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For the development of many types of machinery, particularly to replace experiment with simulation, it has become very
popular to simulate vibration by large-scale FEA-model. However, there is a problem for conventional eigenvalue or nonlinear
transient response analysis, that is, enormous analytical time is required. Thus, on the viewpoint of improving such simulation of
the large-scale model more efficiently, shortening of analytical time is needed. Furthermore, raising of simulation accuracy for
experimental results by applying finer mesh to detail of structural spots on the large-scale model, or by including nonlinear
mechanical elements such as visco-elasticity or gap is strongly requested. Recently responding to such situation, especially for
some commercial software of structural analysis, a special solver named AMLS (Automated Multi-Level Substructuring) is
supplied to mainly automobile manufacturers, using multi-level on parallel computer. However, the application of this solver is
limited within linear structure and elements, so it would not be sufficient for the broad wide needs in vibration analysis, including
nonlinear field.

In this study, for the purpose of improving the efficiency of large-scale vibration analysis by multi-level substructuring based
on the usage of a parallel computer, some analytical processes for rotor dynamics with detailed casing and nonlinear vibration

analysis with gap property have been investigated, and also the possibility of application to product design has been verified.

Key words : multi-level substructuring, parallel computing, rotor dynamics, nonlinear vibration analysis

F—T—F: ZBE— NOK, WA, ShRBIRAT, JESEIRENfET

WA & 2 REVEIRBIRIT DR RIIZBI HATFSE

JIE IEFE, il 8509y, A B, JIIF fWF, K, )F i

1. [FL®IC FERTPFERRIE O PR E ARHT S CIIMRATIS TE T 1

HENEZ AR & LT AR O B RL&L CIR 2B A% HEL LD 2 295550 b H D DT, BiFER)
ZHRIZ, 1 THABREU EOFRESRET L2 H] SO _ LD 2\ VIR R OELE S LB TH D V.

WTEERENEEHT 2N < S STV D R O [EA | — 7 TITSEBRIZ R4 D AT EE 1) EOZR G 58

* Faculty of Life and Medical Sciences, Doshisha University, Kyoto

Telephone: +81-774-65-6403, Fax:+81-774-65-6825, E-mail: maskawag@mail.doshisha.ac.jp

** Research & Innovation Center, Mitsubishi Heavy Industries, Ltd., Hyogo.

Telephone: +81-79-445-6740, Fax: +81-79-445-6086, E-mail: keisuke matsuyama@mhi.co.jp

*#% First Department of Research and System, Ryoyu System Engineering, Hyogo.

Telephone: +81-79-445-9746, Fax: +81-79-445-9949, E-mail: makoto sugimoto@rsg.kobe.mhi.co.jp

(17)



18 JINEIE B - AR i EcAr - A2 R

AN

<, HEISHIER O @kE R T AL S e D KM
FET VORI IERRC, FEHPERSS T 2 5 D IERIY
BEREE AT OEZAML b STV 5.

PESk, FREHBERE TR A S D ISR AT
a— T, HWEMOARERET N EKONDE
IREEICEIL, TEBREAZHIRT 2 Lk
T, REMTIRER 2 B DG T — RA RGO
REbLIRLEhTWS 2. Lavl, KEEEF LTI
oA b KBIIC 72 2 DT, KO EAE
FRAT DFEHTRFR DA EE L <, RO D
HIB S e F 2 M D & b b,

DX D RRPUTKHE L, — O PSR =
— RCITAFIEE I L7 BB B e — R AL
(AMLS: Automated Multi-Level Substructuring)
BB LT Y Vi it S Cis h, HBjEE
REPODICEHASILTND. LLERD, ZOfif
B Y IS I BRE S TWAH DT, FERIE
FRHT & D TR AVWRBIENT = — X123 3120 2.
TWipne EBbins.

