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A study on the Analysis of Dynamic Characteristic
for Nonlinear Rotor-Housing Systems

Gang-Gug Kim*, Jae-Hwan Lim*, Kee-Hyung Lee", In-Sung Chung**

ABSTRACT

Nonlinear analysis methods are developed which will enable the reliable prediction of the
dynamic behavior of the space shuttle main engine (3SME) turbopumps in the presence of bear-
ing clearances and other local nonlinearities.

A computationally efficient convolution method, based on discretized Duhamel and transi-
tion matrix integral formulations, is developed for the transient analysis. In the formulation,
the coupling forces due to the nonlinearities are treated as external forces acting on the cou-
pled subsystems. Iteration is utilized to determine their magnitudes at each time increment.
The method is applied to a nonlinear generic model of the high pressure oxygen turthods, the
convolution approach proved to be more accurate and highly more efficient. For determining
the nonlinear, steady-state periodic responses, an incremental harmonic balance (THB) method
was also developed. The method was successfully used to determine dominantly harmonic and
subharmonic (subsynchronous) responses of the HPOTP generic mode] with bearing clearances,
A reduction mthod similar to the impedance formulation utilized with linear systems is used
to reduce the housing-totor models to their coordinates at the bearing clearances.

.M E gk
AR ZH Axgle] #FP HHE AR
A9 233 JAZAe A nhg4E 3= o T BEEAND, Zv)5r] £, ﬁ 7142 &
Fe AU E (sources) = XFen Y1, o|AEE H|o] 248 & e ¥ T3 Nataraj9 Nel-
, 719), 2B 7H, AZER), 4 (seal) BH sonso] HXF A Zo) A sANA =] &
‘é?ﬂ T e, o3 29 W R J9E §5ASE A 22 BAY 848 LTF A dNsn 54

A% gstm 74T gste

* RA¥ dga 7AEHS 2

69



AEE - AR - 01718 - QA

oz zdgiy oF F fEde v €8 i
o},

SSME®] HEHIZ= B8 28394 Aoz, <
B9 299 HA0 1 B9 /A% 2ESY {44
Atoldl] EAsle], FYf A (seal), WS FHA
AgHE $94 2F3e2 42¥ 4 vk 5E%
#de B do)RA 54 Ate]e] 71EAQA dead-
band 3 E£A9 Edoln oHg 7L HE HZ
ZE7 W8 FHAZ $RINEE T4 wEA
dutdlez 2E-3I$YAE wEAR ZH ¥28,
2% 2 dr3dez vehta® aze HF713 e
d& B7Mse £84 du= g Y dA&sE
38 o4 zHe B $EL ddgdol EAT 1
448 o 7 gt @

Funge-Kutta #Z¥& o]&3le Childs$ Moyer
< SSME® HPOTPS #F% ¥]43 #42 &z, 4
47 dae fA 257 28 $gg 2540 ag
& FE7) &9 oy =9 EAd AR
impdeller-diffuser 3¢ &4 Y o2 AAF
drh Glease®t Budley2 o3 deadband’t 9%
ALY 2 £ Jeffeott TE) v o
&g 2ABI §571, €] 2 ¥FIEe BFgHEe
g 289 S9-& YEdth® Gleased A 2
A 298¢ AHgde],® Dayd Zalike vAE 3
f AFFE Ze FF Alo|Zd ol2FE o ol
FH w3 Le 28 EAgolN o] Ao W
E -a-‘_ﬁq_. 617

A Jh F8 Atej 2ot HHBTFoR AF 7
A +5e g2 2H Aade FALH F49E
AFste Aol BF Fadr, vAdg Fregd 38
g Q& P kgL ¥AdE 2HA2HY FRAEY
4A% HApicture) 2 LA Al7l=d a8 42
g}, ZAAQ gukd WHe g s g 2
ZE-8-94 A9 715 7] §E PR AFE
o 293 gasich Uz JPH Sty ARl
We A4 F7)HE dsdd o) fdr)

