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1. SUMMARY

Several mechanisms lead to the generation of elastic Or stress waves
in conveyor belts during starting and stopping. A model is described
to explain the evolution of stresses in belts using solutions to the
one-dimensional elastic wave equation. Techniques have been develoggd
to measure and analyse these transient stresses in the belt using
belt velocity characteristics. A close look at the methods presently
employed to start ang stop belts leads to new design criteria, which
if implemented, will result in significant reduction in transienﬁ
stress levels and so will allow a reduction in belt safety factors

to near 3:1., This results in a lower installed belt cost.

2. Introduction

At present the required breaking strength of a steel-cord belt is
determined by applying the desired operating factor of safety (f.o.s.),
which,typically has a value of tensto the peak steady-state tension in
the running loaded belt. Such 2 high f.o.s. value is considered to be
hecessary to overcome transient stresses in the belt during starting
and stopping. The high cost of the belt in most conveyor installations
reflects these high f.o.s. values.

A reduction in the f.o.s. can be achieved by reducing the transient
Stress in the belt caused by jerk or shock. One way of reducing the
jerk in the belt is to reduce the rate of change of belt acceleration
and deceleration {jerk) by controlled starting and braking of the
drive to the belt. This paper describes some of the drive methods

in use and for each drive system gives typical belt speed characteristics.

An improved method for étérting and stopping which will minimise belt

acceleration and jerk is described.
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3. Belt Stresses

A cohveyor belt is always pretensioned. During the start or brake
perioq, a dynamic loading is induced in the belt from shock generafed
by the drive-drum motion. Tension perturbations of this type are in
fact travelling compressions and rare-factions in the belt, and lead
to high belt stresses. The elastic wave of tension or compression
travelling at the speed of sound in the belt exerts a stress on

each belt element. These waves can snap the belt, cause splices to

pull apart and destroy terminal pulley bearings.

These problems are overcome by using very high f.o.s. values on all '
components —';ﬁ a great cost. Tension pertubatiohs also excite the
belt to flap tiansversly by the mechanism of parametric excitation.

The natural frequency of the belt will be excited when the tension
perturbation is at twice the belt frequency. These vibrations lead

to idler bearing failure and high-frequency alternation in splice shear

stresses which can lead to failure.

Figure 1 illustrates the various excitation paths that can lead to high
belt stresses.
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Fig. 1. Mechanisms leading to high transient stresses in conveyor belts.
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4. ‘Belt Oscillations

During the starting and sto?ping operation there are two distinctly
different mebhanisms that cause perturbations to the belt speed and
belt tension in the longitudinal direction, namely circulating

elastic waves and long period mass-spring oscillations of the whole

system.

4.1 Elastic waves

Firstly, there are periodic variations in the belt speed at a location
¥ along the belt due to travelling longitudinal or elastic waves.
These waves are generated in both sides of the belt due. to its inter-
action with the drive drum. ‘

In the tight~side of the belt a tension wavefront is propagated following
a belt jerk, and in the return side a compression wave is generated,

Both travelling waves circulate, cross through one another, and
eventually decay in amplitude. The variation in belt speed at the -
drun is due to the periodic arrival of compressed and elongated belt.

Fig. 2 iliustrates a belt model using A mass-spring system to include

the initiation of elastic (stress) waves during transient operation.

In the belt eguivalent model, the take-up mass is permaneﬁtly displaced
at t = @ resulting in the well known tensions in the carrying and

return span.
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f‘ig. 2, Conveyor belt mass=-spring model
showing transient and steady-state behaviour
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where p is the belt mass/unit length, and M is the total belt mass

impeding the wavefront. It is cobvious that the effective mass

m* = M/4 for the fundamental mode of longitudinal vibration.

