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Optimum Design of Journal Bearing

Using Simulated Annealing Method
Hyong-Eun Goo

Department of the mechanical design
The Graduate School
Pukyong National University

ABSTRACT

In general, the dynamic design of a rotor system is to steady the system at the
operating speed and the unbalance response in the vicinity of the rotor critical
speed, and to minimize the system weight considering economics and the
transmitted force at the bearings and the foundation This process is regarded as
an optimization.

This paper describes the optimum design for journal bearing by using simulated
annealing(SA) method. Simulated annealing algorithm is an optimum design
method to calculate global and local optimum solution. The principle of SA is
based on iterative improvement method and permit a movement of cost increase at
a probability. Kirkpartick et al. proposed an algorithm, which is based on the
analogy between the annealing of solids and the problem of solving combinatorial
optimization problems. Dynamic characteristics of a journal bearing are calculated
by using finite difference method(FDM), and these values are used for the
procedure of journal bearing optimization. The objective is to minimize the
resonance response (Q factor). Clearance and length to diameter ratio are used as

the design variables.
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Fig. 2.1 Construction of journal bearing

a) Sommerfeld condition . P=(0 a 6=0, «, 2x

b) Half-Sommerfeld condition : P=(0 at 60=0, 7s<6<2x

¢) Reynolds condition P=() at 60=0, r+a<8<2r
d—;% = at f=n+a

Fig. 22+ 7} AAZ7 dia 8 Bxg Yebd etk

°

(a) Sommerfeld condition (b) Half-Sommerfeld condition (c) Reynolds condition

Fig. 2.2 Pressure distribution for each condition
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Fig. 2.3 Mesh point of journal bearing for FDM
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Fig. 2.5 Flowchart for calculation of dynamic characteristics
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Algorithm LOCAL SEARCH |
begin i
INITIALIZE(x); |
repeat
vi=GENERATE(x < 5,);
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until f{y)=>=Ax) for all ye=S.

" end

Fig. 3.2 Local search algorithm
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Table. 3.1 Relationship between physical annealing and simulated annealing

Matter Combinatorial optimization problem
Feasible state Feasible solution
 Energy Cost(objective) function
”Ground state Optimum solution 7 -
Anneah.ng Sl-f_r;.llf_ited annealmg. -
Quenching 1 Lrorcralr”;.eaﬂlrc‘:l'l rﬁethod -

ok

welAgl rRE EF EAAMY dd vteElY FE= dEAFE 7
FEE T Adel digskis Ael niE HAE " Roly &
H# ol R /,BL_’,'-% w38 Weli= quenchingd] |93l Aeo] np
Falolar, A8 el A dxpEe] g vkt A oz =R
2 2LEWERE § &8t ojdEe &3l AHel nE A EYolElL ofd g
gharglGojut. o]t o] HlF Ad W AAE £ HHEA} HAA
7] Table 3.1% o] R°F% 4= 9t}
ojudglel stE32 male] 7B slgs EA s RoloA 19531 Metropolis
ok 2] %0 2 swrEo] 9lth Metropolis ¢ TE]EL AgdA mA|v 2B
% El(thermal equilibrium)e] T=g8ts A dg4 AEueolElm Y oA
AL & )

ro

10

Lm

Step 1. 2L 7] HHE F-24

P

M

2o (

)

Step 2. |AAFE A ofhe] WES Fol the A 44 (V)

Step 3. = Aehe] ol %] o] A (4= E(Y)— E(X))

Step 4. Ato] gel 0wt} AL & WEFAH U o Fg W)

.

WHiEe 588, 3ol ﬁkol 0‘”’«} d(ebFAE WA o &2
e ¥ed FE= ZAHTAG. o] “ﬂ FEZA Pgolgelm A 1}
S 2

(exp(—A/kzD) > 0 (3.1
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1:}_ &Jz Aador polq ¢ AlBFolEE ojdy <iE
- 3.33

7b @Al g —.i%' w4 Initializeol] 4 271 &% (T), =78 (X), =7
HEE (L)B Al sl o] /jA] #HE 4= Metropolis 2File] Sol Aol AW
€% ToA HY e =ehdt wi7ba] Fast wkE o aﬂdg}}f y]rg}u]a
o]t} Pertubeo] Al A e} #let A A @ (V)E whiol e
HAgkee) gre] @4 dfe] iRyl o Fxd ARy dE aj_,zﬂ —61 2

o]l ¥l & Metropolis i1l E
f

[ START |
L 2
Initialize(X, 7, L)
v
i=1

v
Y = Pertube(X)

F(X): present state value
v
E(Y): next state value

i=i+1 = ¥
$ Nietropolts - 4=BY)-BX)

i=L?

