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Three-Dimensional Rotordynamic Analysis Considering Bearing Support Effects
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ABSTRACT

In this study, three-dimensional rotordynamic analyses have been conducted using equivalent beam, hybrid and full three-
dimensional models. The present computational method is based on the general finite element method with rotating gyroscopic
effects of a rotor system. General purpose commercial finite element code, SAMCEF which includes practical rotordynamics module
with various types of rotor analysis methods and bearing elements is applied. For the purpose of numerical verification, comparison
study for a benchmark rotor model with support bearings is performed first. Detailed finite element models based on three different
modeling concepts are constructed and then computational analyses are conducted for the realistic and complex three-dimensional
rotor system. The results for rotor stability and mass unbalance response are presented and compared with the experimental vibration

test conducted in this study.

1. A &
T&o g 3FA3E BEE Al 2EH(rotor system)—E—’:
slA7IAle] AAAHQA FE FARERA dF
31 A71A A=A EAG AAH 7] ‘Iﬂ“"°ﬂ o
$ FQ3Y g8 B0, st=rj273") e A
TEAY FF¢F E‘]"it”m 2 Qe =Va
2ol 727} 2 Bulo] Bad 2EAsHel HS

= 7}z E(excitation)©] HU(E e o oA"Y 3
A A5 AAAHA 7lso] 4 RAA 5 Qo]
of @t Uyt FF FAY vEA 2E A
299 Be% oz spx] Aol o =3}
(sinusoidal), 7](periodic), ZOl(transient) B HWH
(random) HEWS] Tt F7 3Fo] AE4F &
Atk FHAY HHE uHT FAY DHAESF
:éi YAl B (critical speed)2} 318 o] {9 iE

2 IJAsHA HE Aol LA "o
AA s FAF M35 -&F(whirling response)
E AR st F2EY Iy woldg mlm,
%9 F4F &L /A A HER FasH
thF oo} gt

2 A" JAKE A7 2 F8A 0
Toll 71&ENE ket AftAE s doh Nelson®
9 ALE FHFHE W QA4 (beam element)E 57}

ox

A

T 389, 284408 a AT ReR

% FENFENEATR

E-mail : dhk{@gsnu.ac.kr

Tel : (055) 751-6125, Fax : (055) 755-2081
* A3, FYPANNS R AAGEEESE e
** AMH ARG, GG 2ud A

Ao taz HEL 9 F7F Z#(lumped
mass)S. 2 F7F AAA A AR dTh
Prohl¥2 3 AA Y JALEE T3t7] Y& A
3) = ¥ 4] (transfer matrix method)S AMHE313 1,
Guenther®} Lovejoy® 52 thd X8 9 I
T iAol #R- ‘i"‘i:rLE S8t aEy F
ZolE EHA|&H] Ao Z—l’\i 238 A
A7} W] dRbEd 3 AY fFaLUE BE
& A7el Badel dFHAA. vy HIe
Pranabesh” 52 Lund A E& @83l B33
HREZAE WM s 1, Flemmg( 'S DyRoBes T2
ORE &85t ¥ oy g nHI 2EA
2®L &4 39k &, Brune® 52 SAMCEF 4
TEYOE T4l 2H HRPZ i =
HE59% A4S Fastgion) @4 e} vust
et
ZEEA] mHHoR AR HZ

(equivalent beam) E 9] 7% mdo] &
ArEAIZRO] - EEA QL "J’@ol RAA T
525 2oy FA7 &
?Sﬂ**él‘}oﬂ 9—’”'7}' °]% T ;J\‘;}. o] of

offl

f

7

o
of
i)
o,

ot
ox

%
ki ruE%rﬂ
o Bl Mr 4o &

o e ox

N
3o 21%1% UH—"r 2233
N 2l FEo] s B oA
oA ALHQon dukzrel Jressdoz
Aol HAol g 2l FAste|Ao

SAMCEF T2 13092 gaszgr wdsy 9 A
AHA 7Y AFEE Hal FmEdo] A F o
e WAwta 2d00E aagion, S7tR
903 349 2d 2 2E £ SRg 2988
I yEzE 3 2}1 QAR ZAYE ZFHhybrid)
SZdol thgt HnAHE AAFETE =3 gadol



