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Abstract. To find possible conveyor failures at the design stage means to determine a transverse belt displacement
and compare the obtained data with the permissible ones. The dynamic problem of the belt movement on the conveyor
has been defined. Resistance and external forces, limits of the belt displacement have been determined. The transverse
belt displacement can be described by partial differential equations. To solve the problem, the Fourier transform has
been used. Change patterns in the transverse belt conveyor displacement dependent on conveyor’s parameters, type of
load, and skewing of the idlers along the conveyor have been obtained. The results agree with experimental data. The
method of adaptive control of the transverse belt displacement has been described. The essence of this method is to
adapt the model of the moving belt in the conveying trough to changed conditions and to reveal the uncertainty of the
control with the known parameters of the mathematical model.

Introduction. Having analyzed the conveyors, which are used for transporting of
bulk load, it has been revealed that failures caused by a transverse belt displacement,
occur on conveyors with impact and suspended idlers. To improve the reliability of belt
conveyors it is obligatory to clarify and eliminate the causes of the transverse belt
displacement. The task becomes more complicated as the belt is characterized by very
small static and dynamic stability. When the belt interacts with other elements of the
conveyor by friction forces and is slightly disturbed it can lose its equilibrium state. It
has been established [1-3] that the factors that cause the transverse belt displacement
change with time and depend on the operating conditions of the equipment, its
installation, the quality of the belts used, the design of loading devices, the distribution
of the load, and climatic conditions. Most of these factors cause conveyor failures
because of the occurrence of a transverse force, the value of which substantially
depends on the adhesion of the belt to the idlers and the skewing angle in the plane of a
belt movement. At mining enterprises failures occur due to the belt displacement in the
transverse direction beyond the permissible limits, spills of material along the entire
conveyor, additional wear of the belt, increased running resistance and lowered
productivity of the belt conveyor performance. Therefore, designing conveyor belts, a
specialist should pay a lot of attention to a reasonable choice of main dynamic system
components, determining possible failures and revealing the uncertainty of external
influence to stabilize transverse displacement under known parameters of the
mathematical model.

The aim of the paper is to develop mathematical models to simulate possible
conveyor failures (due to a transverse belt displacement) at the design stage and to
develop a method for stabilizing a belt movement.

Research methodology. To discover potential causes of conveyor failures due to
transverse belt displacement, the influence of various factors on the reliability of
conveyor components and mechanisms as well as the selection of more significant
factors with the help of correlation analysis and expert evaluation have been studied [1].
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The above mentioned factors include: skewing of idlers, the material of the belt and
idlers, external load, camber and flexural stiffness of the belt, suppleness of the idlers.
Creation of the formula for a conveyor belt movement requires an idealized design model
of a dynamic system that takes into account the influence of the significant factors. To
represent the object of the research and dynamic characteristics of the system, the design
model has been formalized. A number of assumptions have been suggested. These
assumptions allow an adequate approximation of the research object to known design
models, such as low-stiffness beam or a flexible thread. Belt camber is not usually taken
into account. Belt stiffness is accounted for only in the cases with a big amount of padding.
The influence of big cargo pieces over 0.2B,, (where By, is the belt’s width in meters) is not
calculated unless they exceed 15 % of the total volume of the cargo; the suppleness of the
idlers is accounted for only in cases with amortizing or hinged idlers.

For modeling of potential conveyor failures due to a transverse belt displacement, a
dynamic task of the belt movement has been formulated, resistance and external forces has
been set, an acceptable transversal belt displacement has been defined. In this case, we
have chosen a model without flexural stiffness, with an evenly distributed mass and load
along the length of the conveyor, tension S (N), moving at the speed v, (m/s) along the
conveyor that imitates idlers skewed according to the random law of distribution. Elasticity
of the foundation underneath the belt is calculated with the coefficient ¢ = 1+2S/(C,l,,),
where C,— the suppleness of the idlers (N/m); I, — the interval between idlers (m).
Resistance to a transverse belt movement on the track is assumed to be equal to the
resistance to belt transverse movement on the idlers, and the movement on the trough is
assumed to be unrestricted, i.e. the belt may move beyond the trough. External and
restorative forces can transversally affect the belt. Transversal displacements on the drums
are absent. Any changes to the time of the input parameters of the conveyor and the
characteristics of the cargo load cause belt displacement along the longitudinal axis. The
solution to the set problem is in finding the correlation between input and output
parameters, under which transverse belt displacement parameter can excess an acceptable
norm and a potential conveyor failure can be recorded.