B d7e 2E BHL 3SMES HEAA 2L g
ZE-3-AASY WY FARMY R wEla 5
A HNAL AL ALL A8 Hold, & d7e <
uaQ ot taAad 2H-SAUAY HAE AsY
FHNA PP}, o|#HF 52 §Ee) SSME HEH
=o dutd ndle Davis Fo A AtHA1,

70

ol & ATl HAF H4 WP AE HYT
AE2IAFEWEE Eshe P9 sht2A Choidt
Noahel &} Add FE£x3} 2892 dAfE =¥
Nede F718%¢ AAsted ALa%n ol#He
el Feusled, wEERE Fold 2 ES
of E Jbsd o e AR H8 A8
o A=ANE 8, PP AL o, ole
FHA NAZEA F5E e Wl s Fiélo 4%
A B dAE 49 28 2Y0E 74HE H
2 = A2HE HAsked QoM glao] e o
+ Z&Aolx FE AL g 7HE F Ak

2. OlEaiy

2.1 R8s

2.1.1. 29

#= ¥ E7d ¥& B ZHY AL YT
B o Wgae tgnt fo] & 471 th

[MI[R] - SGYR] + [K1p{R} = {F}z +{Fs}e (D)

(19 A (R& @33 A Wiy, dIA
247 B4 RdEs fA9 a9 U9E xdstE AT
<+ Jepdth, 2e9] dEsE 5 (Fig. Dl 93 o
Bun [G& HHd gl dAgs JARLF PFHo|
o, ([ AL 284 793 =gy
g4 velie Wdd [Fgpe 279 92 =

Fig. 1 The rotor coordinate system



AU gEE A Al2W A 25 (19959 29)

Y% 3L ushach
BY W0g AedE, 22 24 92 (g da
A g gt

{dhe +[Dleidhe +[ALe = [WE{E) + F}) )

o] 7]
[D]x = [Cle ~ WG (W] 3
[Clk =[28w, ] 4)

2.1.2, ¢4 ‘
948 £5 AL Thesh 2ol ehd vt Atk
5)

[My{H} + [K]sAH} = {F}y

Fig. 2 Rotor and Housing displacements at bearing
location

7

471N {H € Y, 2489 3l 7 nodes] A2E
573 B9 Ve,

$94s 2% AT g 2e B 57 g
wed 4 (e Fol $A9E 22 24 92 Jug
g,

{Gty +[Dluia@ly +[Aleig}s

= [ Y ({F}a +{F}a) (6)

714

[Dly =[Cly = 28w, ] (M
®

[A]H = [W:Z]H

2.1.3. %9 (Coupling Forces)

ZHe 94 Aolo] HE $¥oz Vst e
seal, 949, Holxl Fo] YoM seke AHFHo|
Ad mAEe 98 LA N4y £ 78 ¥
ofgel a4 d HiEE Hola Atelo} IHFeA 7Y
g Aotk Fig. 2= & gapel 83A AAE o
3 2dS vehdch Ao sk s Zest
= Y Wgore ¥ojy §& Fig. 39 Jeht go
A& dhaat 2o

RadL (5, = Kp(®R-9)HHr

R<d4m (F,), =0

For

~

Fig. 3 Nonlinear bearing force, in Y-direction Fyy,
due to KBY




HAT - AR - 21713 - AN

SN S Zhgo R Uehla, 739 e Koy
2 WolP g ARG FAoln e FRAY,

R= ’\/(‘RY _Hy)z +(R, _Hz)2

714

Ry=wlo|gox Y& =69 &3 99
Hy=wolgel A vk 8194 Ex)a W9
Ry=delgeln 793 269 E2)4 d9
Hz=wo1gol A 228% sh+-4d9 2214 99