B 4 A FF 8] 2006\ FA) S S o8 = FF
2006 W1 % 4741 SXEFEEU 8], 2006 5925 Y(F)26 4(F), etz AFad
539 AAHA 3 a9 ZEA 2" dE I 22 9ASEY AL
AEE FYPstn ANAA A w2 AR sdakE AARAY AN glolA Fo By

2. o] 24 WA

21 ZE59% o) PR
Hamiton €28 2 g3l g9 2o Bja ¢
FUANS RS e 2o,

[} + (B, + 6+ B.(h))a)

)
+[&, + 9B, + K @la)+ (@) =g}

AZIM, m1e BF Y, )= TE 74 I
(structural damping metrix), [G] © X249 A

Ao 2 2 3% P H(gyroscopic matrix), [B,(g)] =
3| A & uldEshs %‘iz—}}l o dTd P,
K,] © 72 24394, B,] © 2 T2
o dfd P, [k, )= Ao 71AS Wl
st 93 d39 dE, (rg.9) = 849 A
% 243 A" ¥4 3 (non-linear forces) ¥ E,
(g 9% ¥ E omjgi A(1)2 R g¢
¢ FHE tad 2ol »epd F Qo

+[Bolat+ [kl +{r@.a.h)={ew)
)

AN A4y A9 ZEE s T4 &
Zol ¥y A & Ao,

Tiamigy o @] [¥ B o fa

0 M”||G" 0 B” ||gF
&[Gy olfgf B™(4,) BY(4,) H }
+Z¢[ 0 0]{4’}+Z {B,{'%m B g laf |
L l:Ku. @) K (¢k>]{q } Fji’ 0 Hq}
K&y Kik 80 )\4! @l 3

. N
4 Ik (ql ql ¢k gl (t)

H p }+;{ (@i ¢k} {g, (,)}
A7 Ny, ZEH 7

o HA&Eoly, R HY FELE:, F &

M8 d FEHEL o

]

i
i

k=1

. NZ [m zz,isk

(o
£

A WS RN AFEAoIT olel @
e AgHow wolmd oa 2x
Aolzaad g
D4AESY e

C))
dutd o g AAKE Q. ¥ IAEEN @& 1
FRASFE Ho doh F A & dASET)
eht A 5=, forward critical speed (FCS)% 373
| #F AHAA A sd EFol By A
W) 2] 4% o)1, backward critical speed (BCS)% Ark
o ALFo] #F F "o &Sxolrh. InkH
o

2 FCS & 1% 3ld ZEHAI2=" AA 2
2 IJAFHY =
(unbalance)oll 9l 2AF FLEHE HAol=Z 7}
& F9E 23t} SAMCEF oﬂzﬂh A 2Elol 3H
2 AHFHEEHE AFAA FA wHEH(iterative
method)¥} T*A}FH (approximate method) 2= :rlﬁ" F
Atk wHEH L Ao HEF e AFH F= o
21 2oh B2 AlAMAEE 8789, Lanczos 0L
7} bi-iteration W Fol Aok FAHE ALE
T A FE AR B Fo IfHX
o nRHAEHE T+ 5 Aok

A FRE REY AMAHOZ YehddH
x, y oz 2= Alojo] 73 A Al(stiffness
coupling)y= QIth. olA 2 AAEEE &olstA E
A 5 A st otaly PR AHE J
BHE Wl dAAA x, y Aoz Falstd o
Bl Aoty

M 0§ 0 Gllg
G 2 B .
O M q,v _G 0 qy
K 0 x 0
+ 7 71
[0 K}{q} {0}
271 A8& ngsta § A9 afAe ord
=3 &

sl%2 Uehdd. oela

ES NN LR I

3 A4 Ade

ofh

|

}
]

[¢]



=4S 7538 E 2006 2:711# SRR
2006 A% FAASHUE U, 2

qg=u cos(/IQt) 6)
g’ (t) = vsin(AQx) (7)

’E}‘}Fol‘:}. ‘?_PQF y 2 (u' vk Zol Aojetd
Aisye e 22 guz yed = ok

{k]-o (#[M]- 26 Py}, = o} ®)

A@)FHE g2 2L diAF 153 EAL v
= 35tt.

