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Abstract. Belt conveyors, having high reliability and efficiency, are the main means of continuous
transportation both in underground and in open-cast mining. Despite their numerous advantages,
however, belt conveyors are expensive in maintenance. Therefore, improvements in the field of belt
conveyor transportation largely focus on methods for lowering their power consumption. The energy
consumption level of a belt conveyor depends on the motion resistances which occur during its
operation. In the case of conveyors having lengths greater than 80 m, main resistances are the
dominant component of motion resistances, and up to 60% of main resistances may be accounted for
by the rolling resistances of the belt on idlers. Motion resistances, including rolling resistances, have
long remained an object of research. Extensive laboratory tests and increasingly detailed theoretical
models allow a better insight into the phenomena involved in the movement of the belt on the
conveyor. Different research results place different weight on the influence of individual parameters
(such as unit load or phase lag angle) on belt rolling resistance. The greatest inconsistencies, however,
are observed in the analyses of belt speed impact, which is occasionally not even included in some
models. This paper discusses the known and commonly used methods for determining the rolling
resistances of the belt on idlers. It also proposes a new solution, which employs the analysis of strain
variation in the belt for successive load cycles to determine whether belt speed has a direct influence
on the value of rolling resistance.

1 Introduction all [6-9]. Unlike in-situ tests or even laboratory tests,

theoretical analysis of strain in conveyor belt may provide
Belt conveyors are an indispensable means of transport in definite answers on whether belt speed directly affects
a number of industries, but their most significant belt rolling resistances.

application is in the mining industry. Modern conveyors
prove highly reliable and capable of transporting material
over distances of several dozen kilometers, and with 2 SymbOIS
efficiencies of up to several tens of thousands of tones per

. . - i i he belt, [P
hour. Therefore, the main goal for further improvements a compressive stresses gctlng on the belt, [Pa]
. . s . - ¢ - measure of belt damping, [-]
in the field is to maintain the transportation capabilities of . .
belt conveyors while reducing their energy consumption o - duration of a single load cycle, [s]
tn - time to maximum transverse strain of the belt, [s]

[1]. Limiting power demand of belt conveyors directly
and significantly limits the costs related to the operation rad
of a mining transport system. This task may be achieved @y - angular velocity of the idler, [T]
by first identifying what factors or operating parameters vi  -belt speed, [ﬁ]

mostly affect the energy consumption levels. The energy s

consumption of belt conveyors results from motion o - phase lag angle, [rad]

At - belt transit time between idler sets, [s]

resistances and therefore only a detailed analysis of their & ) tran;verse Strams’ [_].

components may indicate where greatest reductions are ér - particular SOl.u tion (V.lSCOIlS flow), [_;l

possible. The issue of reducing motion resistances has & - general solution (typlcal’for harmonic load), [-]
long been the object of study in many research centers % - time constant of the belt’s model, [s]
worldwide [2-5]. The influence of such parameters as unit Di - ¥dler dlamete.r, [m]

belt load or operating temperature on individual li - idler set spacing, [m]

E. -modulus of elasticity / resultant modulus of the belt
under transverse compression (allowing for a number of
plies in the belt), [Pa]

components of motion resistances remains beyond doubt.
Belt speed, however, either is given various degrees of
importance in theoretical models or is not represented at
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3 Motion resistances and energy-
consumption of belt conveyors

During the operation of a belt conveyor, a number of
physical phenomena occur, which lead to energy
conversions. Each case of energy loss is caused by another
component of motion resistances. These resistances
include three groups: main resistances, concentrated
resistances and lift resistances. Lift resistances occur in
the inclined sections of the conveyor flight and are
attributed to the lifting of both the belt and the transported
material. Concentrated resistances include the resistances
on the head pulley, the drive pulley, the tail pulley, the
take-up pulley and on the impact idlers. Main resistances
accompany belt movement along the complete flight of
the belt conveyor. They include idler rotational
resistances, belt flexure resistances, flexure resistances of
bulk material, belt slip resistances and rolling resistances
of belt on idlers. Main resistances are the dominant
component of motion resistances for conveyors having
lengths greater than 80 m. In turn, up to 60% of main
resistances may be attributed to belt rolling resistances.
Consequently, these resistances may decisively affect the
values of motion resistances, and therefore research into
energy-efficient belt conveyor solutions should first focus
on a detailed analysis of factors which may influence belt
rolling resistances. Belt rolling resistance (also referred to
as belt indentation resistance) is the result of a cyclical
indentation action of the idler into the pulley cover. Due
to viscoelastic properties of the belt, its rolling resistance
depends on a number of components, such as ambient
temperature, load, or the geometry of the system.

4 Calculation models

The known and commonly used models for calculating
belt rolling resistances can be classified into two groups
[10, 11]. The first group includes the Finite Element
Method (FEM) proposed by Wheeler [9], and the
Boundary Element Method (BEM) proposed by Qui [12].
Both methods were verified against either test results or
the results independently obtained by other researchers.
These models are based on the geometry of the system,
which is divided into small sections, and the results are
subsequently approximated for the whole system. The
second group comprises theoretical models. Rolling
resistances are calculated in these models in relation to a
number of various factors. Authors of these methods use
structural parameters of the conveyor and the load of the
system. Authors such as May [13] and Hunter [6] also
relate rolling resistance to belt speed. Jonkers, Spaans or
Lodewijks [7, 8, 14], on the other hand, use phase lag
angle and do not establish a direct link between the
eventual rolling resistance values and belt speed.