2.2, Ot A S 95t WY

Noah%el 9#iA AE sfojHl= WP QA=
ZH-3--4 9 BHL gsle] o7ld AgHo] Hoh®
49 W= Duhameld ¥ 23A 713 F 1
Wl 71z, adyE A% E42 g 7|93 2H
of g &% WHHL A2 AgEn, 2E W=
ZE7} &30l B¢ W% PP o FrH)

2.2.1 269 dg B8P E
ZHY £ 2 € AT ALE

U = [01e{Us + 1P}y ©)
[0] [

(ele =1 4, —[D]R] a0

o714

P}, = 11

h {[W]ﬁ({ﬁ}}xﬂfk}x)} =

4 (99 st a3t 2ol % 47+ ek,
WO = W [P}k (12)

o714

L] ke ok
e[u]R‘ = Mﬁi
o ki

oli, |Uje &7 4¥tzd FEolt},

€ Hagg

(13)

2.2.2 -4 e Duhamel &¥
a4 2% A9 YA E L Duhameld A 9

72

& A 22 Wz vEg F d3, FEFe
AN e 27 B2z W= @A (closed
form expression) & AFde AL /HHn U
E§ o] gL JPFHolu APH L HFT F7} 9
12T wE AL 29 e 42 5 Aok

W4 (6)d) 7123 dwistd -4 AEE o2
o] vtephdcl

a®y =[™ cosm;]{q(O)}H
+ [wie-iwﬁ §in ]({4(0)};1 + E‘DH{Q(O)}H)

o [ie-%w"“-ﬂsmmd(t—r)]{P(r)}Hdr (14)

W,
4714 {g(0)}, {4(0)} & 2As°lz, o, w,&
33409 Bizals 2 1pAER, b2 94

BN, (PO}, = WY, +F)p)e 394
& Aot QusE Yolot

2,2.3 %9

940l Feae SHe e 2ol FelAn
{F}e = KR {HY) + [CLAR (A (15)
28 goidg SYe

Ee = (Bl

A71M K1 [Cre 42 $372345 2499
3, ZRLEE 77he) wiEox HZ4R o]FAHY W]
of A4 FTEIT

2.3 F7|2HE P7|¢st Wy

deadband 715€ ZE 7& Wo¥E F3A &
A AsAE Fedes de dEAQY U 2HE 1
dat. 2ee :F 4L e 2 PP
w4 (1) 2% oA A,

(MR} + [CLeAR} + [KTpR} = {Fo}r +{Fi}e (16)

714 [Clpe #4E vz, B9 vector R
< 0oz AFod 7] glon,

{R} ={R1X’R1Y7 """" :BWSBMY}



D38 A) 21249 A 2E (199549 24)

A7, R fe A7 wslsh 53¢ e, A
A M % node 4% e,

s9s 23 e Wolgdl SolN Yoz
g i o) ey & glo

E, = 7

5 - \
R,-H)Y +(R, -Hm)zJ

(
Kbmy R,,,y - H,,y 1~
R b

714 m7 ne Z7 ZE sH-Ae] Y& #iF
node& YEM L, y9 2& €Y 949 y&3 2
2o AEE Uehd, 28 H9e ) UL He
sk wate] RE Uebdth 713 wolga) §eA
Atel9] deadband 7139 371& vehdich

NAY Y Fpy B2 Fe 7 344 (170 22
A s BAE ZHY ¥AE dgEde acky
FHE Zojm, %A god Wy L& WY
IN=Z F42 A AQ B FAolvh. v&g 4L v|4dF
Holg ol 3% e AeZ £ 4 gled 2L
Fom: 2.2 VPERATE

Wolg &5 A e 28 JEAFHR & 4
7k sidh,

(M) {H} +[Cl,{H} + K{H} = {F}, (18)

o714 [Clye vi# 57t A4 7244 AsE Jepd,

A2l g v weld A HA bz P3|
Hele &5 WAL AEE 28 Sl AL R
X2 g AL we o fof At

vector FEE gaplA FE(VIEE)dYe WA v}
hiEE WIF 47} ok

714 (1,2, N)& wjdEge] FAAE wd
node Folx, WHel (N+ L, N+2 -, M-& 7152
HHLE (assembling) A3 A AAHE= AFEASE L
3= te node o)tk