4.2 Mass spring effect

A second source of perturbation to the belt velocity at a location x
along the belt ié a long period (> 10 s) damped oscillation attributed
to the "mass-spring" effect (2}. This effect is a mechrm_ical
vibration due to the interaction between the belt with stiffness k
and the inertia of the take-up mass M'. The natural mass-spring

period of the damped belt spring system is

t, = 27 V(4'+ 1/3m) /k 4 (7)

where m is the total belt mass including the mass equ;valent of the
rotatxng parts (idlers and pulieys) and the material load. Generally, -
t is up to 10 times that of the decay:.ng periodic stress wave period

t; and contributes little to the belt stress.

FPigure 3 summarises both types of longitudinal belt oscillations that

result from a drive displacement. The long~term nature of the mass~
spring effect is neglected in the calculation of transient stress since

in practice the effect is very small compared to that from the. elastic

wave. .
SOLUTIONS OF THE MODEL
Mass Spring Elastic Wave v

"“’|"~“‘| — et

- ! Discontinuous
[Lv\ﬁ},\ﬂ [ MJ e

+
F=« W
G
]
q
q
d
t

- = 1/\&,2.621.11612

- yx1) == Iil Ai anut.Cosslx . e(."UJ

' —t=y/2l =117,

(M+033M ¥ + c % + kx = F(O)
- V[x.t) = Vb""” + du/dt

o - v\
= /2. Jk/(m 4 0.33M) . belt drive  vel perturbation

val. at x

Fig. 3. Mass-spring and elastic wave oscillations for the belt

model in fig. 1.



The elastic waves cause a sinusoidally varying perturbation of

the belt velocity, and satisfy the elastic wave equation for the belt

3
2oL L 2y W
ax v ot

wvhere u = U(x,t) is the longitudinal displacement of a small element
of the belt at position x with time (1). The elastic wave velocity

Vb may be calculated from the expression

v, = Vs' \fps/(pb + oy + pm) , {2)
where Vs is the speed of sound in a steel coxd ~§.34 km/s, p is the_
mass/unit length and subscripts s, b, i and m refer‘to steel cord, belt,
equivalent rotating parts and materials'being conveyed reépectively.
Elastic waves with a wave velocity Vo of typically ;2 km/s lead to

very high transient stresses in the plane of the belt. The stress in
the belt at any location x varies sinuscidally with a period of .

t1 = 22/Vo where £ is the conveyor belt length between terminal pulleys.

It is necessary to solve the wave equation for a conveyor belt so that
a solution is available for a later calculation. A general solution

for eguation (1) is the sum of all harmonically related functions
mnx ' .
ulx,t) = % u, cos -g— . sin wt {3)

where u, is an initial dispiacement, 'm' is a mode number, £ the belt
length and w the wave frequency in the belt. Differentiating equation (3)
wiéh respect to time yields the velocity mode for the belt, and for a
#undamental mode (m=l), and w = an/ e,

du _ N mx
5T {x,t) = vix,t) = Vb cos oy . oS wt (1)

where equation (4) satisfies the boundary conditions for the model in

fig. 1, namely

V(O'O)

-v{®,0) = v0
v®,0) = v(2, R/vo) =0 | (5)

Using equation (4), it is possible to determine the effective belt
mass m* that actually impedes the wave. The kinetic energy averaged

over 1 cycle of the wave (3), with m=l and the wave period T =.42/Vo,

is ‘
n
KB =2 [ [ 2y vixot) 2. ax. d(wt) (6)
T 2
o. -
1 u.28 2 _1mM 2 1.2
=3 4 )'vo 2(4)'v6 =27V,
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4.3 Belt velocity-time characteristics

The instantaneous belt velocity Vb(x,t) is given by

au
Vb(x,tJ = Vd(x,t) + sgix.t) (8)

where Vd(x,t) is the drive input velocity. Since the dynamic velocity
component du/dt is non-zero in the starting ang stopping period, the
instantaneoﬁs belt acceleration isg dependent upon the value of 3u/3t
more than-up&n the slowly varying drive-speed Va. It is therefore
Practical to measure belt velocity and obtain dynamic acceleration
3u2/3t2 since the measurement is more sensit;ve than the slowly varying

3V, /ot.