Yes
Update(T, L)

Fig. 3.3 Simulated annealing algorithm
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RopEolal, A s FvidE FEY v|AskA = @ JA fEE A
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fr'-_:? & Retgoli: RS AT ulF Fz7b FEE wiE" F, Update
ol 25E e HAs] iF-F2 5 4y o] Stop-criterion £31-&
T A d7kA] wheetel sjE ¢ R 4 ok
a EReiel A A sy o w2 MEgs @& de R wolsd )
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2E AR A WA Je iz sleAe] EolHulis Ade] glol ol %
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3.4 SA A YA a9

SAS) A UPE 98] HY BoAGEE olgstel HAd wae Fus
At W 7hE(cooling rano)ﬁ} e Slell o2 sl A stmst Adtel 2
A Ae WA

1) Freudenstein® Roth 3t<=""

ﬂxl, x'_}): {_ 13+xl +[ (5 —xg)xg—Z]xz}z
(=294 0, [ (xy + Dy — 1417 (3.2)

of g4z Fig. 349 2ol 19 A9 HAass 1) F2 JxaE s
oA AAsle XT=(5.0, 4.0) A HAR AX)=0.0& HAw
R Hadz X=(0.5, —2) 4 A2z AX)=400.52 Ak Wz ~
7 /e AAFS ASEAT, o A8 2AFe WART YReEE A5
& 7tz dajsie] Aakg sHA Fig 349 el 309 48 agrz u
BRIt Table 3200 Adte] A9 WEFE 9 WAE G2 A5
sk A 8 da AN WY AVE A2 deaR, Fig 5.0
Wk AT g itk A4 dsiel e Eel g 9 4 gigol,

w ARRE AANE TAE e BolA Aol AUEE Foris
F 3, W7HE EE SR RS UL4E Bpe Aurt dojue o
3lvh

fu X

1

o lk:l

1
-
I

Table 3.2 Parameter and optimum solution of simulated annealing

Inner | Coolt Function .
T x X, AX) | Time
loop ratio evaluation
0.90 5.02559 | 3.99960 9.53412¢-4 11485 0.04
100 | -

0.95 5.02597 3.99997 6.19685e-5 23563 O 09

o |00 499252 400100 | 833151e-5 | 23085 007
0 —— ————— e o —— R N O S

Q. 95 4.99885 ? 4 0003 2 15666e 6 47363 O 13

0. 90 5.00008 4 00000 1 31173e 877 57885 0 16
0.95 4.99994 4.00000 5.99993e-9 | 118763 0.26

500
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{b) Contour line and global and local minimum

Fig. 3.4 Shape of the multi-modal function
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Fig. 3.5 Effects of number of inner loop iteration and cooling ratio
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2) Multi-modal function

fxy, %)= il{icos[(ﬂrl)xﬁ—i]} Izs:l{jcos[(j+1)x2+j]}

(—3.5<x;, x,<0) (3.3)

Ao A= X =(—0.6366, —1.766). (—1.776, —0.6366) o] 3L, =
- H Al X=(—1.7716, —2.874), (—2.876, —1.716) o]t} Fig. 3.6¢]
Geel AR WEE Az dehiga, Table 3300 A40] 188 U
2 o) yzbse w2 H A g AN AIEE JeRESIY AlEEelE =
ojdgd - kol whe] (o] kg 3y wfFo] B a9 A A
= oofel we) wAe FAstel 27te] AANE THAL & Wolxe] At
shoobaslAz UFRE 47 dold4E. PR SuEel 85 HAH
S g AR BA Ade o 2ojag % G A
Table 3.3 Parameter and optimum solution of simulated annealing
HE R
0.90 | 177376 | -0.64983 | -8.25764 1045 | 0.01
R 177504 | 063660 | 826311 | 2143 | 00
| 090 [ -i77e02 | 063665 | . 26311 . 5685 | 0.3
>0 - 0.95 -0, 63669 -1.77598 8.2631! - 11663 007 V
0.90 | -0.63663 [' 177605 | 826311 | 11485 | 0.08
00 T 0es [ ieon | oesees | 826311 23563 | 015
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41 S5 HA A P @A