(]~ w?[m]x} = {0} ©)
wEtr A@) oA YAISEEE A PH A2Ho
g 71E 4 EE oJ8sd 7 F Ao o
714 A =+10]9 forward critical speeds (FCS)°l 3l
@3kl A =—10°]" backward critical speeds (BCS)
of AL,

3 =ESEH 4
HYFEA A9 9o o8 ADHE 2EA
~de) Boiw BAANE BheF 2o

MYao}+ [BKao}+ [k @Ka0} = {11} a0

9 Ao A Z3}7}A(harmonic excitation) & 3}5-=

olzle} Ze Wel2 sA B

£0)= R} (i
f =1+ (12)
A=0280) o3& slzlolm, A=1 A= =B
7 @ (unbalace)oll 2| & 7}2]4} 4;1]:‘;4_ _ o] Ao

WY =3 23} MEEHE f(1)9 57 "o

g(t) = R{ge""} (13)
qg=4,+iq, (14)
2 BAZEE 2((10)&

(- 2o+ irolBey]+ [k @ = (@)} as)

2006 '3 5 €25 Y(F)~26 &

A(F), Sotetzeta AFEd

2.4 HMo|SHMAN
SAMCEF A& Holg
THoz AHAER

_‘

7.4

galAe sk At
H(direct integration)g ©] &%t}

&4 WAA daelF(implicit algorithms)o) Lt W |
7‘4 9] A2 Z34 A H (implicit-explicit multi corrector
schemes) 5 ¢ 25 AR&E ¢ Qvh. ol FF/Fe
AdyglEe AL 7lxo] EoloE AL 9
Al gjAo] 7}538A ek Newmark WHH-S A
43l AuEAgALe g 2 Aoz FAH
¥ g U

Mg, + (A~ a)B(P(t,1 )G + 2B(BE,)),
+ (=) K (P15 801 D1
+aK(g(1,),8,)q, + A=) f(q,4150i1)
+0f(q,.9,)=(1-a)g,., +ag,

(16)

A71M, a € [0, 13]Ak0] geZ . [tytan] ol
AN A=1/2, f=1/62 &5& Ay B} & 7
, A=1/2, f=1/4 2 BF 7H&EEE AH§3H7]
57t AR w Abgstn, A=1/2, p=0 &

484,

[o)
o
9
difference method)
T YAA gaeF(explicit algorithm)

3. 42 2 AE

JIEFERY

B AFdAe Adsd 7)E A5E A8 7]
o) AFADRI}E AAHA & dXria ZHE
dof tigt M-S 333t Figl & FFED9
718k8k2 AN, & *éﬁl 2 AA Hjolg o

zx BRAE 5‘1—0:"“[‘——11 A

futh

E=2x10"N/m* v=03

p=7800kg/m’

N | | | |
! i | I |
PoHe

S DA 0 IS o S [% ________ I - _._._j.-,,

-J"k— -

k. =5x10'N/m C,=5x10%kg/ls k_=k,
k.=7x10'N/m C_=7x10%g/s C.=C,

Fig. 1 Geometric configuration and material properties
for the benchmark rotor model.



=

2

S AFF S 2006 AGEU =
2006 A& FAALAFsts

o

(c) Full 3D model

1

Y
, 2006

L

Fig. 2 Finite element models for rotor dynamic analyses.