Z T, FEFOIXWHFHEH ORI &Rk 2B
T— NEBIEEZ 2V E T ORMEIC L D &
Gy TR Te BRI 2 2 & 2 BIS, HiiRE)
fENT IS L O & RIERIEMRNTIC B BT 7 m & R
DREBLH G ~OM AT 2 RAEEED -
PUORHETTIE, SREMRATICN LC, BRI
DRSS, SEICITH & 2 5 0IERIBIRE RIS L TIE
AR L LIS OFIEARE 1 2 BeE— NG pkik % i
LA RIC DWW TR S,

[aEEn
A0 ax

2. BRE— FEREOBE
2.1 B=E

[EIFR(AR D BE N — G 2 510, LS ISR

=

AR CE - R 1 KT A

a— R (LA, WH=—F) NASTRAN CHEMAbIHh
TV 5 HENZ B s — R A ARIEOBERIL,
1990 4EEHIZ Bennighof HIZ X W EAF XL Y, fafr
(272> THiRY — A EEBERICE S D K o1
o TCEE Y, ZOHEIL Fig. 1 IORT LI,
ORI L MO O R BRERET L& RO
DEFDE T A MIHEI%E, 7 A N ONEH
SEWRE S I T THSRE— RiE PE2EA L,
PUSHHBEZHIRT S, 2 LT, #0720 b
ARG T DA A BB TRV IR Z &1
L0, fENTEBE AL, AT 2 46 D R
FETH 5.

2.2 BRELEX
2.2.1 EWRENERAT

AL Fig. 2 O X9 elElA L, FRifAn
IRIET DIREZR TS, BEREOEN % u,,
$5h% f, BETHE M, BT Z K, B
1% C., ¥xA 2118 % G, F£To, FRILEDE
% u, SN% f, EEITHE M, WIEITA% K,
WEATHE C & L, iz OIMEE Ky, Ko, BEZ
Cus, Cy b5 &, FRILIRIEAE R OEB) FREAUTR

RED, 22U, - XS
MW 0 iiw + CW CWS l.l w
0 MS iiS CS w CS l“S

-4

ERITBNT, V¥ A 1178 G, 13 EE 0 DRI
THY Y, BEEORHES £, 1TECT, @

15 bl S

o Mu +(C +G ), +K u =f

KW KW.S'
_l’_
K, K

Sw s

}

(M

Whole Structure

delete

grand parent

parent

child [®4ie

o

L

Fig. 1. General image of structural segmentation for large-sized finite element model.
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—— Mode SR o 2 T
(h)MATLAB ;-'\T,,w-\'

Fig. 13. Typical natural modes of rotor with stand up to 4th mode for original and synthesized model.
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7B, KEEET VL TUL, E— RARRICE
O Kilig7e B BRI ) 412 DT, Hfi)7ziR
T— NEEMR LN D, EIREN A mSm < %
ELTEFNREWEEBbs.

(2) E—FILREIRBICEREN

Fig. 14 D a—X OFi M5 IZAE D AV E: (0. 1mm)
EOE LG or — 2 fignd & nl2, BIX0I%
ER OB nl, n24 & A Z 2 RS 1s6, rs6 DL
N (BIHEER) W& % MATLAB 7 FH VN TRt 9
% (MATLAB f#) & & H1Z, ANSYS O#pRENEHT A~
Ta v EESTHRAT L7z (ANSYS fif). Fig. 151C.k
T @ HEOE—F VERBUSE TR R o ~d
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2, FXIZ X e — ik X Oz ic ks v C
MATLAB % ANSYS ## & BAFICHHE LT 5.

3.1.7 fEWTEHEDHIE

Table 2 IZZBE— NERKIZ L HTET L DA
MR A <Y, FFEICLAUE, child TIX 1,134
THoT-BHAEN 70% D 339, parent X° grand
parent THEKTH Y, RIEEFEDO A Z L R TIX
38,640 O H HED 96%D 1, 721 & KHEIZHIK
TWbd. koT, 2OV T IVTIHIZEE— FEK
EEEHT D2 IRy, ITREEZ % T Z &<,
KB fEHT B B E ORI FTRE T H 2 & &,

n3
16 n1 nl2 (&) m4 156
T e il
=] =]
s, 8 rotor (y: & &) B
2 i z - B
= B8 BE
@ 58 si(ls2) . $28(rs2) & @
ﬂ i ; ivaiy e I TP TS E *:
2 P B R A T P R 2
= center bar =5
D 7
Fig. 14. Definition of shared node for rotor with stand.
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& N 2 “7\\4 £ 10Em - |
5 10E-02 AN I &
VAN Y i
1.0E-03
1.0E-03
! ——MATLAB node-52 / v —— MATLAB Is6z
------- MATLAB node-12z 1.0E-04 - MATLAB node-1z
LOE04 —— ANSYSnode-5z | ] —— ANSYS1s6z
----- ANSYS node-12z o ANSY S node-1z
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3 4 6 8 9 10

Speed (x1000 rpm)
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5

Fig. 15. Frequency response of rotor with stand by multi-level substructuring and ANSY'S in z-direction.