5 Theoretical analysis

The significant influence that belt movement speed has on
motion resistances in the conveyor is beyond doubt. Belt
speed directly affects both the resistances which occur at
the material feeding point (concentrated resistances) and
some components of main resistances. In order to
unequivocally determine the relationship between belt
rolling resistances and belt speed, studies must focus on
the physical phenomena leading to energy conversions.
Information on this process is obtained from the hysteresis
loop. It is a diagram representing the relationship between
stress and strain in time. A belt conveyor operated in
actual conditions experiences harmonic loads when the
belt passes the idler support. In the first loading cycle, the
hysteresis loop starts from zero stress and strain (Fig. 1).
Belt loads are accompanied by temporary strain. The
viscoelastic properties of the belt cause this strain to occur
beyond the contact zone between the belt cover and the
idler coat. The belt resumes its initial state with some
delay (phenomenon known as viscous flow). The spaces
between idler sets on the conveyor are sufficiently wide
for the belt to resume its initial state. In such case, each
loading cycle may be considered as the first cycle. In order
to verify this fact, an analysis should be performed
whether a relationship exists between the final strain and
the initial strain in successive loading cycles.
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cycle

/
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Fig. 1. Hysteresis loop for the first and for the successive
loading cycles.
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Fig. 2. Diagram of stress and strain in the belt on successive idler supports.

If an initial strain is assumed to already exist in each
successive loading cycle (except for the first cycle),
investigations must demonstrate whether the belt, after
being subjected to the final strain in a cycle, will have
sufficient time to resume its original shape while traveling
between the idler sets. Compressive stresses acting on the
belt occur in its contact zone.

Compressive stresses are a simple harmonic function,
which may be expressed with the following equation:

o =0,-sin(w,) (1)

On the belt conveyor, this function takes the following

form:
de
o=FE -|e+7, — 2
c ( 0 dtj ()

Such stress distribution is accompanied by transverse
strain, which has two components. The particular solution
includes viscous belt flow due to successive loading
cycles on the idler supports as well as the spaces between
idler sets. The general solution, on the other hand, is a
typical function of harmonic loads which allows for the
delay between the stress and the strain (phase lag 9).

For the first cycle:

tm

-sin(268) - e T (3)

E1m =

c

with the idler and if the load on the system is assumed to
be constant, ouq is identical for each cycle. Maximum

strain occurs in the location where the belt passes over the
central part of the idler. Therefore, .. is shifted in
relation to Gmax.

o _tm
Eom = E_O cos8 - sin(w, " t,, —8) e ™
o G “)
= —-c0sé
Ec

While belt strain at the end of the first cycle is:

to

o, b
gy = T sin(26) e ™ %)
c
o _fo
Eop = . coss - sin(w, -ty — &) -e ™
Ee (6)
= —E—z-cosrﬁ - siné
gk = glk + SZk
% sin(28) - e T — 2 cos6 - sing "
=_°. ce To— 2. .
2E, sin e E, cosé - sin
o, sin(26) _to
£k=—0-—-(e ro-1) ®)
E, 2

Therefore, ¢, should be assumed to correspond to the
strain which remains in the belt after it passes between
idler supports.
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As can be seen, the relationship between ¢, and &

depends on the time constant in the belt model. This
observation leads to the following thesis:

At
f) =—— (10)

To

When analyzing the strain in the second cycle:
o, sin(28 b _A
e =—0-¥-<e 10_1>.ero an

Based on an assumption that no stress relief occurs in
the belt, in the contact zone with the idler:

Emax = Em T &, T & (12)

c

g, m gy )
Epax =~ | sin28-e 0 +—cosd + sin26-e 0 - (e - 1) (13)
2E, E

In order to simplify the equation, the phase lag angle
Jd may be substituted with the measure of damping ¢.

S =

N[ R

1-¢
T¥¢ (14)

o 1-§& A/ b
Ep(f)=i-<sin(ﬂ-1+§)-e 7 (e fﬂ—l)) (15)

Thus, for the second and each successive cycle in the
function ¢, the equation describing initial strain takes the
following form:

At
The function is still dependent on e 0. Therefore, it
must be verified whether the power exponent depends in

. . At . .
this case directly on speed (whether —T—t is a function
0
depending on v;).
The relationship between the time constant of the belt

model and the phase lag angle is described with the
following equation:

Angular speed, on the other hand, may be determined
as follows:
2v,
wy = — 18
°= D, (18)

where:
‘Ut = (19)

Thus:

At At - w, 21,
- = =— (20)
T tgé tgd - Dy

Therefore, the dependence (9) is influenced not only
by the structural parameters of the conveyor but also by
the phase lag angle.
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Fig. 3. Relationship between phase lag angle and strain growth.

The diagram in Fig. 3 was plotted with idler set
spacing assumed to be at 0.8 m, 1.2 m and 2.5 m in the top
run and the idler diameter to be 0.2 m. The variants
designated in green and in yellow correspond to extreme
distances between the idler sets. The blue line indicates
the 1.2 m spacing, which is the most typical distance in
practical applications. Thus, in the case of a typical belt
conveyor, a potential strain growth in the belt in
successive cycles may be due to the high value of phase
lag angle.

6 Conclusion

The theoretical analysis here presented indicates that
speed does not have a direct impact on the rolling
resistance value of the belt on idlers. The influence of
phase lag angle on belt rolling resistance is commonly
known. Typically, the values of § do not exceed 0.4
radian. In the case of greater phase lag angles, on the order
of 0.5 — 0.6 radian, rolling resistances become also
influenced by idler set spacing. In such case, the ratio of
the initial strain to the final strain of the previous cycle is
between 11077 and a maximum of 8-1077. This increment
is still negligible. Importantly, the energy-efficient belts,
which are currently becoming increasingly popular, have
phase lag angles smaller than traditional belts. In the case
of such belts, strain growth will not be observed even if
idler sets are spaced at 0.8 m.
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