Fig.2 £ Fig.l ¢ 2§ 2o tj& 3 7tx] ¢t
24 f9as RUL RF: Yom,
Fig.3 & Refll oA $3 {84 BEIH
Mgl siAAxtel vlug otk B Aol A
gk 2E8 sgel disl) refstAl A Estd
Fig.2(a)9] equivalent beam model & t©]2=12] &

%3 BYRAEE AFAROR 57 AR
o]

Y & ¥A H(beam)QAZ ZEHIT
o]® 8AE 4 Y AA ko RAG
olt}. Fig3(a)Q] v Z#HE BW 57t B
Adoz dMe F Axs g 2 94X
F 5 Fig.2(b)> E(hybrid
ofFE3 Qtf ol EH F
AYstn a3 WREn 7
] Qa0 A A7 A

Lo oo

e R
=
%
2

b 4o 02
T

2L oX ot ¥O
f

ot kU

® e

e

9)

ot

-

b ob FT oM

flo o rlo

i

T

o

’

(o

-

;

B(FH)r26 UF), Atz AFED

F 5 dAsG e, dxe 22 F#HE Ho
st A=Fadrt Ao = sden, M=
B REY =t AF(glue) 40T F-718}d]
A" 4 QA F Aok 2E FEL ¢ WA
Al(solid) 8428 AFEst =dF &lvh W

AAZARL Figd@e 3¢9 Tdst

Symbol: Beam Model (FEM){13) . »
1100} {ine : Beam Model (Present) o= *-
— 1000 | e
N e
L 500 tMode 10y .-
= .
O B0FNEeT O~ L
@ 700 T O T -
g‘ 00 | Mode 8 a- & T o~
g [ Mode 8 o ..
w
[
3
2
©
4

500 ,j&,ﬁ"‘““*““"‘““""ﬁ’
400 FMode 6

[} 5000 10000 15000 20000 25000 30000
Rotating Speed (RPM)

(a) Equivalent beam Model

1200

Symbol: Beam Model (FEM) [13] —
1100 Line : Hybrid Model (Present) ’_._‘_,."-"'
1000 P
¢
900 | Mmode 100’..—”,‘.—
800 L.~ "¢ L
700 [MSTS-— _ © R B

Natural Frequency (Hz)
[-:]
3

200 Fe

0 5000 10000 15000 20000 25000 30000
Rotating Speed (RPM)

(b) Hybrid model (Beam+Solid)

Symbol: Beam Mode! (FEM) [13] ’,,/-'/ *

1100 Line : 3D Model (Present) /_,,.':" .
— 1000 | T
g e
= 900 ['Mode 10—
> Q. e
o 800 —_ Qe -
c T -0 e

700 |Mode 9 -2 e [o]
s ™ "8 B
-3
e
w
[
=
=1
©
4

o 1 : : : r
[} 5000 10000 15000 20000 25000 30000

Rotating Speed (RPM)

(c) Full 3D model

Fig. 3 Comparison of Campbell chart for different FE

modeling concepts.

Fig3(0)9] A2 w4 9 ¥is 10 WA i



st
H

[
U1o
i
ol
o
okt
)

S

S

o)
e
e
E
)y
=

i
Reiycu
X,

o I
]

—

olgtiie Fuide Aot & UX|3t
Fig.2(c)o] &3 32}'1 =24

e o X

b
ta
32
R

o dlo

£ 6 WA 1A (solid) &
§t AGoltt. F34 ‘:]’\37]' g= 9
aho] A

i ox ¥
o |

g

o

ol

ko b ok

b
[~

3) =
% FEY ool AAE = FELS B

—_

o

2

Fig.3(c)2] 23& R¥ AR
MAFHe} F dAsts A
o] 9 109 1
Holal gt

1e-1

————— Beam Model
Hybrid Model

————— 3D Model i

Reference

Maghnitude (mm)

2e-2

"10000 15000 20000
Rotational Speed (RPM)
Fig. 4 Comparison of unbalance response for rotor RPM.

5000

Fig4 & 200g o &7 FFo] Figl oA F ¥
A O23ADy)l 7Haiz B¢ 2Y Iy o
P AR Y23 FAFH AHAAY THSHE
A71E vag Aolvh 4A9 A9 witAZ
20000 rpm °}]de] nFIE JFE AQdetine

-
an A9 LA B FA5E A
% & vk

dlo [‘-l

¥ K
fijo r

Fig. § Geometric configuration of a complex rotor model

Hecs dAslel & Aoz Be F Rassln.