4 AR vectors vl%E FHR AFHE 7}
A3, FE vector® Az FFel vector (Mg
(Mg [Clg, [Alg (Klp# [Kly = w2 3 vectors
£ 59 vectord ¥l uhet WFE dart 9o,

75

28 Alzdd B FEH 71 Felle G 2ol
Hrt.,

[T]{Ar} - {Auv} = {Z} 19
{AI‘} = {AA:y!AA;z’AAjy:AAis """ ,AAUI;,AA::
AA:),, ]:!ABlly’ABllz’ """ ’ABll)v;’ABlIZ’

! N NAT
ly,AA'L,AB:y,AB;, """ :ABW,AB,.Z}
{Av} = {AC, ,AC,,,ACS ,ACE -+, AC,) ,AC,,

ay?
AC; ,AC,,,AD] ,AD,,,---,AD;,ADy,,

AA:y,AA:z,AD;y,AD'L, """ ,ADNJADN}T

[I?]R ......... 0
= Bl
[ IETTERITSINN [§n Iz

{2} = UG} - R VA H W} 0} - S 1adCo
o}~ 023 = (8,1 ok Wi}
{0} - [8,1C

@Nx2N)# (81,9 [Kl2 (=2 ndd
(ANx4N) ]t}

wgy (19)oF §E (4o & (479 B =F§FE
2022 N EH4,EL Jacobian FFE P48,
L2l A7 oo 22 WY g 94 471 v

{Av} = [Pl{r} (20)
o714 [Ple ofe3 2},

[9C,, 3C,, 3C,, 3G, ]
BA., 0A., 0AL 0Bl
aC,, 9C,, 3C, 3C,
[P]=|3A}, " 34l " 042 oBY
acY act oCY oDy
o474, oA, Bl |




AB - dAG - 017]1W - FA

—

714 QA= AFE £F ez ol i ze v

£z ¥ozg A 2P e

o714 [PlREE Aoldt FFT W ol4te] 43
o8& AMgstnEA 2P 7 gk a2 JELE 5
B WA 7 wEFAAAA fEA Hojokd o,
744 ahg-Aol Uid A AE Feke das 9
oA FHE A 2o] 2E AlAd} FUsit}

NEHAE AMHY 2HS®HE AT T z2H9
54 Atole] $EHE (Ao AL o3 )
A9 S8 Ad 394 B9 HAY $8E AF
A 7 st A A" A4dd, g uE
BEL Az 2HEES dAdd dE o AR
T, e 394 A wEe A FAdd

(g vy
FEHE Fed,
3. T[54

3.1 =s8E

3ol Davis®dl A wFold BEEL®
o 859z, ©] Y& SSME HEHIL iehsd
dt 2d g Ve EE A<t Hlch WA dutrd
(Fig. 49 wjARse A2 Table 13} 2¢] Folf
I, Bd¢% ¥ Fig. 4o FAAT,

Holsg fAoA 9 ZE-594 2de gge
Fig. 5ol vehd 7Mde] AE5-FANM 238 A%
olg] A% 0&eNA 0.01% 714 28 1x10°S ALE
st2 47 Runge-Kutta dAe 4 4 (Fig. 6)
& vzEr] A8 AFYH CPU A& ey, &
A ¥4 e 434 Runge-Kutta ®HEe m2r]e]
Ae Fuizt & ¢ 71 9. A7 Runge-
Kutta ¥gdA 27des ABMe o & A3EES
AREE B4 S Alest T dete A84E 9F
F7F Atk

