5th International Conference on Civil Engineering and Transportation (ICCET 2015)

Stochastic Reliability Analysis for Drum
System of Hang Type Centrifuge

Xujuan Yang“?", Yulong Li*®, Zhaojun Li*®,
Rui Yan'?, Zhen Zhang*®

! Guangxi Key Laboratory of Manufacturing System & Advanced Manufacturing Technology,
College of Mechanical Engineering, Guangxi University, Nanning 530004, China
yxj413@163.com, "13211327285@163.com, ‘glenlzj@126.com,
92391021864@qq.com, °879822534@qq.com

Keywords: drum, stochastic reliability, invalid.

Abstract. A stochastic reliability model of the drum system of a hang type centrifuge drum is
presented using stochastic reliability theory, where the stochastic reliability index and invalid
probability of the drum system are determined by checking point algorithm and the system functional
functions are built according to the criterion that absolute value difference between natural
frequencies and excitation frequencies should be less than specific values. An actual case is calculated
and analyzed and the correctness of the model is verified by Monte Carlo method, the speed range of
the drum system is pointed out where failure may occur easily and the low reliability zone is obtained
which should be avoided in actual operation.

Introduction

The hang type centrifuge is an intermittent centrifuge and is an important equipment in the
process of separating sugar. Its working principle is using the centrifugal force to separate the white
sugar from the massecuite mother liquortl. The separation ability of the hang type centrifuge is
improved with the increase of its speed. Many companies often use the method of increasing
centrifuge speed to improve its work efficiency. But with the increase of the centrifuge speed, the
vibration problem of the centrifuge is becoming more and more serious, which may cause
unnecessary casualties and property loss 2. Thus, it is necessary to carry out the reliability analysis of
the hang type centrifuge. At present, the reliability problems of centrifuge have been extensively
studied. For example, the reliability of the rotor, motor and frequency converter of the ultracentrifuge
were studied by using fault tree analysis method by Lu Hua!®!. The reliability of the spindle and drum
of a reprocessing centrifuge was analyzed by the fault tree analysis method by Zhou Qiwang!, and he
also gave us some methods which could improve the reliability of the reprocessing centrifuge
components. The high-peed vertical tumbler centrifuge spindle reliability design were studied by
using fuzzy reliability theory by Ren Yundan®, and the fuzzy comprehensive evaluation of the
spindle reliability was carried out. The hang type centrifuge is the key equipment in the sugar
enterprises, and the drum is the main stressed body. The drum tends to cause resonance failure under
the action of forced vibration. However, the reliability study about the hang type centrifuge drum has
been rarely reported. Therefore, the reliability of the drum needs to be studied. There are many
random parameters in the drum system, which leads to the result that the natural frequencies and the
excitation frequencies of the system are discrete. So it is necessary to build the reliability model of the
drum system.

Based on the dynamic model of the drum system, according to the criterion that absolute value
difference between natural frequencies and excitation frequencies should be less than specific values,
the reliability of the drum system under forced vibration failure mode is studied by stochastic
reliability theory.
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Dynamic model

The shell deformation theory is used to analyze the drum system of a hang type centrifuge.
Compared to the diameter of the centrifuge drum, the thickness of that is much smaller, so the drum
wall is viewed as a shell in the paper and triangle plate element is used to build the drum wall. With
consideration of fluid-structure interaction between the drum and massecuite, the dynamic model by
using finite element method can be expressed as ©!:

(M+M_)U+CU+KU=F 1)
Where U is the displacement vector of the drum system, M is the mass matrix of the drum, M, is the

additional mass matrix caused by the fluid element, K is stiffness matrix of the drum system, C is the
damp matrix of the drum system, and F is the generalized force column vector.

Stochastic reliability mode

Design principle of stochastic reliability

Randomness is a kind of uncertainty due to the uncertainty of the causal relationship, the
reliability analysis model considering the uncertainty is called stochastic reliability model. There are
obvious uncertain factors in the system of hang type centrifuge drum, such as the density of
massecuite and speed. So it’s necessary to establish a stochastic reliability model.

The working state of the drum system is expressed by functional functions as follows:

Z=g(X)=0(X, Xy, X;) (2)
Where X = (X, X,,...,X,)" is a set of uncertain parameters of the drum system.
The stochastic reliability of the drum system can be expressed as:

R=P(Z>0) @3)

Stochastic reliability under forced vibration failure mode

The failure probability is the probability that the product can not be completed within specified
time and conditions. There are obvious random parameters in the drum system, thus the natural
frequencies and excitation frequencies of the drum are discrete. When analyzing the vibration of the
drum system, the system functional functions considering the criterion that absolute value difference
between natural frequencies and excitation frequencies should be less than specific values are built as
follows:

g(a)m’pn):|a)m_pn|_c (4)
Where c is an empirical parameter, o, is the m-th natural frequency of the system and p is the n-th

excitation frequency of the system.
In order to make the calculation simple, the functional functions of the system are expressed as

