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Abstract. Considering the evolution of structure parameters of cone crusher, and based on the
continuous-time and Ito Lemma, a model of evaluation and dynamic forecast on liner's
reliability is studied in this paper. The performance of liner is fluctuant due to the uncertain
factors (such as wear and adjustment of closed side setting) and gradually degraded. The
degradation will influence the safe usage and reliability of liner. Degradation process of liner
can be described by stochastic process and is modeled in geometric Brownian motions (GBM),
and it is predicted with experimental data from a PYGB1821 cone crusher. The results show
that the deviation between the predicted value and the experimental data is 2.62% .The model
is valid on assessing the reliability of the liner, and the liner can be designed with the specified
reliability value at the given time.

1. Introduction

Cone crushers are commonly used in the secondary and tertiary crushing of rock material. While the
cone crusher is working, the head assembly exerts nutation and rotation motions. The compound
movement of the head makes the rock material squeezed and crushed. The mantle is impacted by
material at the moment of squeezing. The impact will lead to the wear of the mantle. The mantle wear
directly affects not only the cone crusher performance and product quality, but also the reliability of
frame and head [1-3]. The maintenance costs which is caused by replacing worn parts is high [4].
Moreover, the total estimated economic losses caused by wear in mineral mining are 210,000million
Euros yearly [5]. Therefore, it is of great significance to analyse the reliability of liner and provide
timely replacement.

Barabady [6] estimated the reliability of the crushing plant by using ReliaSoft’s Weibull++6
software. A similar study was as well as conducted by Sinha [7-8]. They investigated the reliability of
the crusher by using analysis of variance and Weibull model. However, for many engineering
problems, the time-dependent characteristics caused by some factors, such as material deteriorate,
loading variation in the service period, will cause the reliability of liner evolving with time and being
dynamic process. Therefore, it is important to know the condition of the liner in order to change it
timely or to extend the safe life before they are fully utilized [9]. Shi proposed a method to calculate
the mechanical system reliability incorporating time varying and uncertainty. Uncertainty reliability
analysis without considering the time effect will be the same as the traditional reliability analysis [10].

The liner will be affected by the uncertain factors such as wear and the adjustment of closed side
setting which will cause the reliability of the liner to fluctuate. A model of evaluation and dynamic
forecast on liner's reliability based on time-dependent theory is established from the angle of wear.
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Combined with the study of liner wear under different conditions, the model can not only assess the
reliability of liner in current time, but also dynamically predict that in future time.

2. Time-dependent theory

For many engineering problems, some attribute parameters will evolve with time due to the working
environment, loading variation in the service period. When considering the service process of product
over its lifetime, those parameters may follow a stochastic process. The evolution process can be
described by the following stochastic process.

The stochastic process is defined on a probability space (2, F, P), where 2 is a nonempty space, F
is a ¢ field consisting of subsets of Q, and P is a probability measure [11]. It is assumed that the
stochastic process x; follows geometric Brownian motions (GBM), if it satisfies the following
stochastic differential equation (SDE):

dx, = Ax,dt + ox,dw, 1)

where w;is a Wiener process (Brownian motion). ¢ is continuous time, and the unit is second, hour or
rotation times. A (drift rate) and ¢ (diffusion rate) are constants.
According to Ito’s Lemma[10,11], SDE could be written as:

Ytzlnx0+(/1—%52jt+5w(t)

)
Then exponent operation is operated on Y, we can get x;:
X, =X, exp{(ﬂ—%é‘z)t + 5w(z‘)}
3)
Therefore,
Inx, ~ N(ln[ln(x0 )+ [/1 —%52jz}52t}
4

where, drift rate is used to model deterministic trends, while diffusion rate is often used to model a set
of unpredictable events occurring during this motion. They can be obtained by related experiment data
or working observed data. For the n+1 observables value {xo, x1,..., x»} which sampling x~=x(¢) at the
time interval 4=T7-¢, the natural logarithm of observables value is {lnxo, Inxi,...,Inx,}.The value is

analyzed by linear regression statistics and can be written as .Take the at the same time interval as the
A A A A A\—1/2

observed value and obtain {lnxo’ Inx, ’m’lnxn boIf ¢, =(Inx, ~In% )(A-)

of the sampling data can be written as:

1 1 < :
) i )
= — LS =— -

4=—2.4;5; n—lg(% q]

Jj=1

, the mean and variance

)

- s R
q—>E (q),sq - Var(q)’ the drift rate A and diffusion rate o of Inx, will

When n— <=, it will have
be:

2 ! (6)

3. Influence factors analysis of reliability

The reliability of liner is mainly influenced by wear during the service, and the liner wear is decided
by wear resistance coefficient, speed, closed side setting (CSS) and geometry of crushing chamber
[12-14], as illustrated in figure 1.
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Figure 1. Influence factors of liner wear.

Wear resistance coefficient and speed basically remain unchanged, while CSS and geometry of
crushing chamber are variables that evolve over time. CSS will increase with time. Geometry of
crushing chamber is formed by bowl liner, mantle, eccentricity and location of the pivot point together.
The radius of bowl liner will increase with time, and the radius of mantle and the eccentricity are just
on the opposite, while the location of the pivot point remains unchanged. Thus the geometry of
crushing chamber will be changed with time. Both geometry and CSS will influence the load on the
liner, and load is one of the most important factor which influences wear rate. Therefore, the wear rate
will be changed with time, so does reliability of liner.