S. Caleulation of Belt Transient Tension from Belt Velocity Measurement
5.1 Experimental setup |
The velocity of the conveyor belt during the starting and stopping period
is measured using a low-cost miniature d.¢. electric motor operating as

a8 linear generator, converting belt velocity to voltage. The motor is
connected by a 10.8:1 gearbox to a 7.5 em diameter wheel contacting

the belt edge. The voltage generated by the sensor when the belt moves
is applied to an fm tape recorder and a chart recorder,

The acceleration of the belt with time is obtained by electronically
differentiating the output of the velocity-speed Sl' Fig. 4 iilustrates
the system used to record belt veloeity v(x,t) and belt acceleration
a(x,t).

S| —Sensor wheels ...___@ Sy

belt \

voltage Vit) o FM

dc motor : O—O

TAPE
dvit
|_dt - CHART

Fig. 4. Belt velocity transducers

with signal processing and recording

system shown for one transducer,



5.2 Transient tension calculation

The transient tension Td(x,t) in the belt is calculated using the
experimentally derived value of in-plane belt acceleration a(x,t)
and the relation

\ T (x,t) = m*.-‘i‘%:—'-‘i’- = m*.a(x,t) (9)

where m* is the effective mass opposing the motion of the travelling
wave'front; and is analogous to the electrical impedance of a
transmission line.- It was shown previously by calculating the kinetic
energy of the elastic wave that the effective mass over 1 cycle of the
fundamental velocity mode is m* = m/4 (3). The transient stress in
the conveyor belt at a given location x at a time t is derived by
dividing the value of Td(x,t) by the total cross-sectional area of
steel-cords. It is more convenient to calculate T, values since

d
these relate to f.o.s. requirements in belt system design.

6. Application

Fig. 5 illustrates one example of a belt conveyor system showing
starting and stopping transients of belt velocity and calculated
tension. These transients are directly attributed to travelling
elastic waves in the belt and the mass-spring effect prévides only

a small contribution to the acceleration and tension values. In this
example, the belt length is = 5.1 km, the belt weights 40 kg/m, the
takeup mass M is 20000 kg, the belt stlffness is 10400 N/m and m is
398100 kg unloaded belt and 800000 kg loaded belt.

Fig. 5(a) shows the measured belt velocity during the starting and
stopping period with a sensor S1 placed on the return belt. Fig. 5(b)

is the derived belt acceleration.

Fig. 5(c¢) shows the Gecaying elastic waves in the belt with a maasur ad
period tl = 7s, giving an elastic wave velocity of 1450 m/s. This
compares favourably with the theoretical value of Vo = 1464 m/s
calculated from equaFion (2) for the belt where Pg is 9 kg/m Py is

40 kg/m and Py + P is 39 kg/m. The value of Vo_was further confirmed
by measuring the time delay between two sensors Sl and 52'spaced apart
on the belt (Fig. 4). Fig. 5(d) illustrates the vscillation period

of the takeup mass and the spring effect of the belt. The measured
period of oscillation is 25 s. The theoretical value using equaiton (7)
is t, = 24 s for the unloaded belt. 1In the loaded belt the material

mass severely damps the mass-spring effect.
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Fig. 5. Starting and stopping characteristics for
2 5.1 km long conveyor belt.
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Measured belt return-side velocity.
Derived in-plane belt acceleration.
Elastic wave compressions and rare -
fractions causing perturbation to the
belt speed at the drive drum. Measured
wave period is 7 s.

Calculated mass-spring effect for the belt.
Mass-takeup motion showing the combined
effects of the elastic travelling waves
and the system’'s natural frequency due

to the mass-spring effect.

Calculated transient tension superimposed

‘on the normal running belt tension (belt

loaded). :



Fig. 5(e) illustrates the displacement of the mass takeup with time.
It is obvious that the perturbation in belt velocity is synchronous
with the motion of the mass, and this effect would be less pronounced

if the takeup mass were at the tail end of the belt.