N
O
O’\
=
(¥, ]
e
(=)
W
e
Ja
N
!
[y
N
e
ol
N
i
o
=
:L
i
I
>
4

32 AAl AFEd dd AFLE 2 HA
Fig. 5 £ 548 Z4& /M1 44 A% 2

. -1 -
AEE 2314 3d 3 2 2EIA 2" CAD ¥
A RAFI Qv Ao 1 mde o=
A(disk), AFTE(shaft), <UD (impeller), EJR!
(turbine) & olojE P wlojP oz FAH HAAQ
ZEA| 2R gAo|r},

30

—— First Bending Mode
--w~+ Second Bending Mode
-~ Zero Line

1,912 Hz
20 |

10
[1) R D it [UUVLAPPIPNR Syl NI

y
4,768 Hz
A0 p

Relaitive Displacement

-201

-30

Shaft Length (mm)

Fig. 6 Measured natural frequencies and mode shapes.

Fig.6 & Fig5 9] 3 A4 ZE|A| 2ol T3l Ho]
PL A5t FH 7 Al F(impact excitation test)
S £33 Agoly, A WA FIKRE=E 1912 Hg,
F A 3% ZEE 4768 Hz o] nRAFFE
gulgon], gFde u§ RE FaAe 13
Z2rt

_{

Fx, Fy Rx, Ry

Fx: B8, Py SW-g 3
Fx : S, Ry Bl

Fig. 7 Monitoring points for experimental rotor stability
tests.

L

! F, ZE]_T.’
51. E7)38H9 o). F1g8— Fig.6 3 2 A=A
o] olz} Fig.7 & Y=]oA g’?’]i
g 3d TAAFEY AFjolrh

rpm Aol 4] backward critical speed (BCS)g Q’?l

.



FZASAETE3] 2006 #AGENI] = EF
2006 A% FALSATTEU 3

[
f

(a) Lateral response (rear position)

Apspactrendhs} - Trond s
Bsck - 2t ¢ By butr 8 © SXT Sy

A

(b) Vertical response (real position)

Fig. 8 Physical unbalance responses from experimental
tests for the rotating rotor system.

Fig9 & ZHEYS sidS At 84 22
BoF3 Qi) Fig2 oA Mfﬂ g A3 B
Al 3 7AlY e 2dg 3 e Heste] A

Ggo}o‘h:}. Fug 248 dy 571 8 24
156 7)), &3 29 86931 7)), ¢4 334 =

127,776 7} 2] A}-fr E(degree of freedom)E “}E}
o], olof W} A4t Azte] Apol® o] &

}"*E} o] X wojFe] FAn ajol #A

EAAE AA NEE B9 SAHE &g Ao

% 3*"“ ZHgatodet. £ 2o A, 3 2

ol 4] WojA o2 A r}.

il oz L g rlo mlo 31'« fijo
°" »2 F1°

e

_4

Table 1 Comparison of natural frequency

Mode Exp 1D Hybrid 3D
No. (Hz) (Hz) (Hz) (Hz)
1 1912 1979 1963 2005

2 4768 5905 4720 5071
3 - 9324 7002 7476

31,2006 3 5 €25 A(FH)26 4(F), @vivtzElz AF5d

AEo]A 1912 Hz 9 13 7% 2=¢ 4768 Hz 9
2 2 79 BE=rt SAEJAL, s 2l AHS

57} H.(equivalent beam) S 2ol A= 1979 Hz, 5905
Hz oA 24+ %9 27t Jepgd s, 3 (hybrid) =
Ao = 1963 Hz, 4720 Hz oA d&Hgloen, ¢
A 3z 2ol A= 2005 Hz, 5071 Hz 94 1, 2
2 78 RE ) d5HAY 2345 2E 3 W

AFAFT Ae 3 AR Bdo] AL FAE
Holu, & WA =9 A9 1 Ad 57
APAe] Hla %k 23.8%9]
2 g Holx glon, 3t 4 3 Y 249
BAE¥e AdB e FARE AHE Hojil 9l

(b) Hybrid model (Beam+Solid)

(¢) Full 3D model

Fig. 9 Finite element models for rotor dynamic analysis.