Transversal forces acting on the belt are investigated in [4], where load intensity p(x,t)
(N/m) is represented as:

p(X,t) :|:an|r (qb +q|lic)+ FdiSt(t):la(X), (1)

where Fgig(t) — load on the idlers, changing over time, N; a = 10...20 — the proportionality
coefficient; n — the number of idlers in the conveyor system; pc.; Qs, Oy — linear loading of
the belt and the cargo accordingly N/m; L — length of the conveyor (m); a(x) =
oosin(kmx/L) — the distribution law of skewed idlers alongside the conveyor; o = 0.05; k =
1,2,...,n;.

With the size of the load taken into account, the formula for Fgg(t) may be presented as
the following [4]:
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where F, — load affected by small cargo pieces, N; m, = (0y + Que)l, — mathematical
expectation of the load affected by fines and small pieces (qy) and belt (qy), N; D — load
dispersion, N% ¢ = 1+2S/(Cl,) — coefficient taking into account the stiffness of idlers (C;)
and belt (25/1); S — belt tension, N; I, — distance between idlers, m; 1o, To— accordingly, the
time of interaction of large lumps and idlers and the period of occurrence of this interaction
in one of the idlers s; w; = kmti/Ty — the frequency of occurrence of an impulse of interaction
with one idler, 1/s; t — current time, s; i —harmonics of interaction of large lumps with idler.

The resistance to the movement of the belt according to [4] is calculated with the help
of the following:

:%busin 2,6[tg,8+tgprep]L7/, 3)

where N, — resistance to a conveyor belt movement, N; g — acceleration of gravity, m/s*;
b — idler length, m; B — an angle of side idlers, deg; pr, — angle of the slope, deg; u — the
value of a belt displacement, m; y — load density, kg/m”®.

The mathematical description of the dynamic model of the process of a transverse belt
displacement is formulated as the following: the belt in the form of a thread with a
uniformly distributed load along the entire length moves in the longitudinal direction at a
speed of v,. The shape of the thread is determined by the guiding trough, which, being
continuous, imitates the idlers, skewed along the conveyor length according to the law
o(x). The resistance to the transverse movement of the thread along the trough is equal to
the resistance to the transverse movement of the belt along the idlers. The thread
movement in the trough is considered to be free. It is also supposed that the movement has
the ability to go beyond the trough. The thread is open to the impact of external and
restoring forces in the transverse direction. There is no transverse displacement of the
thread on the drums. Any change in time of input parameters and load flow characteristics
cause the thread to shift relatively to the longitudinal conveyor axis. In general, the
description of the mathematical model of the transverse thread displacement in the
conveyor trough can take the following form:

P azu(x,t) s azu(x t)

. p(x.1), (4)
g ot ox?

where p — external load density, N/m; u(x,t) — transverse displacement, m.

The permissible value of the belt displacement is that, when exceeded, a possible
failure of the conveyor is observed. In [4], the estimation scheme for determining the
permissible transverse belt displacement, belt formalized model, and the limiting values of
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the belt displacement have been stated. The problem has been formulated in the following
way: if there is an absence of a belt displacement (with the width of By), a material in the
form of a trihedral prism occupies an equilibrated, central position. On each side of the belt
there is the same gap A (m) between belt’s edge and the material boundary on the belt.
Recommended measurements of the gaps are 0,1B;, [4] or 50—75 mm [2].

When the belt is displaced by the value of U, the material moves in the same direction
by the value of U and all points of the side face of the prism at a constant speed rotate
around its top by the angle dpy,. In this case, the material becomes unstable, since the side
face of the prism has an inclination angle exceeding Sprp,, Which contradicts the real
conditions. Therefore, the material can take a stable position at which the angle of
inclination of the side face of the prism can again be equal to pyep.

Equating the areas of geometric figures [4] before and after the transverse belt
displacement, we can get the equation:

) a2
sin“ (B + tgo, sin“ (B +
U12 - (@ prep) 90Prep —lsin 2(ﬂ+,0rep)+l (B prep) N

llz t9(B + Prep)90prep
2'F t9(S + Prep) — 190 rep

+1,Usin(B+ prep) —

where U; — load shift on a conveyor, m;

usin(S + prep)
Iy +UCOS(B+ Prep)

199prep =

Solving the equation (5) regarding U, we can get the dependence of U, on the angle of
the side idlers at fixed values of the belt displacement. Meanwhile, for side idlers angles
(10-40°), the shift of the load might be accepted with sufficient accuracy:

1
U ==-U, 6
1= ©®)
where U — value of conveyor belt displacement, m.
In the final form, the condition for the permissible transverse belt displacement can be:

U <2A. (7)

The accuracy of mathematical models can be confirmed by the implementation of
methods of mechanics and the theory of elasticity, as well as experimental verification of
the main theoretical issues on the test bench and operating installations [1, 4]. It has been
found that the theoretically obtained dependences are in good agreement with experimental
data, when transported cargo is in size up to 0.1B,,

Results and discussion. In order to model possible conveyor failures due to transverse
belt displacement under the influence of various factors, the dynamic model (4), external
influence (1), resistance forces (3) and permissive values of transverse belt displacement
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(7) have been chosen. The skewing function of the idlers has been taken as a(x) =
sin(2nxL). The solution of the nonhomogeneous equation (4) has the form:

u(x,t) = i sin(kT” x){ﬁw + Ay + iAM cos(owt —a,, )} (8)
k=0 v=1

where a, — non-dimensional quantity derived from the initial conditions. The coefficients
Ao, A and A, ,x have been given in [4].

Possible failures of transverse belt displacement under bulk influence have been
determined by comparing the solutions of the second-order partial differential equations
with the right-hand side of (4) using the Fourier transform under the following initial and

boundary conditions:
ou

—=0
if t=0 u=0; @ ;u _,=0;u _ =0. )

The following initial data have been taken: a = 20; g, = 2000 N/m; L = 100 m and
50 m; p=200N/m; S=53000N; T;=0.3s; vp=2m/s; y=3200 kg/m* B=0.698 rad;
prep = 0.5236 rad; m, = 700 N; n = 100 and 50 pcs.; v2 = 150 N; 1 = 1.5s; To = 1.0's;
0= 27'E/T1.

The results of the transverse belt displacement, depended on the load, are presented in
Figure 1.
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Figure 1 — The dependence of the transverse belt displacements on conveyor’s length:

a, b — respectively on conveyors (100 and 50 m long) with a distributed load without taken into
account Fg;si(t) (curve 1) and with taken into account Fyix(t) (curve 2); ¢ — with a local load on a belt
(50 m long) with taken into account Fg;s(t) (curve 1) and without taken into account Fyis(t) (curve 2);

curve 3 — experimental
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Modeling of transverse belt displacements on the conveyors of different length, with
distributed and local load, revealed that:

— the form of the transverse belt displacement significantly depends on the
distribution skewed idlers along conveyor’s length and the type of load (Fig. 1), and
practically does not depend on time;

— possible conveyor failures with transverse belt displacement occur when the belt
width is By <1400 mm, since the maximum displacement of 300 mm exceeds the
permissible
0.2B, (Fig. 1). Therefore, when designing a conveyor for given conditions, it is
necessary to choose a belt width of at least 1600 mm;

— a local load on the conveyor belt (Fig. 1, ¢) causes a transverse belt displacement
1.3 times greater than uniformly distributed load does (Fig. 1, a, b), as a result it
increases the risk of a possible conveyor failure with the same width of the belt.

The experimental research methodology is given in [4]. Skewed idlers were installed
on the conveyor according to the asin(knx/L) law, the x-distributed load, and the local
load was created with the help of one skewed idler at x = L/2. The calculated curves
were obtained taking into account the parameters of the conveyors of 100 and 50 m
long.

Control of the process of transverse belt displacements. On the basis of the
studies of a belt movement in the conveyor trough, we have developed a method aimed
at maintaining the stable movement of a belt along the idlers with the known parameters
of the dynamic model, when the following condition is met:

u(x,t) <[uj, (10)

where u(x,t), [u] — belt displacement and its permissible value correspondingly, m.

If the belt displacement does not go beyond the condition (10), then a belt
movement is considered stable, since dissipative forces do not allow the belt to go
beyond the zone of equilibrium position. Yet any change in time of the input conveyor
parameters or the characteristics of the load flow causes the belt to move towards the
longitudinal axis. Variable input parameters include linear load on the idlers, belt
tension, skew of the idlers along the conveyor belt, and the value of the eccentric load.
To control the stability of the belt movement it is necessary to adapt a dynamic model
to changed operating conditions and disclose the uncertainty of the control action with
known parameters of the mathematical model. In this case, the condition of stable belt
movement in the trough must be followed (10).

In [6], a method of adaptive control of transverse belt displacement was described,
for the implementation of which a dynamic model was used (4).

