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Abstract. Fuzzy and stochastic characteristics of parameters exist widely in rotating machinery.
To research the parameters characteristics is of great significance in rotor dynamics. Dynamic
characteristics of rotor system are analyzed taking into account uncertain properties of fuzzy and
stochastic coexisting. Fuzzy variables are transformed into stochastic variables based on
information entropy theory. The Neumann stochastic finite element method based on Neumann
expansion combined with Newmark- method is used in linear and nonlinear rotor system within
the frame work of Monte Carlo simulation. Critical speed and dynamic response of fuzzy
stochastic rotor systems are described by the proposed method. The results show that the Neumann
stochastic finite element method has good applicability and efficiency in rotor dynamics.
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Nomenclature

M Mass matrix

C Damping matrix

G Gyroscopic moment matrix
K Stiffness matrix

X Response vector

F Exciting force vector

K Effective stiffness matrix

I Identity matrix

K, Stiffness matrix mean

AK Stiffness matrix fluctuating deviator

bi-bg  Integration constants in Newmark-f method
t Time (s)

N Force (N)

m Mass (kg)

P Pressure (Pa)

k Stiffness coefficient (N/m)

W Angular velocity (rad/s)

1. Introduction

Rotor dynamics is very important for responses prediction of rotating machineries. In the past
20 years, a lot of literatures were focused on numerical simulation of rotor systems, and dynamic
models can be divided into three kinds: single disc Jeffcott rotor system with less degrees of
freedom, multi discs and span rotor system with more degrees of freedom, complicated finite
element model with nonlinear effects. And also, a lot of numerical methods have been applied,
e.g., initial value methods such as Runge-Kutta method [1], Newmark-f [2], Wilson-0 method;
boundary value methods such as shooting method [3]. For example, Tejas H. Patel and Ashish K.
Darpe [4] presented vibration response of a single disc rotor system with multi faults using
Runge-Kutta method. Jerome Didier et al. [5] investigated nonlinear dynamic response of two
discs rotor system with multi faults and uncertainties using finite element model. Nowadays finite
element model is becoming popular increasingly to analyze complicated rotor systems [6-8], as it
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is capable to predict the static and dynamic behavior of rotor system based on its geometry and
material characteristics, such as Mzaki Dakel et al. [9] modeled rotor system with hydrodynamic
journal bearings using Timoshenko beam finite element model to study rotor nonlinear dynamics.

However, it is often difficult to define a reliable finite element model of rotor system with a
number of uncertain physical properties. In fact, many components in rotor system are subject to
uncertainty. There are two types of uncertainty in rotor system. One is probabilistic uncertainty.
Uncertain parameters are described as random variables with known probability distributions. The
other is fuzzy uncertainty; in contrast to probabilistic uncertainty, it is non-probability as fuzzy
data are not available.

Uncertainty has a great effect on dynamic behavior of rotor system greatly. Finite element
model of a structure can be reliable by taking into account uncertainty. Many papers focused on
the probabilistic uncertainty in rotor system, from random structures to random external forces
[10-12], such as Yanhong Ma et al. [13] considered support and connecting structure stiffness,
phase and amount of rotor unbalance to present interval analysis method in rotor system.
Jean-Jacques Sinou and Béatrice Faverjon [14] obtained dynamic response of a transverse crack
in a rotating shaft by changing stiffness of the crack as random variables. Yazhao Qiu and
Singiresu S. Rao [15] applied a fuzzy approach to analyze nonlinear rotor-bearing system.
Uncertainty analysis has been also developed quickly in other fields [16-19], such as management
science, engineering and technology, social economy, communication and transportation, finance
and insurance. However, to the author’s knowledge, there is rarely work in rotor dynamics under
the conditions of random and fuzzy coexisting.

In this paper, uncertain properties of fuzzy and random coexisting in rotor system are
considered simultaneously to research rotor dynamics. Firstly, fuzzy variables are transformed
into random variables based on information entropy theory, so Neumann expansion stochastic
finite element method can be used in rotor dynamics. Secondly, Neumann expansion stochastic
finite element method combined with Newmark-B method is applied to analyze rotor system
within the frame work of Monte Carlo simulation. Thirdly, critical speed and response are
presented as examples in fuzzy random linear and nonlinear rotor systems by the proposed method.
Efficiency of the method is verified by the examples.

2. Uncertainty in rotor system and entropy theory
2.1. Uncertainty in rotor system

Uncertainties exist widely in rotor-bearing system due to randomness in material and
geometric properties, or variant operation circumstance, and so on. External loads such as bearing
reaction and rotating speed are all subject to variation; lubricant properties such as density and
viscosity are varied by oil temperature; performance of components such as bearings and shafts is
varied by wear and changes in operating conditions during their lifetimes.

