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Optimal Weight Design of Rotor-Bearing Systems Considering
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Abstract

The objective of this study is to minimize the weight of a damped anisotropic rotor-'bearing
system considering whirl natural frequency and stability. The system is modeled as an assemblage
of rigid disks, flexible shafts and discrete bearings. The system design variables are the cross-
sectional areas of shaft elements and the properties of bearings. To analyze the system, the
polynomial method which is derived by rearranging the calculations performed by a transfer
matrix method is adopted. For the optimization, the optimization software IDOL({Integrated
Design Optimization Library) which is based on the Augmented Lagrange Multiplier(ALM)
-method is employed. Also, an analytical design sensitivity analysis of the system is used for high
accuracy and efficiency. To demonstrate the usefulness of the proposed optimal design program
incorporating analysis, design sensitivity analysis, and optimization modules, a damped
anisotropic rotor-bearing system is optimized to obtain 34% weight reduction.
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Fig. 1 Rotor-bearing system
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Table 1 Coefficient for dimensionless parameters?

Dimension ' Coefficient for
dimensionless form
Young’s modulus (E) 1/E,
Area moment of inertia () 1/1,
Length (L) 1/L,
Force (V) L/Ed,
Moment (M) Lo/Ed,
Area (A) L/,
Mass (m) Liw*/El,
Inertia (IT, IP) Lliw?/Edl,
Spring coefficient (k) L/EJ,
Damping coefficient (c) Liw/Edl,
Frequency (w) 1/ wy
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Fig. 2 Skeleton structure of an optimal design pro-
gram for a rotor-bearing system
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Table 2 Disk and shaft data

Table 3 Limit values of side constraints

Properties | Lower limit value | Upper limit value
ArA, 11(in?) 30(in?
kXX.l kyy,l . .
5.0 x 104(Ib/in) 4.0x10%(Ib/in)
kxx,Z kyy.z
Cxx,t Cyy, R .
50.0(lb-s/in) 400.0(lb-s/in)
Cxx,2 Cyy,2

Polar | Diameter
. Mass . . . .
Station (Ib-s2/in) inertia inertia
(Ib-s?-in) | (1b-g?-in)
Disk
4 0.1375 8.4306 4.218
6 0.1395 8.4306 4.218
8 0.1395 8.4306 4.218
Young’s
30.0x10¢
Shaft | modulus(lb/in?)
Density (Ib-s/in?) 7.3316 x 10~

Table 4 Optimization results
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Subject to

g(1)=Real(s:) — Real (s5:) <0

£(2) =Real (ss) — Real (53} <0

g(3) =1Imag (s:) — Imag (s52) <0

g(4) =Dnag(ss) —Imag(ss) <0 i=1, -, 9
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7ro] $¥ Sl AAM 4o N Ax FEEAY
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ol9} & A3 FAE Aokwl A ==
aol] HEsle] g AANE Table 40 £5354
onj, #3#RAHL Fig 4o =43k A3 3
AL Y3 ot 14w =349 649

Initial stage

Optimum stage

A 19.635(in%) 11.000(in?%
A, 19.635(in?) 11.377(in?)
A, 19.635(in?) 12.873(in%
A, 19.635(in%) 14.442(in%
A, 19.635(in?) 14.944(im)
A, 19.635(in% 14.040(in?)
A, 18.635(in%) 13.085(in?
Design  {As 15.635(in% 11.757(in?
variable |A, 19.635(in?) 11.000(in%
ki | L5X10%(b/in) | 9.45x 10%(Ib/in)
Kyya | 14X10%(b/in) | 8.45x10%Ib/in)
K| 15X%10°(b/in) | 1.53 % 10%Ib/in)
Kyyo| 14Xx10%(b/in) | 1.43x10%(b/in)
Cu, | 100(Ib-s/in) 174.111(Ib- s/in)
Cyyit 150(Ib-s/in) 224.102(Ib-s/in)
Cxxz | 100(Ib-s/in) 217.590(Ib- s/in)
Cyvz { 150(b-s/in) | 267.565(b-s/in)
g(l) 0.079 0.0006048
Constraints g2 0.102 —1.7038
g3 0.032 —0.101
g(4) 0.017 ~-0.0028
Weight 44.500(1b) 29.326(1b)
Reduction ~34.1%)
CPU time 11453(sec)

{(IBM RISC/6000)




A3 2FAFFS DAL DAY ARAA-vlolY Aade FF HFAA 645
45.0
: = 7]
40.0 3
2 T AFE FFALAY A HuEHo AT
550 ] 4819 979 AYeE olFold Aoz, ol
) A e,
= b
30.0—;
' HuEH
IR TP S Y S A SVR R