To solve the issue, it is obligatory to find the correlation between the input and
output parameters, where the transverse belt displacement can be within a certain zone
of a belt’s stable movement in the trough. Solving the equation (4), we have taken into
account the boundary conditions and that there is no acceleration of the transverse belt
displacement u = [u]:
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u, =0 ul,_, =0, (11)
can get:
anl o ( L . krz j
= + | X——SIn—X |, 12
[ulkz (qb qbc) K L (12)

where k = 1,2,3,..., n—is the harmonic index of the skewed idlers distribution.

As it can be derived from (12), if the permissible belt displacements and fixed
values of the loads on the idlers are provided, the tension of the belt is to change within
the limits at which the restoring force exceeds the forces that cause the belt to get side-
tracked, and a steady movement of the belt is observed within the limits of permissible
displacements.

In cases where the internal restoring forces are insufficient to return the belt to the
area of its stable movement, an external control action is applied, in which equation (4)
takes the form:

d2u(x) anla _k
5 U0, B0 (G, + ) sin X =—p(u). (13)

dx? L

where p(u) — external control applied to the belt [4], which is an approximation of the
linear dependence of the experimental data presented in Figure 2 (curves 1, 2, 3, 4),
N/m.
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Figure 2 — Experimental dependences of the impact (gact) on the belt of skewed idlers on the
parameters of the conveyor and characteristics of the load flow (solid lines): 1 — S = 25000 N,
Qbc = 1000 N/m; 2 — S = 30000 N, gpe = 1500 N/m; 3 —S = 60000 N, gy = 2000 N/m; 4 — S = 80000 N,
Ooc = 3000 N/m. The dashed line shows the corresponding approximating curves

The experimental research technique has been given in [4]. The impact on the belt
was made by a skewed idler, the belt displacement was measured with the help of a
displacement sensor, the force was recorded by a deflector idler with a strain gauge.

The regression equations for various parameters of the conveyor and the
characteristics of the load flow, approximating curves 1, 2, 3, 4 in Figure 2 with a
dependence of the type p(u) = A-u + B, are presented as the following:
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p1(u) = 2840u + 72.78; (14)
p2(u) = 3750u + 185.5; (15)
p3(u) = 4800u + 320.2; (16)
ps(u) = 6520u + 476.2. (17)

The solution of the nonhomogeneous differential equation (13) with the boundary
conditions (10) is described in detail in [6] and is presented in general form for x = L/2

ERS
u(x=L/2)=EA Tt zp(’z‘) sin(%) (18)
A kem
sh L\/g S 2 +A

where 4 (H/m?) and B (H/m) — approximation coefficients in (14) — (17); V4/S — roots
of the characteristic equation [6]; p(x) = [anl(qy + qQuc)/L]a(X) — distributed load with
skewed idlers taken into account, N/m.

Modeling the process, the following initial data were taken: a = 20; qy. = 2000 N/m;
I, =1.0 m; n=100; L =100 m; p =300 N/m; g, = 200 N/m; S = 53000 N; o = 0.05.

Using the equation (18) and changing the values of the approximation coefficients A
and B when the condition u(x) < [u] is fulfilled, we obtain the regime of the stable belt
movement in the conveyor trough (Fig. 3, curve 3).
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Figure 3 — Dependences of changes of transverse belt displacements along the length of the conveyor:
1-pa(u); 2-pa(u); 3 - ps(u)

The larger the approximation coefficients A and B (18) are, the more effective the
control action is. To stabilize the belt movement of long conveyors (L > 500 m), it is
necessary to take into account the range of the control action, in which stabilization of
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the belt movement within the limits of u(x) <[u] is achieved along the entire conveyor.
If this condition is not met along the conveyor at any point, then a second, third, fourth
and so on control action is assigned. The interval between the points depends on the belt
tension, the characteristics of the belt and load flow, as well as on the effectiveness of
the impact. In real conditions, the control action can be created using a centering idler
equipped either with or without a drive.

Conclusions.

1. Possible conveyor failures due to transverse belt displacements occur if the
displacements exceed the permissible values. In this case, the form of the change in the
position of the conveyor belt depends on the skew of the idler along its length, the
parameters of the conveyor and the characteristics of the load flow, the type of load, and
has a slight impact of time.

2. A model which helps to simulate possible conveyor failures at the design stage
with transverse belt displacements has been developed. The essence of the model is to
find the correlation between input and output parameters, in which the transverse belt
displacements can go beyond the limits and a possible conveyor failure can be recorded.

3. A method to control the transverse belt displacements has been developed. The
essence of the method is to adapt the dynamic model of the moving belt in the conveyor
trough to changing conditions and to disclose the uncertainties of the control action with
the known parameters of the mathematical model.
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