Some of these uncertainties are statistical and probabilistic. For example, manufacturing and
assembly tolerances exist in all mechanical parts and components, so dimensions of any
mechanical part or component are probabilistic; eccentricity of wheel, clearance between the
journal and the bearing, and so on are probabilistic uncertainty.

Some of the uncertainties do not have sufficiently reliable stochastic data, and they are
associated with human error or limitation of professional knowledge. These uncertainties may be
modeled by fuzziness. For example, sometimes it’s hard to determine whether boundary condition
is simply supported or clamped supported, but can be described by using fuzzy terms, such as
“nearly simple supported”, and “almost clamped supported”. In this case, it is fuzzy uncertainty.

2.2. Entropy theory and transformation rules

Information entropy is used to measure uncertainty of information, that is, entropy is a measure
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of uncertainty of a random variable [11-13]. Probabilistic entropy for continuous random variable
X can be defined as:

+o0
H= —f p()Inp(x)dx, (D

where H is entropy of X and p(x) is probability density function of X.
Fuzzy information can be measured by information entropy. It can be called fuzzy entropy.
Non-probabilistic entropy can be represented as:

G=— f F(OIn f(x)dx, 2

. f(x)

fX)=——7" 3
VT ) d @

where G is entropy of X and f(x) is membership function of X.

Fuzzy variable can be transformed into random variable based on entropy principle, that is,
fuzzy entropy is equal to probabilistic entropy. The principle of transformation is that equivalent
probabilistic entropy is equal to entropy of original fuzzy variable:

Hpq =G. 4)

Normally, fuzzy variable is transformed into equivalent normal random variable. Assuming
that normal random variable of mean is m and standard deviation is o. Probabilistic entropy of
variable X can be obtained by Eq. (1):

H,, = In(2meo). (5)
The equivalent standard deviation ¢ can be given:
1 ) G-0.5
o=|—]e""". 6)
<\/ 2

Fuzzy uncertainty can be transformed into any probabilistic distribution. Thus, equivalent
normal random variable can be used to transform fuzzy structure to random structure for fuzzy
stochastic finite element method applied in rotor dynamics.

fx) J) Sfx)

1 h
1 1
1 1
1 1
1 1
1 1
1 1
1 |
1 1
| 1
1 1

X a-a, a-a, a a+a, a+a X a-a,_a a+a X

b) ©)
Fig. 1. Three familiar types of fuzzy distributions: a) Triangular, b) Trapezoidal, c) I'

Three common types of fuzzy distributions are shown in Fig. 1. There are Triangular
distribution, Trapezoidal distribution and I' distribution, respectively. The expressions of the
fuzzy distributions are as follows.

Triangular distribution:
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(x —ay)
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Trapezoidal distribution:

(a, +x—a)
—_—, a—a,<x<a—ay,
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I" distribution:

FQ) = ek-a g —q, <x<a,
ek g <x <a+a,,

G(x) =

s el il =) -1}
2(eka + ek — )] U 2(eFa — )] ~ 7S
3. Neumann expansion stochastic finite element method

Stochastic finite element method based on perturbation technique has been used widely to
solve dynamic response of stochastic parameters structure with random excitation, but it’s not
suitable for uncertain parameters structure which coefficient of variance are larger than 0.2.

The direct Monte Carlo simulation is suitable for problems with uncertain parameters which
coefficient of variance are larger than 0.2, but the method is quite inefficient as large number of
samples are required to guarantee accurate statistical result.

Neumann expansion stochastic finite element method, which based on the direct Monte Carlo
method, can overcome the short coming of the direct Monte Carlo method, and is used to analyze
uncertainty rotor system.

3.1. Neumann expansion theory and Newmark-f§ method
3.1.1. Neumann expansion theory

Assuming K™ is the inverse matrix of K, and matrix K can be given K = K + AK, so inverse
matrix of K is given by Neumann series:

K'=K'I+P+P?—P3+--+(-1)™P™), (7
where I is the identity matrix.
3.1.2. Newmark-p method

Assuming M, C, K and F are mass, damping, stiffness and load matrix in rotor system,
respectively. X,, X, and X, are initial values. by = 1/(BAt?), b, = §/(BAt), b, = 1/(BAt),
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b;=1/28—-1, b,=6/B—1, bs=At/2(6/B—2), bg=At(1—-35), and b, = §At
(6=1/2,8 = 1/4(1/2 + §)?) are the integral constants.

Effective stiffness matrix K is given K = byM + b;C + K.

Then triangular decomposition of K is represented K = LDLT.