Table 2. Summary of reduction of degree of freedom for stand, based on multi-level substructuring.

" Substructure cealer bar suppart
" o d bar | leftirigl
(lt1 la l) Y aran center bar eft/right
Ttea . child  parent parent | (subtotal) {each)
0“*—"?‘;")3{""61 38640 | 1134 3078 | 8.910 | 26406 | 6.279
= Scgments - 27 9 3 1 1 (eacl)
L
=]
8 | Adopled Modes 1,361 15 24 72 72 226 (each)
o
o
= | Substucture - -
E (dof) 1,721 339 393 603 1,233 519
““d“c{,',f;'-]‘ Ratio  pgop | -70% -83% | 93% | 96% | -92%

(25)
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3.2 KIREMmFYo I
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3.2.1 BImETIL
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AMLS-R |2 & 2 EE A Efr 2 32 L. e,
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X

(a) General view

B

Edge node

JEF A S - KA

Mo WA

i) & FEM L7-. Fig. 17 |2 400Hz LA F O EAIES)
BUCBIT B RGZ2 RT3, AMLS-R 12 X 2 FE A R
MR (AMLS-R fi#) 1% ANSYS fi# & BAFITH s LT
%. F7o, Fig. 18 IR 1RO v —X iifE
— K& 4 ROEEDORERRINE — RO R 2R~ T
2%, AMLS-R EIXEAIREL, REIE— NIZ2oW»ThH
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3.2.3 E—HILEEHIEREN

Fig. 16(b) ® v — % ONHEHISICARE D AV E
(0. 1mm) ZARE L, 4000rpm Y2 AP EK)E% % 25rpm
G CREHT L 7= % Fig. 191, X (a) 12iZ
ETF () FHHOENDT—Z VR EIE OfRHTHE
Ram— ZIONPRE R A TR, IE R AR,
A1) (b) CUXHSZ I D v — & il 2 SR, BEEE0 4 i)
BT, WRIXNCIE ANSYS SlREMET A7 > g > C
fi BT U7 (ANSYS fi#) &G Tad 7%, AMLS-R
(2 K DFRATRER (AMLS-R i) 1R IGE R LOWRE
HIRRAY ANSYS fif & BAFIC—E L CTH Y, AMLS-R Of#
PR ITEm< ZYThDH B LN, AL,
H# D 3600rpm (1 CT—HAR—BRA 6N DD, ik
EROFRIED 1/10 LUF T Y R .

(b) Cut section

Fig. 16. General view of sample-model for large-scale vibration model of rotational machinery.
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Fig. 17. Relation of natural frequency between ANSY'S
and AMLS-R.
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4th

(a) ANSYS (b) AMLS-R
Fig. 18. Analyzed mode shape of large-scale rotational
machinery model for AMLS-R and ANSYS.
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Fig. 19. Frequency response of large-scale rotational machinery model by AMLS-R and ANSYS in z-direction.

3.2.4  fEHTEFME D ETE

W HIEHFEREE Ve 2Bt — RERIEOFF S %
R9 412, NASTRAN O Lanczos (2 K HEEHE Y LR
(NASTRAN-STD) (Zxf3" % AMLS-R (2 L 5 E— & L%
AT & OVENRE BT O fRHTIRE IR D BT 4 =
T 7 ANINEFHEI L=, 16 =7 (SMP=16) D4
FHEM A VT, EREAEMT T e — 2 [
3000rpm DM, JEBEEISE AT TIERTE DRI T
Fh L, FELZMATR (Elapsed FFfH]) & W%
Fig. 20 (29, [RIKNC XU, MpTRedFEE A
EfRAT EATHAERS B TH Y, MRITICIE U TSR
EA R & OVEREOS BT MR L TR0, 2
DFFEFTHERTIE AMLS-R (2 X - T 80%LA_EEIiE & Ty
. Fio, HEUEY LS TIRFEE A AT > OfRAT
RS KA TH 573, AMLS-R Tlide— & /LE
AlEF L OVEREESSEARAT LK) 90%H S Tk
0, ZTOMITREREITRNT LD,

1200
OComplex Eigenvalue
1000 - OReal Eigenvalue
= OMatrix Generation
% 800 |
o
£
= 600 |
3 -87%
_% 400 -
) 1 3
20 90% W
0 fieeo B
STD AMLS-R

NASTRAN Solver
(a) Complex eigenvalue analysis

Flapsed Time (sec)
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SR B2 T DR ER ThH 57 v T
VUL, HHITREEIN DI IZ R EH LT
WHDT, T OMIMEEREZ 5 A THR S D IE
BRI R OMEIEW) O PE T BMEHT I3 LT, ARFE T
LB — NORIEZEA L, fTH BEOH IR
U TRt LIz RAZ DN TR 5.