HAEQ) Apol tEiA WP 1A ¥y aEe
NEshe FoddE 0 = 2600rad/sec(24830 rpm) el
g HAg Zn, =d FA FddE @ = 3560
rad/sec (34000 rpm)olA & & HaE 73, Wog
e} 0% A AxdlE v Aad BUL &
Held 33 AAE Jepyed, J3Qd AL 35
Aae 7id #9 A AF JASTAA 2 ch

13,2 7] ¢

74

Rotor ; Shafr diametor : OD = 7,62 ¢m, ID = 0.0 ¢

Matorial : sise] , E = 2.0685%10" kPa
Jointlength » 7.62 ¢m .
Rotor length = 68.58
Housing : Housing/Rotor weight rotio = 6/1
(ED), =3.3037 % 10° kg, — an’
(ED), = 6.6474 x10°kg, ~ om”

_F,’(:):m,e&,msq)z Ky, =4.6118x10*kg, / cm
BG)=med sng Koy, = 5.7642x 10 kg, [ cm
ED=med cosgr Kg, =5.7642x10*kg, f cm
EQ=med singe’ Ky =L793x10%%g, fom

RO =mpp cospe Ky =Ky =57682x10"kg, /com
O =med siage §=172%10"om -

Fig. 4 The generic model

© 8000

4000

¢ (adlisec)

0
0 0.3 0.6

TIME(sec)
Fig. 5 Running speed of rotor

0.9

%3} #¥/FFT wEe 0-40,000rpme] B4 olA
dwtAQ 29 (Fig. 4)9 24 48 7] 55 A4
o AM4-Hh Fig. 72 ¢ 1900 rad/sec® 4300rad/



#AYFELA F12d 423 (19954 29)

Table .l Parameter of the Generic Model

Mass imbalance | Moment of inertia(kg,-cm-sec®)
(kgrsec’/cm)|  (cm) Polar | Diametrical

0.0229 0.0584 0.0050 0.0028
0.0448 0.0584 0.0345 0.0180
0.0591 0.0584 0.1797 0.0907

Disk 1
Disk2
Disk 3

Table 2 Coafficients of the Generic Model

KerKox | Cry=Crz | Side Forcelcm)
{kgg/ am) ﬂ(gfsef/cm) Y-direction | Z-direction

179x100 | 72629 | 22467 x10¢|-1.0467 X 10°

K=Kz
(kgg/ cam)

11528 % 1(F

Disk1
Disk 2
Disk3

SLO260X 1046114 10°| 11528 | 23225107 | 3.3047 X 10°

10798 x10° 0

10030 10° | 21904 x 10 | 26516
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Fig. 6 CPU plot of hybrid method and Runge Kutta
method

secol Al LAEtE T dAS=AA JEAH 7
SHE BoiFy, a¥L 9F wogdA s &
g 2E|9 B A E HolFEd YASE 1=
= Fig. 894 #ol7 5ol gle dutAg] 23 of
st ety AesamE o] TEEEH, o5
AGIAEEE 27072 FALALEE Zh A)Y)
' Aes et a2y x879Y/FFT ¥ES A
£84 ol ¥ AL o EZA HEE e
AAA F A9 dAZEE etk £XF A4l
2z $7Y EAE A 5o PHAHT 1/n
A 22aege £ FAH A= 28 4 223 A
S o8 AR WAL e A5 g8 AA
7 G99 A%, 1 Axe A9 Add J
(n-1)d% 3% Age g () M AHE 45

75

350
200
250 |—

200

150
100

Relative displacement  [X10°cm |

50
0

J\.._

0 1000 2000 3000 4000 5000 6000
) Speedfradfsec]

7 Critical speed of linear generic model at
bearing 1; eccentricity = 0.5 mils, no damp-
ing, no gyroscopic effects

Fig.