9,=o,—p,—C pnga)m
o(on.p)= {2 ©
9,=p, —@, -C P, > @,
The system functional functions are equivalent to the parallel combination of the two simple sub
functions. The failure probabilities of g; and g, are expressed by P; and P, and then the failure
probability function of the system under forced vibration failure mode can be expressed as

P=P(g<0)=P(g,<0Ng,<0)
=P(9,<0)+P(g,<0)-P(g,<0Ug,<0) (6)
=P+P,-1
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In order to facilitate the derivation, the frequency factor of the system with uncertainty
parameters is expressed as

p(x)= a0 (x) +2(x) ™

Where wj(X) is the i-th natural frequency of the system, () is the excitation frequency of the drum
system, wi(x) and Q(x) are related to the uncertainty variable x, n is the number of the free degree of
the system and a; is the coefficient of the natural frequency of the system.

Substituting equation (7) to equation (5), the functional functions of the system can be expressed

0.(x)=(1-8,) 0, ()~ D ae (x)-Q(x)-c
gy, py) = T

9,(x)=(a, —1)a)m(x)+i:§;maia)i (x)+Q(x)-c
(8)

The functional functions are carried out at the point X, =[x, X,, -, %,]" and
X, =X, X0, ++, %5, 17 With Taylor expansion by using checking point algorithm. The nonlinear parts

of the expansion of the above are ignored, then the reliability index and failure probability of g; and g
can be expressed as

x a1 %
e e
ﬂlz X=X, -
el
L 9)
. a 2 *
tl[ g@)EIX)j (/”xt —th)
B, = = B
\ agZ(X) i 2 ‘
eI
H_::Q)(—/%) 10
{PZ:CD(—ﬂZ) (10)
Where
a0 (¥)|  _p .(M(x)) 3 _,(awim] ()
X ey (1=2) . I:;;ma, 2 NP S 11)
o9, () 0w, (X) 2 (00,(x) 2Q(x)
% X=X§_( " 1)( % j><=><§+i_;i;mai‘( 28 szxz-i_ 28 X=X,

Generally speaking, the value of the 6Q(x)/dx, is known, and the values of da (x)/dx, and
0w, (X)/ Ox, can be obtained as follows:
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K(x) ,,  OM(x)
oo (x) 1 (%) %, -~ (X) OX, (x)
x  2a0,(x)| " M) g (12)
(05
KOz (M)
e (LG o
o 2m,(x) ot () M)
P ox,

Where 77, is the i-th modal coordinate of the drum system, 7, is the p-th modal coordinate of the

drum system.
Above all, the failure probability of the drum system can be expressed as

P=®(-4)+®(-5,)-1 (13)

Then the reliability of the drum system under forced vibration failure mode can be expressed as

R=1-P (14)

Case simulation

Taking a drum of a hang type centrifuge for example, the working speed of the hang type
centrifuge is 1060r/min, the maximum speed is 1300r/min, the diameter of the drum is 1600mm, the
height of the drum is 1097mm, and the density of the drum material is 7850kg/m>.Taking the density
of massecuite as random parameter to study the reliability of the drum system, then the random
variable is x =[p], the initial density of the massecuite is 1500kg/m°.

Stochastic reliability of the drum system
According to calculation, the first three order natural frequencies of the drum system are shown
in table 1.

Table 1. The first three order natural frequencies of the drum system

order 1 2 3
natural frequency(Hz) | 1223 | 13.16 | 27.41

The value of the empirical parameter c is defined as 5 percent of the first order natural frequency,
i.e. ¢=0.612Hz. The reliability of the drum system is shown as fig.1.
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Fig. 1. Stochastic reliability of the drum system
As shown in Fig. 1, the reliability of the drum system is relatively low when the spindle speed
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varies from 720r/min to 750r/min or 770r/min to 810r/min, where the resonance failure is easy to
occur. Therefore, these resonance regions should be avoided.
Verification of the accuracy of the system reliability model

Monte-Carlo method is a useful method to verify the accuracy of stochastic reliability models,
where repeated random sampling for simulating the probability and statistics of the research object are
used to build a probability model or random process, so as to make its parameters equal to the solution
of the problem!”®!. To reduce the running time of the simulation program, the reliability of the drum is
checked only during the speed of 700 r/min to 850 r/min. The stochastic reliability of the system
obtained by Monte-Carlo method is shown in Fig. 2, and the comparison of Fig. 1 and Fig. 2 is shown
in Fig. 3.
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Fig. 2. Reliability of drum system by Monte-Carlo method
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Fig. 3. The contrast figure of the Stochastic reliability and Monte-Carlo
Seeing from the Fig. 3, the results obtained by Monte-Carlo method and Stochastic reliability
method are very similar, so the stochastic reliability model is correct and reliable.

Conclusions

A reliability model of the drum system of a hang type centrifuge under forced vibration failure
mode is built by stochastic reliability theory, which reflects the degree of security of the drum system.
The lower reliability zones of the drum system of hang type centrifuge are obtained according to
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simulation analysis, where the resonance failure is easy to occur. So these zones should be avoided
during the operation of the hang type centrifuge.
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