Effective load is given at t + At:

Fiine = Frae + M(boX, + boX, + bsX,) + C(byX, + byX, + bsXy). )]
Then displacement vector is given:

Xesae = K Fpar = (LDLT) 7' Fpyp,. (€))
Acceleration and velocity are calculated:

Xerae = bo(Xesne — X¢) — boXe — b3X,, (10)
Xepar = X¢ + beXy + b7 Xppar- (11)

3.2. Neumann expansion Newmark- method
3.2.1. Linear system
Linear system dynamic equation is written when time is t + At:
MX, ac + CXepar + KXppae = Froar (12)

The procedure using Newmark-3 method is as follows.
Firstly, effective stiffness matrix is given:

K= hM+ b,C+K (13)
And then, for each time step, the effective load vector can be calculated:
Ft+At = Fepae + M(boX¢ + byX, + b3Xy) + C(byX¢ + byX, + bsXy). (14)

Then triangular decomposition of the K is represented K = LDLT.
And then, node displacement vector at time t + At can be solved:

Xerar = KMy = (LDLY) 7 Fypy,. (15)
Finally, the node acceleration and velocity can be calculated by:

Xeiar = bo(Xesae — X¢) — boXe — b3Xe, (16)
Xegar = Xe + beXe + b7Xppp (17

The random stiffness matrix K can be decomposed into mean K, and fluctuating deviator AK
by Neumann expansion theory, and K = K, + AK.
According to Neumann expansion method:

K!=(Ky+AK)™ = Kg'(I1 = P + P2 — P3 4 - 4 (=1)™P™), (18)
P = K;'AK. (19)

Only K is variable in K in linear system. Once inverse matrix of K is obtained, the Eq. (18)
can be used iteratively to obtain inverse matrix of K without further decomposition and inverse,
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which can save a great deal of the CPU time.
Expansion series may be truncated when the series converges. In most cases, it can be
expanded up to the third order to satisfy requirement of engineering.

3.2.2. Nonlinear system

Assuming dynamic equation of a weak nonlinear system (which is applied to most rotor
systems) is given:

Mx + Cx + K(x) = F, (20)

where K(x) is nonlinear stiffness.
Effective stiffness matrix is given:

K= hM+ b,C+K (21)

Assuming variable quantity of the stiffness matrix by Neumann expansion method is AKq,
variable quantity of the stiffness matrix at the ith iteration in each time step is AK}:

AK = AK, + AKG. (22)

For the first iteration:

oF
AK = AK, + AK, = AK, + (a_ - K). (23)

Xn

For the ith iteration:

. JF
AK = AK, + AK}, = AK; + ( — — K). 24)
axn+1
Calculation of the matrix decompose can be greatly reduced. K can be calculated by Neumann
expansion theory.

4. Numerical examples
4.1. Example 1

A rotor system as shown in Fig. 2 has been considered for analysis. The system consists of two
elastic supports, an elastic shaft and a rigid disc. There are 6 elements, 7 nodes and 28 degrees of
freedom in finite element model of the rotor system. The supporting stiffness and damping ratio
are 4.6x107 N/m and 0.027, respectively. The rotating speed is 3000 rpm, and other data of the
elements are shown in Table 1.

kZ =k

ky e —F— 3ok
1 2 5 6 “Z,

N 1 Ze

Fig. 2. Element model of rotor system

Dynamic equation of a n nodes rotor system by Jalan A. K. and Mohanty A. R. [20] with finite
element method can be written as:
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Mx + (C + wG)x + Kx = F, (25)

where M, C, G and K are the mass, damping, gyroscopic moment and stiffness matrices of system,
respectively, w is angular velocity, F is exciting force vector.

Table 1. Data of elements

Element 1 2 3 4 5 6
Length / mm 80 | 80 10 10 | 80 | 80
Diameter / mm 10 10 80 80 10 10

First three order critical speeds of the rotor system are w,; = 65.68 Hz, w,,, =458.86 Hz,
wn3 = 1276.24 Hz, respectively.

Assuming the supporting stiffness obeys triangular distribution. The parameters are
a =4.6x10" N/m, a; = 4.0x10” N/m and a, = 5.2x107 N/m, respectively. Assuming the elastic
modulus obeys normal distribution which mean value is 2.1x10!! Pa and variance is 0.05.
Probability distributions of critical speed of the rotor system were carried out by Neumann
expansion stochastic finite element method within 100000 times Monte Carlo simulation.
Distributions of first three order critical speeds are shown in Fig. 3. Distribution parameters such
as mean value and variance can be obtained by the distributions.