Bde W 224 Ase 2z $Ee 2l &
g, gap A7), JAEE ZH A BAFA RF opF
F Fe 2= 1/nd 228 397 235487 Afolg A
Z£g vway] 95 A7 J9z, »=3 $9¢ 4
#3552 2 RE A tad e e Hd
o, 2 A3} Fig, 9,10,11 2 12¢] BEodA} o] 2
A5 goid RE 2xd $9EL FHA YAZE
FAdA golur 2% 1/28 9L HoFm Ytk
Fig. 904 Zso} Bze JEe e 2¥Y A9
= Ag g =Arlolxm, Fig, 10904 Z&-edL uof
3 25 2718 299 sAFez B, B2 1/2%
Bzz gge 37 ¥k ¢ AA doh gapd 27
t &%) BASle] HPOTPRY | 1/2% %zl &
Ao & 4% uAn, Fig. 129 &3& Fig. 9¢
23 Hrh 108 F7hEe) gled, o e A =
g sgrd o 23 323 oue] JLL Hd
F3 ez, o ABe FIE o9 Rzd $F
o] doid A7} ohdsle) g Quizre) FBE Fa
J&¢ Jehln itk 2 gapdrsld EHE vlm
sty Ho AHNE 2AF d7E3m 1 d#s) Fig
139 EelAm glom, a8 o] 1/24 Rz &
o] EAo] 49 %S Fu ke AL BdFu
itk < 90, 78kef 2T 0.5~0. Tmils®] gap 37|
= 1/23 BZge & AERL 45 AY]E 9oz,
181, 56kef 2} 2 AU &ge 2zxigge b
f9le)l d Aot} dAF gap TV WAL 72
drid o 2 28 o gold £ U &Y 9



ZHT - JAR - 01713 - AQA
6000 254
e - vhirtin
5000 INE FORWARD e E hh‘hﬂhh#h‘ﬂl\\f
R T s A —— == v 127 -
% 4000 - 3 2 { ]
B WW = JUCRE- et
g 3000 —1 4 o ; ;
B / ISTHORWARD ] ST I g
% 2000 fmrmae— /_ R A S '
i 1STBACKW, -127 -
——"A/
0 -254 - ’ ‘
0 1375 2750 41257 ‘5500 -1727 -647 431_5 1511 2590
Rotating speed [rad/sec] ’ Y axis [%10™ em]

Fig. 8 Critical speed map for the linear generic
model; no damping

3810

1905

Py

Zazis [x10°em]

L
o Poberl e

-1905

-3810

-2150  -515 1119 2754 4389

Y ads [x10™ cm]

Fig. 9 Trajectory for subharmonic motion of order
1/2; gap = 0.5mils, eccentricity - 0.5 mils,
side force = 4.539kg;, speed = 4210rad/sec

Aol FEF BA7 dor, ©)RAL choist Noahdl
g AANE At dAHct

99 Age 71 17234 F=8 $7e] EAd o
T HAle] 9FL Fig. 1494 RdFm, 28 B4
o]l %oz AW RFE 7 ANE olF A
g Ze AL Bodn, Ju 123 R=Ed $9
2 A £39] HAe Z2e DA AN a2
EF 2¥e & H4%o| 2 48 FREeHe &
olAA HiE A& BejFa gk

o)A 2 vkl Ade elgd HdEEH Aed, o
Z HYoA NP 9 & 7 AFo] ¢ JE s
E f%E HEZ o2 N2gg AdFHeR ¥ HAF
o= H7 st ZHHLE oL ¢ # F2F I

76

Fig. 10 Trajectory for subharmonic motion of order
1/2; gap = 0.2mils, eccentricity = 0. 5mils,
side force = 4.53%kg; speed = 4210rad/sec

7620

3810

-3810

Z axis [X10° ]
na
. /

\ |
I
RS ‘

o

-7620
-4460

-1585 1290
Y axis [x107cm],

4165 7040

Fig. 11 Trajectory for subharmonic motion of order
1/2; gap = 0.7 mils, eccentricity-0.5 mils,
side force = 4.539%kg;, speed = 4210rad/sec.