Aol g2 3d Fo Ado] fAe FEA S wolr
ol 4] Mol Aeolth Zo] M sAT4EE A FAL o
ko 7 o]% &, Fig. 4.10] 1 o]% AeE yo|a ith

Wlojg o] 7 E& HEdE 52 U Sommerfeld =2 a4 Folx
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o ol
ol

o We
¢ BDpw

A71M. We B3 Wolw 3% ¢t ¥ dold 54, B wo|d
D= vlojed A g olv)

I

Fig. 4.1 Orbit plot of journal center point in journal bearing
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Fig. 4.2 Modeling of damping and stiffness coefficient

Adeol g el §2t#(oil film force)e Ao HHYA Hito]a] nizAEL
Frtar vhgdstel M sE W, Figo 4290 o] 479 A AGL 4709 B4
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LY
e
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Hojgol Al e A A9 @3 44 rotor(Fig. 4.3)2] §-'543 4] 2
m| z C,, Coull 2 k,, k|l z]1_ . 2m [ coswt
2 [&]Jr[cw cyj][ y]+[kw kw][y] ) [ Sin(ut] @.1)
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s Bl e 2l G

y2 7}"2 7vv

S,4R
— et [ cos wt]
g sin wt
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Fig. 4.3 Rigid rotor supported by journal bearing

Zy

AR EAM ALE sHA= Wold A Aot FHAS ¢ didol T
91 g

S, 4R S5(dRw
7= ky OW c Bi=cy W (4.3)
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ez wdddh
2 (429 FAFE MY 54 $ Aol dojrm. o] AL 4xt9] v}
o 2 g}

#( 2] aay(4) +(aa, +, A a2 )ra=0

N @4ola Agox] Ayztale] Alg wlojele) A S(Ra)e] . e

Nog dEe
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Fig. 4.4 Elastic rotor supported by journal bearing
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Fig. 4.4% o] &% B39 1 wojge 2= rotore] B ol YA

mzo= —Mz—2z,), my;=—ky—y,) (4.7)

o 7|Al Z2c9 Yo FASAHY #HHE 29 ve 499 = 439 FE,
relar 2y e Yeu wloje) Ulofale]l Ade] AP QAR Wy A
L= S A== B A ) K5 R R P =) =) e e £
. o k _
ka2, t kv, tc, 2,tc, ¥,— 5 (z—2,)=0
k,vzzb+ kwyb+ Cya "Zb + Coy j’b o g(y - yb) =0 (4.8)

olth, F-AIZAle AFE AA% T, SEHAAL glue] & FA z)de] A
#2 3A 2W g go] duh

m 0 0 0 2 00 0 0 Z
0 m 00 yig 00 0 0 y
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- emw” 0 ,
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0 0
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F Usidlel #d Y g
o] 4 (4.10)¥ 7o} fio]dr)

1O a --r
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Ye(Al@,)0 + - + 7A@, + r(Aw,) + 7= 0 (4.10)
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Sl A 4] A (elgenvalue analysis)
o HolM FEE FEggdre] FxiHo] ofE 9 #ol FojAr)
Mg+ Cgt Kg=0 (4nx1) (4.12)

MA WaAe 2Ae A0 GEhA e} B

|79 AHFE 002 3 AL o AdFe] EATEH dWtFH R
7b Barr 57 ffEFod, ugAd u{AE - dpe sy 948
B2 002 FAG. vd4, Heid A9 AL wWeold FAASF

ola, C+ ¢ 3)H(skew symmetry matrix)o| ¥ v}

sle g= we® Fa, A (@412)0) digsle} Folshd ofzhel o] f

M+ CA+K=0 (4.13)