4.1 #BREROBELSHEN
4.1.1 @BHfrETIL

Fig. 21 |[ZZBE— RARZ A L7-f#tht7 v
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AT 300 mm O T /L X =7 Ao R K L RO Fifi & W
fEL, o7 L—2KO R7 (UUF, ZL—AR
7) ZEX b DL, TyTFEEFOE L TED
LCRE L7, ZBE— FARIZEBE KL SN
A& RIGEAT 22—, BHEODZRNWT L—A

1200
OFrequency Response
1000 |- OReal Eigenvalue
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o4+
600
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(b) Frequency response analysis

Fig. 20. Reduction of elapsed time for modal analysis of large-scale rotational machinery by

AMLS-R from STD-solver.
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T8 &R X OMIMEITH % Msp, Ksp, SM1% fip &
ToL, EHEAHRAIILLTO L)k s, o, W
FIZOWTIIEERE 1% (A% v NEAESK
73.4Hz) ZRE L7,

Mg, + Kgug, = f, (20)

4.1.3 fBITREOHER

(1) EEHBREFHT

AlEE & [ARkIZ, 2(20)12%F LT, MATLAB % HW T
FEAERENT 21T > 7= (MATLAB fi#). Table 3 {Z 10
W2 EATHREE A NASTRAN | & % FEFE A AT
J (NASTRAN fi#) & IR, ZB-E— RARKIC
X % MATLAB fi#/d NASTRAN fif & —E LT\ 5. F7z,
Fig. 25 {Z NASTRAN TR 7KK OIRENE— R &R
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Latel ¥ imut L
Kipid atc\\ N ||'I|' R Eht: Rt EISET FEAREE o
Couneelion ) = [ MUpperbar] [ T
E = B H g
= G
- 7 i #
- c:; _J|_ [Lower-bar] [ :En
Tl = HEEEEEEE R &
¢ kZ - . HE i
1 — . Hinge (1 awer) I1-block , #HEH %:—'\ 1.R-blch
z 3 ] \ ! A
Shalic Labl: %}H/ ¥ — A =
—_— il S -block

(a) Dimension

Fig. 21. Sample model for multi-level substructuring.
(28)

(b) Connection

L.

Fig. 22. Segmentation of stand.
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Fig. 23. Substructure tree of stand.

Table 3. Summary of natural frequency of stand with

I
Latch |

z X

(a) Stand (b) Frame-door
Fig. 24. Synthesized stand and frame-door.
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REIBE ORI (2) JFANS, Fig. 26 ONIEE &2
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s e
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Fig. 25. Typical natural modes of stand with frame-door

on shake table.

D3 Hinge (Upper
— \_\,'/ sD2
SD1-
. \
J: :"- Hinge (Lower) -

frame-door on shake table.
Mode N'_;\—_SIE';\N MAHAB Ratio
Original (Hz) | Synthesized (Hz)

1 0.00 0.00 ---

2 10.26 10.26 1.000

3 220 22.02 1.000

4 33.13 33.13 1.000

5 34.57 31457 1.000
sni 6 36.04 36.04 1.000

7 3641 36.41 1.000

g 6640 66.41 1.000

9 72.56 7257 1.000

10 7540 75.41 1.000
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iR R (NASTRAN fif) & BDETRTA, &/TO
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Fig. 26. Analyzed acceleration and displacement created
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Fig. 27. Analyzed displacement at major locations on linear transient response analysis. completely.
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Fig. 28. Nonlinear spring property for latch and hinge.
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Fig. 29. Analyzed displacement of support and door by nonlinear analysis on NASTRAN.
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Fig. 30. Analyzed displacement of support and door by nonlinear analysis on MATLAB/SIMULINK.

Table 4. Summary of synthesized degree of freedom
by multi-level substructuring.
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& Shared-dol 1.011 1,002 30
Z
= lolal Maodel
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