o= Hrh JHee oF Fgkd dAAANA gaps
:'-1-711-} 3¢ 290744 %‘Ef& -3— < AA%
7 A% A N EE) S 79 1 %.&0}711 g
Rolot.
4. 2 E

B oA 249 steluds F4 HIWE IR
A HAYYE 5o AR H9A9 A= §EE 2
A7 A3 ZREg AR TS AFIt ALI

EoAodtn A dA N dEH 82
ZHA WY E gD HoE Tl EAge
SSME ©lAe] HPOTPe ¢yt =mde] JxgHE



AL FEIA AW A 25 (19954 29)

508
=
S 254 P
=
‘5 -
= "
g0 /

-254 | v

L
-508
-2798 -377 2044 4464 6885
¥ axis (3107 em) :

Fig. 12 Trajectory for subharmonic motion of order
1/2; gap = 0.5mils, eccentricity = 0.5mils,
side force = 45.3%kg;, speed = 4210rad/sec

g 12

t | <™ NgeH-0.7mils

X 10 T e U3

,%g g Z, - \I.Omils

= * 0.5 mils

§ 6 / ‘V

g AN

;o0 &

= 0 =
0 562.5 1125 1687 2250

sidefome[kgf]

. 13 Gap size effect on subharmonic motion of
order 1/2; eccentricity = 0. 5mils, speed = 4210
rad/sec

o
=
0w

AAse Aotk AN 2FA @& JF
Heog XA AErled vlagezA ¢ & doh

sl g9 Aoz YURQ &4 S PEE 7
E tE HEEAG Rol7 23T 3Fo] PP
Tk 26€ Yehdvh. Duhamel 32& HPOTP
g 4ol e wFA vd A FREH 22
1AH B2 g e o2 AE s ghdoz Je
d gl 3 34 FAL UAe A FAAR S
A HAgel Ao Y widez YA dgd 5
A= sl k.

3] e S o] AFeA AHSHeR B
Baxe] FAge) dAE B3 oo} Art gith

77

1.2

i ... ECC=0.1mils

0 . ... BOC = 0.7mils
’ R I § EQC =1.0 mils
06 ) ; //\

0.4

1/2 Order subharmonie amplitude [x107¢m]

0.2 k\
0 U
0 675 1350 2025 2700
Side force [kg,]

Fig. 14 Mass eccentricity effect on subharmonic
motion of order 1/2;gap size = 0.5 mils,
speed = 4210 rad/sec

E3)
Sl
Ao
A&
24
Z3%

71 EoFe dad st wojg 7459
7t HPOTPAIA A3 28 92 98 AZ
sich, Zreret Alaele] fig Ishida S0l TEH
J3d HAFA Y EAdA dALEE FHIE
v o]Feh @ uAdgAe] 2 AR 2EAY
e ZA As5E AR 9F 2AAQA $HF
T3 ¢3dEFE Mgt 2 2dd 93 o@
AZA FAd AR PYPRo Aoz ¢ P
dg BoFa, A dA4E ZH A2 3
HAE FAdd FUlEEe A9 wEd AMSEA
HA 974 F Uk

A2 Fzs FEE HojY 15, ¥ WY, FF
2% (side force) ol Y& HPOTPA tisie] wAE
F 93, 99 M wEse) e F23 Yo
dg2 vld o AR @A Ho] Utk 53] PN
4 g Held AT 27, we|F AN THH
287 &L Fe Aadlold udgde) A= 2
g nABE 9T IHAE 2Fs o} drl

REFERENCES

1. Beatty, R.F., "Differentiating Rotor
Response Due to Radial Rubbing,” ASME
Journal of Vibration, Acoustics, Stress,
and Reliabiliry in Desing, Vol, 107,
pp. 151-160, 1985,

2. Bently, D., ‘Forced Subrotative Speed



AB= - AANF - 0171 - AAY

Dynamic Action of Rotating Machinery,”
ASME paper No. 74-ET-16, Petroleum
Mechanical Engineering Conference, Dal-
las, Texas, 1979.