4. Reliability model of liner wear

4.1. Reliability model based on time-dependent theory
The wear of liner is influenced by different time-dependent uncertain factors and follows a stochastic
process. It is assumed that the wear process follows GBM. Since both the CSS and the geometry of

crushing chamber will lead to the fluctuation of mean and variance, the logarithm of wear Inw(?)
A2

follows a normal distribution according to equation (3). Mean g and variance 17 can be described

as below:
oln@ oln@ 1({d*In@ ’lnw
mho(0)+| | ——A, R +———A, R, +—| ——— 0> R* + O’ R
fy=n@ (0) + J‘{ R R 4 oR, R, 1% 2( R’ r 4 oR, i 2}}5 -

2
. 1dln@ 1dln@
O';m:U oR — RdWMJ (J.O oR, 5R2R2dw2t]

(8)
where R; and R, are the radius of mantle and bowl liner respectively.Az: and dr: are the drift rate and
diffusion rate of mantle radius. Az and Jr, are the drift rate and diffusion rate of bowl liner radius.
Drift rate and diffusion rate can be obtained according to equation (6). Ine(0) is the logarithm of wear
at the first rotation and it can be calculated by equation (9)[15].

(1+50ta . j‘” V;b’
9)
where aq is nip angle. a and b are coefficients of material propertiest'®.i is the ratio of compression

amount to the height before compression.
2ky R + ¥

Rz—Rl+k70«/R12+y2 (10)
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where yo is the eccentric angle. k£ is a coefficient related to operating conditions and structure
parameters of cone crusher[16]. y is the distance between the pivot point and liner surface.
Then the logarithm of wear at ¢ rotation Inw(¢) can be described as:
2

1nw(t)~N{1nﬁ(0)+(’1af‘%}’(5‘”\5)2] (1)

4.2. Evaluation and prediction of reliability
In order to meet the performance of the liner, the inequality relationship between the wear @(f) and
allowable wear [w(?)] should meet the input requirement described as follows:

o(t)<[@(1)] 12)

The reliability of liner R(¢) can be written as:
R(t)=P{n[@(t)]-In@(t)>0}@(t) = 0) 13)
For the wear of the liner following the Ito process, according to equation (1), Inw(z) will follow a

normal distribution. The same situation to the allowable wear In[w(¢)]. Moreover, Inw(¢) and In[w(f)]
are mutually independent. Therefore, Z=In[w(f)]-Inw(¢) will also follow a normal distribution. Mean

Hz and variance 97 can be described as below:
A= Boi) = oo

(14)
f (a2 s 1/2
0,= (O'm[m] T 0o ) (15)
Then the reliability of liner:
) i) = oo
R(1) =c1>[‘f—2j - q{—l o] _Thet) J
o O-lnw(t) (16)

Finally, the value of reliability can be obtained by standard normal table.

5. Example

In order to study the reliability of liner, a series of experiments were conducted on a PYGB1821
crusher at Anshan Iron and Steel Group Mining Co.,Ltd. Structural parameters of crushing chamber,
liner wear and feed size distribution were measured. The coefficient of wear resistance was 279
kNmm™ [12]. The parameters of cone crusher were as shown in table 1. The bowl assembly was
moved upward every two hours in order to maintain the CSS.

Table 1. Parameters of cone crusher.

Coefficient Value
Abscissa of initial point (mm) 187.8
Ordinate of initial point (mm) 3333

Base angle of mantle (°) 50.5
Nip angle (°) 21
Eccentric angle (°) 2.5
CSS (mm) 19
Speed ( rmin™) 300

For the drift rate and diffusion rate of the radius of liner, it is necessary to conduct the measurement
of liner wear. Then the value of drift rate and diffusion rate could be calculated according to equation
(6). Because of the limitation of equipment and test conditions, the statistical data of liner radius were
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obtained by Matlab simulation method. The relationship between the wear and rotation times was
shown in figure 2 and figure 3.
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Figure 2. The relationship between wear amount  Figure 3. The relationship between wear amount
and stroke times. per rotation and stroke times.
The drift rate and diffusion rate can be calculated based on the calculation results and are as
follows: A1 =Az> = 0.0102 and J0z1=0z=0.0075. Then according to equations (1) and (9), we can get the

partial derivative of a function Inw with respect to the variable R; and R,.Next the mean Huo and

A2
variance %@ can be computed according to equations (7) and (8), they are -3.6669 and 0.0003
respectively.

Bowl liner and mantle must be replaced before they are worn through in order to prevent damage to
crusher bowl or head. Liners should be changed no later than when the liner weight is consumed
approximately 50%. For the liner of PYGB1821 cone crusher, the liner should be replaced before the
maximum wear amount reaches 71.7mm. According to equation (16), the liner reliability can be
calculated when the head rotates 2.16x10° times, namely R(2.16x106)=d(2.11)=98.26%. The
calculated wear amount is 66.85mm, and the measured value is 68.65mm. The relative error between
the calculated value and the measured value of the maximum wear was 2.62%. Therefore, the model
has the application value. Using the method described above, it is easy to analysis the reliability of
liner at any rotation times.

6. Conclusion

A time-varying reliability calculation model of liner, which considers the evolution and uncertain
characteristics, is established based on time-dependent theory. The performance of liner will fluctuate
due to uncertain characteristics, such as wear and adjustment of closed side setting. The fluctuant of
liner performance is expressed by the drift rate and diffusion rate of variables. These variables can be
computed according to the experiment data or working observed data. The model was calibrated and
validated based on a PYGB1821 crusher at Anshan Iron and Steel Group Mining Co. Ltd. Moreover,
the model can predict the reliability of the liner at the time t and provide reference for the safety early
warning of the crusher.
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