422 AEFeE 2006 AT =3
2006 A% #ALSAFsEUs,

CPU IS A~ oy
A7 B QA4 Reo] Ao | Z _% FEde 3
B 44 %, 329 2422 75 57 27 2850}
2 dFolA %“l'l AP FE Y AFYEE Ul
A 2006 3 2 4 Bull7l AJzbE A =ALS] Pentium
D Processor 950 (3.4GHz) CPU(Dual Core, Socket 775)
o] 2GB RAM & &3 Aolu},

12000

B—
10000 HRdEE e ]
N Mode3 . " oL v,
<
& sooo |
=
Q
g
g 6000 pm 22
L
('S
© 4000
=
2
[
Z 2000
° R .
0.00 5.00e+4  1.00e+5  1.50es5  2.00e+5
Rotating Speed (RPM)
(a) Equivalent beam model
12000
10000 |
=
2 sooo}
S -
S —
g eoo0 | e -
‘t Mode 6 _ - -
B 4000 peaimr —
5 Mode S e . /
2 S
©
Z 000 o2 FCS
Mode 1 - S O N
BCS h
o . ; . i
0.00 5.00e+4  1.00e+5  1.50e+5  2.00e+5
Rotating Speed (RPM)
(b) Hybrid model
12000
+ 10000 |
=
& 8000 |-
=
Q
T 6000
®
[T9
® 400f T TTTTTmee
=1
2
3]
Z 2000
[}

0.00 5.00e+4  1.00e+5  1.50e+5  2.00e+5
Rotating Speed (RPM)

(c) Full 3D model

Fig. 10 Comparison of Campbell chart for the complex
rotor model.

Fig10 & g4 Wslol] g 28 ¢4 3l
: g nd 571 B 24

2006 5¥25¢

d(E)r20 L), Gtz aa AFE

9] 2% 2F 10 7 rpm o)A BCS & oiFsta Ao
™, ¢ 15 ¥ rpm oA FCS & 53t dd. &
g 2ol A= oF 92,000 rpm °lA] BCS 9 ¢
161,000 rpm oA FCS & ol &3tn o} =S 3 2
o) B4 o 10 ¢ rpm oA BCS & <53}
Qqom, ¢k 179 rpm oA FCS & <l &35t

E dApolre] sd HeAdd A Figd I
Hlns] B A4S 12 % rpm 7R SAS 2
= <F 1670Hz (100,200 rpm) 914 backward whirl
mode 7} #AHAon, AFo] 7153 12 ¥ rpm

oMo M FCS 7} EA8IA P= AL L F 9l
ot 2 RdE9 A A At v B
< Roln BCS o A4 A@AFAY F dAstkE
ANE BT FCS 9 ASE Adol #YHA X
3 AFA vt W

_TL
o] AFHAT &
9 rpm F2o] FCS 7}
=9
3

Fig.10 o}A Iz} _?—E—C Nz e g3t
& 299 Asol ol e B F e,

ol mgel Fapo] B3talr] WEelu, A4
78S mH B 9 Figloeyt 73 A8 2
setm & % gieh
1.0
08}
T
é 06
]
T°
2
€ 04f
=]
L]
= F
0.2; ______________

0.0400 600 8‘00 1000 12‘00 14‘00 16‘00 1800 2000
Frequency (Hz)
Fig. 11 Unbalance response magnitude for various
rotational speeds.

60
e 100,000 rpm
——— 70,0001
50 b P
«—
4
g 40}
=
e
o
= 0FfF
e
2
[
Q Zor
é:’ [}
i A
N, \ ! \
10 [ tain N AW AN
VN A / O Y
l\’“‘l v ’\“ \I, \'l\, \/\"'\I ‘J v
\" \l \r Vv
° !
0.000 0.001 0.002 0.003 0.004
Time (s)

Fig. 12 Transient acceleration responses at different
rotating speed



HR 2 E RS 2006d 7 s
2006 A% FALSAE 50

Fig.11 & &3 -3 (unbalance response) 2%}
RoyF1 vy A8 z7d e HE3 B
%‘%L% ]*“’0‘}7] og7) Wi F3E =etst
3 AL sHAstgh &
3 22z YEo St @g