. Chils, D.W. and Moyer, D.S., “Vibration
Characteristics of the HPOTP (High Pres-
sure Oxygen Turbopump) of the
SSME (Space Shuttle Main Engine), ASME
Paper No. 84-GT-31, International Gas
Turbine Conference, Amsterdam, Nether-
lands, June, 1984,

. Choi, Y.S., and Noah, S.T., “Nonlinear
Steady-State Response of a Rotor Support
System, ASME Jornal of Vibration,
Acoustics, Stress, and Reliability in
Design, Vol.109,11. 255-261, 1987."

. Davis, L.B., Wolfe, E.A., Beatty, R.F.,
“Housing Flexibility Effects on Rotor Sta-
bility,” MSFC Advanced High Pressure O.
/H. Technology Conf. Proceedings, G.
Marshall Space Flight Center, Huntsville,
Alshama, 1984,

. Day, W.B., ‘Asymptotuc Expansions in
Nonlinear Rotor-dynamics,” Quarterly of
Appl. Math., Vol. XLIV, No. 4, PP. 779-
792, 1987.

. Ehrich, F.f., “Subharmonic Vibrations of
Rotors in Bearing Clearance,” ASME
paper No, 66-MD-1, Design Engineering
Conference and Show, Chicago, 1ll., May
9-12, 1966.

. Glease, J.R. and Bukley, P., “Effect of
Bearing DEadbands on Bearing Loads and
Rotor Stabiliry,” MSFC Advanced HIgh
Pressure O./H. Technology Conference
Proceedings, G. Marshall Space Flight
Center; Hunsville, Alabama, June 27-29,
1984,

. Ishida, Y., Ikeda, T., “Transient Vibra-
tion of a Rotating Shaft with Nonlinear

78

Spring Characteristics During Acceleration

through a Major Critical Speed,” JSMEInt, J.,

10,

11,

13,

14.

15.

16.

17.

Vol. 30, No.261, pp.559-564, 1987.
Muszynska, A., “Partial Lateral Rotor to
Stator Rubs,” Proceedings of the I. Mech
E. 3rd, Intl. conf. on vibrations in Rotat-
ing Machinery, Univ, of York. 11-13
Sept., pp.327-335, 1984,

Nataraj, C., and Nelson, H.D., “Periodic
Solutions in Rotor Dynamic Systems with
Nonlinear Supprots: A General Support,”
ASME Design Conference, Oct, 1987,
R.D., A.D.S.,
‘Reaponse of Two Elastically Supported
Rigid Rotors Sharing a Common Discon-
tinuously Nonlinear Support,” Proceedings
of the Inbstitution of Mechanical Engi-
neers, Heriot-Watt University, 13-15
Sept., pp.589-598, 1988,

Noah, S.T., “Hybrid Methods for Rotordy-
namic Analysis of Nonlinear Rotor/Hous-
ing System.” MSFC Advanced High Pres-
sure O,/H. Technology Conf. Prodeedings,

Neilson, and Barr,

G.Marshall Space Flight Center,
Huntsville, Alabama, 1986.
Shaw, 8. and Holmes, P.J., “A Periodi-

cally Forced Piecewise Linear Oscillator,”
J. sound Vib., Vol.90, pp.129-155, 1983.
Tondle, A., Some Problems of Rotor
Dynamics, Chapman and Hall, Londo,
1965.

Tondle, A., “Notes on the Identification of
Subharmonic Resonances of Rotors,” Jour-
nal of Sound and Vibration, Vol.31,
No.1, pp.119-127.

Zalik, R.A., “The Jeffcott Equations in
Nonlinear Rotyrdynamics,” NASA/ASEE
Faculty Fellowship Report, NASA Marsh-
sll Huntsville, Alabama, 1987.