0.12 0.015 0.012
0.009
0.08 0.010
o " <2 0.006
0.04 0.005
0.003
0.00 50 60 70 80 0'000.)50 400 450 500 550 0'0001 100 1200 1300 1400
@n1 [Hz @mn/Hz @,3/Hz
a) b) c)

Fig. 3. Probability distribution of first three order critical speed in fuzzy and random rotor system:
a) First order, b) Second order, ¢) Third order

4.2. Example 2

Rotor-stator rub fault often occurs on local position as small clearance between rotor and stator
in rotor system. It can cause amplitude jumping phenomenon when rotor system runs. It is a
distinct nonlinear phenomenon, and can be explained by nonlinear stiffness in rotor system.

Vo

Fig. 4. Element model of nonlinear rotor system

Assuming the nonlinear stiffness are k, = ky = 5%107 N/m at node 3 in rotor system as shown
in Fig. 4. Nonlinear force can be given:

— [ 3
{Fx—kxx , 26)

E, = kyy*.

Amplitude-frequency response curve was carried out by Newmark-f method as shown in
Fig. 5. It shows that the system occurred amplitude jumping phenomenon. The jumping point is a
when the rotor system is run-up, and the jumping point is b when the rotor system is run-down.

1860
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Fig. 5. Amplitude jumping phenomenon Fig. 6. Probability distributions of jumping point

in nonlinear rotor system

Assuming the supporting stiffness obeys triangular distribution. The parameters are
a =5x107 N/m, a; = 2x10” N/m and a, = 8x107 N/m, respectively. Assuming eccentric mass
obeys normal distribution which mean value is 1x10 kg/m and variance is 0.05. Probability
distribution of the jumping point was calculated by Neumann expansion stochastic finite element
method within 1000 times Monte Carlo simulation as shown in Fig. 6. Distribution parameters
such as mean value and variance can be obtained by the distributions.

4.3. Example 3

Rub fault often occurs in compressor rotor system. Finite model of a compressor medium
pressure cylinder rotor system is shown in Fig. 7. There are 23 elements, 24 nodes and 96 degrees
of freedom in the finite element model. The supporting stiffness and damping are 12x10% N/m and
11x10° N-s/m, respectively. Local rub fault occurs at node 12, and mass eccentricity is at nodes 9
and 16.

Fig. 7. Element model of compressor medium pressure cylinder rotor system

First three order critical speeds of the rotor system are w,; = 58.42 Hz, w,, = 182.26 Hz,
Wn3 = 72.98 Hz, respectively. Amplitude-frequency response curve was carried out by
Newmark-f3 method as shown in Fig. 8.

e
o

e
=)
)

Amplitude/mm
(=}
=
=

0.0
900 300 400 500 600
w/rad's”

Fig. 8. Amplitude-frequency response curve of the system

Assuming the supporting stiffness obeys triangular distribution. The parameters are
a=12x108 N/m, a; = 8x10¥N/m and a, = 16x10® N/m, respectively. Assuming -elastic
modulus obeys normal distribution which mean value is 2.1x10!! Pa and variance is 0.05.
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Probability distributions of critical speed, peek and peek frequency of the rotor system were
carried out by Neumann expansion stochastic finite element method. 100000, 10000 and 1000
times Monte Carlo simulation were calculated, respectively. Distributions of first three order
critical speeds, peek and peek frequency are shown in Figs. 9 and 10. Distribution parameters such
as mean value and variance can be obtained by the distributions.

0.18 0.05 0.042
| o
7_0'12’ 003 L 0.024
s 0.06] ™ 0.02 0,018
- 0.01 0.012
) 0.006
0.00 m 0.00-
40 50 60 0 40 80 120 160 200 240 0'00?80 240 300 360
@n [Hz @n2/Hz @,3/Hz
a) b) c)

Fig. 9. Probability distribution of first three order critical speed in compressor medium pressure cylinder
rotor system: a) First order, b) Second order, ¢) Third order
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Fig. 10. Probability distributions of peek and peek frequency: a) peek, b) peek frequency
5. Conclusions

The Neumann stochastic finite element method based on Neumann expansion combined with
Newmark-f3 method is used in rotor dynamic with fuzzy and random coexisting. The analysis
indicates that dynamic characteristics such as critical speed, amplitude jumping phenomenon and
peek frequency are affected in uncertainty system. The proposed method can be used in
uncertainty rotor system of linear or nonlinear with the frame work of Monte Carlo simulation,
and overcome the limit that coefficient of variance cannot be larger than 0.2. Meanwhile, a large
of computational complexity and time of matrix decomposition and inverse can be reduced by the
proposed method. The examples show that the method applied in rotor dynamic is effective.
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