 94 to 95 0.910
15t0 16 1.014 55to0 56 0.468 95 to 96 1.300
16 to 17 1.014 56 to 57 0.468 96 to 97 0.910
17to 18 1.014 57 to 58 0.468 97 to 98 0.481
18to 19 1.014 58 to 59 0.468 98 to 99 0.481
19 to 20 1.014 59 to 60 0.468 99 to 100 0.481
20to 21 1.014 60 to 61 0.910 100 to 101 0.481
21t022 1.014 61 to 62 0.910 1010102 | 0.481
22 to 23 1.092 62 to 63 0.481 102 to 103 0.325
23to24 1.092 63 to 64 0.481 103t0 104 | 0.325
24 to 25 1.092 64 to 65 0.481 104 to 105 0.325
251026 1.092 65 to 66 0.481 10510106 | 0.195
26 to 27 1.092 66 to 67 0.481 10610107 | 0.195
27to0 28 1.092 67 to 68 0.481 10710108 | 0.195
28 to 29 1.092 68 to 69 0.481 - -
29 to 30 1.300 69 to 70 0.910 - -
30to 31 1.300 70to 71 1.300 - -
31t032 1.300 71to 72 0.910 - -
32t033 1.300 72 to 73 0.910 - -
33to 34 1.300 73to 74 0.910 - -
34 to 35 1.300 74 to 75 0.910 - -
35t0 36 1.508 75t0 76 1.170 - -
36 to 37 1.508 76 to 77 1.170 - -
37to 38 1.508 77 to 78 1.170 - -
38to0 39 1.508 78 to 79 1.170 - -
39 to 40 1.040 79 to 80 1.170 - -
40 to 41 1.040 80 to 81 1.170 - -
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Specification of disc elements for torsional vibration analysis model of turbine — generator rotor

Densit Thick- Outer Outer Densi Thick- Outer Outer
Node (ke /m3})/ ness diameter | diameter | Node (ke /m?)/ ness diameter | diameter
(m) (m) (m) (m) (m) (m)

13 7850 0.130 | 1.404 | 1.014 78 7222 0.301 1.580 1.17
14 7850 0.130 | 1.404 1.014 79 7222 0.301 1.580 1.17
15 7850 0.130 | 1.404 | 1.014 80 7222 0.301 1.580 1.17
16 7850 0.130 | 1.404 1.014 81 7222 0.301 1.580 1.17
17 7850 0.130 | 1.404 1.014 82 7222 0.301 1.580 1.17
18 7850 0.130 | 1.404 1.014 83 7222 0.301 1.580 1.17
19 7850 0.130 | 1.404 | 1.014 84 7222 0.301 1.580 1.17
20 7850 0.130 | 1.404 1.014 85 7222 0.301 1.580 1.17
23 7850 0.135 1.508 1.092 86 7222 0.301 1.580 1.17
24 7850 0.135 1.508 1.092 87 7222 0.301 1.580 1.17
25 7850 0.135 1.508 1.092 88 7222 0.301 1.580 1.17
26 7850 0.135 1.508 1.092 89 7222 0.301 1.580 1.17
30 7850 0.169 | 1.820 1.300 90 7222 0.301 1.580 1.17
31 7850 0.169 | 1.820 1.300 - - - - -
32 7850 0.169 | 1.820 1.300 - - - - -
33 7850 0.169 | 1.820 1.300 - - - - -
36 7850 0.195 1.820 | 1.508 - - - - -
37 7850 0.195 1.820 | 1.508 - - - - -
38 7850 0.312 1.820 1.508 - - - - -
13 7850 0.006 | 1.612 1.404 - - - - -
14 7850 0.006 | 1.612 1.404 - - - - -
15 7850 0.006 | 1.612 1.404 - - - - -
16 7850 0.006 | 1.612 | 1.404 - - - - -
17 7850 0.006 | 1.612 | 1.404 - - - - -
18 7850 0.006 | 1.612 1.404 - - - - -
19 7850 0.006 | 1.612 1.404 - - - - -
20 7850 0.006 | 1.612 1.404 - - - - -
23 7850 0.009 | 1.820 | 1.508 - - - - -
24 7850 0.009 | 1.872 | 1.508 - - - - -
25 7850 0.009 | 1.950 1.508 - - - - -
26 7850 0.009 | 2.080 1.508 - - - - -
30 7850 0.012 | 2444 | 1.820 - - - - -
31 7850 0.012 | 2.600 | 1.820 - - - - -
32 7850 0.012 | 2.691 1.820 - - - - -
33 7850 0.012 | 2.860 1.820 - - - - -
36 7850 0.016 | 3.055 1.820 - - - - -
37 7850 0.017 | 3.315 1.820 - - - - -
38 7850 0.019 | 3.640 | 1.820 - - - - -
76 7222 0.301 1.580 | 1.170 - - - - -
77 7222 0.301 1.580 | 1.170 - - - - -
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