T

4
Number of iteration
Fig. 4 Convergence history

AAL sz, IBM RISC/6000 <] ~scl A2l
A A7k 114.5327F ek Table dol4 2
upel 7o) z7] WAlME FEEAL wEsA
23g e AARANE FYR F FERAST B
L giEsiglom, SARSE o 34.1% AE Fof
29ee ¢ 4 Ytk

42 B

Lo

A O
o e de
do | B

-

o APl A Wy

Agegonl, +AN4 AHE ko]
FAAS Y SARGA] ALY 7Y

bl 4 25 a4stash

ok mn ol
o

to nfn fo Lo
) "
o

ojn |z
I
HA
o
e

o .o
e
£
[

.
=
o
o
Sm
X

o K
=)
2
Y
facd
s
)
A
Y,
bt
S
nJ
ta
b
o
do,
oX
ol
ol
32
T

(4) A4Y ARYA 22388 B4 Yz ¥
S dojd g bl AAA-loly Asue F
% ARA) A4 o 34.1%) FAE 29
o2M 2 $84¢ By

(1) Rajan, M., Rajan, S. D, Nelson, H. D. and
Chen, W. J., 1987, “Optimal Placement of Critical
Speeds in Rotor-Bearing Systems,” J. of Vibra-
tion, Acoustics, Stress, and Reliability in Design,
Vol. 109, pp. 1562~157.

(2) Shiau, T. N. and Hwang, J. L., 1990, “Optimum
Weight Design of a Rotor-Bearing System with
Dynamic Behavior Constraints,” J. of Eng. for
Gas Turbines and Power, Vol. 112, pp. 454 ~462.

(3) Shiau, T. N. and Chang, J. R., 1993, “Multi-
Objective Optimization of Rotor-Bearing System
with Critical Speed Constraints,” J. of Eng. for
Gas Turbines and Power, Vol. 115, pp. 246 ~255.

(4) Chen, T. Y. and Wang, B. P., 1993, “Optimum
Design of Rotor-Bearing Systems with
Eigenvalue Constraints,” ASME J. of Engineer-
ing for Gas Turbines and Power, Vol. 115, pp.
256~ 260.

(5), Ruhl, R. L. and booker, J. F., 1972, “A Finite
Element Method for Distributed Parameter Tur-
borotor Systems,” J. of Eng. for Industry,
ASME, pp. 126.

(6) Nelson, H. D. and Movaugh, J. M., 1976, “The
Dynamics of Rotor-Bearing Systems Using
Finite Elements,” J. of Eng. Industry, Trans,
ASME, pp. 593~ 600.

(7) Myklestad, N. O., 1944, “A New Method for
Calculating Natural Modes of Uncoupled Bend-
ing Vibration of Airplane Wings and other
Types of Beams,” J. of Aeronaut. Sci., Vol. 11,
pp. 153~162.

(8) Prohl, M. A, 1945, “A General Method for
Calculating Critical Speeds of Flexible Rotors,”
ASME ]. of Applied Mechanics, pp. 142~ 148.

(9) Lund, J. W, 1975, “Stability and Damped



e Ry

L

646

Critical Speeds of A Flexible Rotor in Fluid-Film
Bearings,” J. of Engineering for Industry, ASME
73-DET-103.

(10) Murphy, B. T. and Vance, J. M., 1982, “An
Improved Method for Calculating Critical
Speeds and Rotordynamic Stability of Turboma-
chinery,” J. of Engineering for Power, ASME
82-GT-294.

(1) %43, 1990, “F9¢ 5 2aE 2
Az B AFAA, " Agdgta e =
+, pp. 36~37.

(12) James, M. L. 1993, “Applied Numerical
Methods for Digital Computation,” Fourth Edi-
tion, HarperCollins College Publishers.

$e-A%E

(13) Rajan, M., Nelson, H. D. and Chen, W. ],
1988, “Parameter Sensitivity in the Dynamics of
Rotor-Bearing Systems,” J. of Vibration, Acous-
tics, Stress, and Reliability in Design, Vol. 108,
pp. 197~206.

(14) Fox, R. L. and Kapoor, M. P., 1968, “Rates of
Change of Eigenvalues and Eigenvectors,” AIAA
J., Vol. 6, No. 12, pp. 2426~2429.

24, oY, HFE, 1991, "7

(15) 2ul4,
£z270] 9t vlAY AA5 £AE 98 ALM
wiel 45T desARs e, A5

423, pp. 544~556.
(16) Fredric, F. Ehrich., 1992, Handbook of Rotor.
dynamics, Mcgraw-Hill, Inc., pp. 2.61~2.72.