ANA, M= u' Mu, C= u Cu, K= u' K uolth

dd M, C, Ko 4
v 2 (413)g 29 F )

Aolxl M, K ool Afeln, Ct & 347 @
g olgatel B chalsl Ha it

L —CeVC - aMK

oM (4.14)
5 (414)8) ghe sjgrolnR 7k el vHA e ”%51“4 AAfAE A

A mHA A= tiv® FoU. o
AHE AR ZAA A AW wkA T AL nRAE o

T HAagvE R A, R HAgolu) A 412)3 R AaS A E)
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43 AYE5 AN 2

Adutr oz TAHNM TA wlge] HPZe Q A-F(quality factor)e} 3}
I,oAAE 29 fgEne AArES 4% ¢ oA 298] oE
A ReEs bAE o, B9y A% qm TH Lul&, & AssuAS

(amplification factor) M, vhg 4 go] @Y}

(AQ/(U,')2
1 — (2/0)i)*} + 48402/ w,)* (4.17)

WD =T

oVl Q= JALEE, o= & ugy 3RAES L A R
vl E Gebdd A @anepy Mo Assuyr Qo= 1/V1-2¢, 9

A HY v duR 6t & goji= z F4u ) Q/w =1ojA H=
s 4 oqlonk, @Auzh 24 sd R dSehs A% 4uls 1w 27
fch e A @1DeA FAgew B wgo] AdgAe 1/(28) g 3

OESS ¢ T AUt ol 4 g AUAs Qi A, B4 Q A
Fop Fgr)
_ 1
Q= 2, (4.18)

ViaE v (4.19)

2 Fala, o)® A (418)e] tiglFowa 7F Wi mfoat: 2x Hoj Aol
Q M4E 3¢ 5 vk
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FiEde] f9 £ AAL 97 24 e% T &7 24 2= T,
o) gagral (T 42T )/3 e $a exz AM8xar, 77te] Sommerfeld
o i FE FEE FE A %EETE] A= At} Fig. 5.1()v A A
] ddgs 1220 2% dede ©% @ T A

veba glct Fig. 523 22 208 foe 28 iy
oL = W& “H, frerabe & Abgste]l Al wiojgle] 454 o ‘c'?—'—:.*é%
[NL SHaye wlaatg S o, AAEd A7 WgE 2L A
e 7t 151 B‘ﬁksﬁl‘” AL E S Sommerfeld =7} 2o FHo M= £
zZh2- g wolR|uk 01 o]l A Aol T2 IS 7Yk agla A
A w5 & @ M Asks 8E ¢ F 9u. fie SIS
Sommerfeld o] @& HAES Azl adl=2 Jepeh Fig. S )%

Fig. 5.2(d)e] A A=Y A5, 1‘}1’ rdo) A oW ool@ A A #2 @
S = AS B 4 9y, Fig 519 Fig 5.2(c)2 #aAI4o A$, A
7:‘1’4 ;S:IL‘E‘T‘?J,'Q‘ CII': ,\',t'}'i_ /19] %:]-Ti él’g 7]‘1} 7‘] L!L}? cﬂ‘é /t}'}'q 7”511 ny:

_42_
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(b) Dimensionless stiffness coefficient
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Fig. 5.1 Comparison on static characteristics and dynamic coetficients

with reference [17]
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Table 5.1 Input parameters for optimum design

Input parameters Value
Minimum radial clearance Cpq 20 pm
Maximum radial clearance Cgax 500 pm
Minimum length to diameter ratxo );m ] 0.35
Maximum length to diameter ratio Ama 0 65
 Maximum viscosity of oil Hom . 002Pa-s
Minimum viscosity of o1l Dmn 0.008 Pa:s
‘ .“Minimum film thickne;S h,, S 40 um
7 rMaximum film pressu; —p-a~~ - 10 MPa
Viscosity of lubricant p | o0lPa-s
B Nlroumal diameter D 0.1 m o
Ap;;il:sud load to bearing Fo I 4000 N
~ Rotor mass M N 125 kg
- Rlél( l;rTng Erltlcal speed m_ 4, 820 rpmi -
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