1670Hz &} 2E2 ¥
o)t} Fig.12 = Hybrid 220} cnan Nz g

sldgol el Ho] el (transient  response
analysis)2 538 3 ZAxjo|tt 1¢o 3@ ¥
7 ok 5 3 A e Zqte] HPshy, M-\;Hz% o i

Fzudol 4g 28 & AMoIM F1&
o I} 1YL B FALEI 70, 000 pm

QAL A $ELe wolm gouk, WA
&% 229 100,000 rpm oA E F IEHOE QA

d ul¢ BdAT T SHEHE dehia o,
olglgh BdPA HEE Figll 9 -‘4’0“}‘15 g
o] 7bssitt.

4. 2 &

2 ATl E WMoy AAEHE uelsted 3
A9 ZEALG) N APas 2LP N 2
AW E FARS. AAckE e 2d o
AR % APE AT 3 A 290 5

ol w, B3 23349 fdes wdd g o
He rsgom LA% Masich DHAE A
Aol A$ Z7b w wdo] % WA RedA o
& Aolg ugoy, B 2 3 Ay 2o A%
r RE A9ARE 2 =g A9 2dd)
fi 28 @Ay dAel A peAdel 13
FYREsh QA B Qo] 3 74N mAY
ol BE @fzm $A18 ATE BYG. B
g ol Bag A4, BAAel ma RE
o dAE AU N2 e Tz 2459 WA
3 Q7 BAo) AgspAl nesolo e A%
a2 %o Aolst AuHoz oA A= o

£528 e 95dE zEAAg 7

-
2 ol ot
fo

it}
il
=
Hd
2,
N
X
32
tlo

DEr26 A(F), Btz AFed

) A, FA3), 2005, “FAF A F=294 /A
E9 dolgor A= HDOD ¢ A {4 vxa-
ABE AJado g §3 3_/5 g AZ &M 3
ZALAEZHH =2, 41378, A3 3F, pp. 251~258.

() AW, B4, &4, 7‘{16&, 2005, “R A 27
ERHI JA £ #A», d=x35 583, A 33
A, A 6 Z, pp. 92~99.

(3) BRE, olAx, 1994, «Aut =329 **ilf"ﬁl&
o] B Ay, giedzAes], A 31 A, A 2 &, pp.

29~37.

(4) Nelson, H. D. and McVaugh, J. M., 1976, “ Dynamics
of Rotor-Bearing Systems Using Finite Elements,” ASME
Journal of Engineering for Industry, Vol. 93, pp. 593~600.

(5) Prohl, M. A., 1945, “A General Method for Calculating
Critical Speeds of Flexible Rotors,” ASME Journal of Applied
Mechanics, Vol. 67, pp. A-142-A-148.

(6) Gu, J., 1986, “An Improved Transfer Matrix-Direct
Integration Method for Rotor Dynamics,” ASME Journal of
Vibration, Acoustics, Stress, and Reliability in Design, Vol. 108,
pp. 183-188.

(7) Pranabesh, D. C., 2003, “Application of Lund's Stability
Analysis Program in Design of Modem Turbomachinery,”
Journal of Vibration and Acoustics, Vol. 125, pp. 471~476.

(8) Fleming, D. P., 2005, “Unbalance Response Prediction
for Accelerating Rotors With Load-Dependent Nonlinear
Bearing Stiffness,” NASA/TM-2005-213801.

(9) Brune, C. and Lassoudiere, F., 1990, “Rotordynamics of
the Vulcain LH2 Turbopump comparison Between Test Results
and Dynamic Analysis Calculations,” Proceedings of 3rd
International Conference on RotorDynamics, pp. 353-360.

(10) SAMCEF Theoretical Manual, Rotor Module for
the Analysis of Rotating System, Ver.7.1, SAMTECH Co.

(11)Lalanne M. and Ferraris G., 1990, Rotordynamics
Prediction in Engineering, John Wiley & Sons Ltd,,
ISBN 0 471 92633 7.