Fig. 5(f} illustrates the practical application of equation (9) in
determining the transient tension in the belt return run. The peak
calculated tension is 370 kN, which represents an instant f.o.s. of
6:1 for the unloaded belt and 3:1 for the loaded belt. A "soft” start
with a peak belt acceleration of 0.5 m/s2 would lead to a belt tehsion

of 200 XN peak which happens to equal the running Tl tension. However
for a belt f.o.s. of 6:1, it is only necessary to install a belt of

strength ~SR1200, instead of the value used in this system of SR2250.
The reducticn in belt strength results in significant cost reduction.
This can be achieved with the aid of controlled'starting that reduce
the shock (jerk) wave intensity. The same approach may he applied to
braking a:belt conveyof. Tail driven belts with full material loads
can develop negative tension (compression) in, the return span when
rapid braking is applied to the belt. The belt sags at first, followed
by savere whip caused by the tension wave in the carrying span arriving
at the return span. This type of behaviour severely stresses the

belt and can cause structure alignment problems and pulley bearing
failure (4).

OVERLAND BELT: Lw68 km ST2000 - LOADED REGEN

FLUD ECOCP COUPLING
TAL DRIVE, MEAD TAKELP
1 1 r [ Sl sl
@ REPEAEEN NHES N
N P ey P I . N e
PR RS TR
vinve) 1 W i l =
RNBECaEERNI RRERIES
-"’,.f_" % B8 ) L i . :.Ir | "
° S | R A .
TIZ L g O iy G T
ST 10
asy’ ST e e — 128 .
| o;f\A\Z“':-?—‘fis'f'é CRUU P
- L i L R DEREER S A o h -
-“""""’-.’i:-iini;:!:!ZE‘?EI?-E"
» [ : . .!! i . .
N - NS SRRy I

-2

‘Fig. 6. Starting and stopping velocity, acceleration and tension

for a long overland belt (return side)
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Fig. 6. illustrates the velocity characteristics for a fluid
scoop coupled long overland conveyor belt. The origin of the
elastic wave stems from the tail drive used. The elastic wave
propagates along the return, encounters the loaded belt and slows
down, causing a rapidly damped wave. Upon the application of the
brakes, the belt sags on the return span due to compressive forces

(negative tension), and reaches -2 kN.

7. Design Objectives

The previous example is similar in principle to many long conveyor
belts in service. Investigation of the transient behaviour at
starting and stopping for many belt sfstems indicates that high
stresses are generated in the belt, Multistep Starting generates
large tensions in the belt and fluid coupling drives stress the
belt least. Braking conveyor belts normally generate the highest .
belt stresses. These large stresses stem from poorly designed
starting and braking methods and result in the reguirement of

high f.o.s. in the belt. This is a costly and unnecessary practice.

In order to reduce bhelt f.o.g., and hence belt cost, the fransient
stfess must be lowered. For existing systems such as.in fig. 5 and
6, we can calculate the transient stress using equation {(9). It is

. possible to modify‘start and stop durations, remeasure stress in

the belt and when it is necessary to replace the belt, a lower f.o.s.

can be used based on the peak stress measurements.

However, no design criteria exist in the literature for optimal

'starting and stopping of belts (5}.

The velocity, acceleration and jerk should be zeroc at time t = 0
and after the belt has reached full speed. The boundary conditions

for the design are

Pesign Boundary Conditions:

. vel accel jerk
U=0 U=0 U=0  t=0
?=Vb/2 Y=amax .?TO t=T/2 . {10)
U=V U=0 U=0 2T

b



and the starting or stopping characteristic which gives symmetric

and least peak acceleration is

(L ~ cos =« t)

m
=V it T (11)

The shape of the velocity-time characteristic of equétion (11) is
given in Fig. 7. The characteristic is known as a cycloidal-front,

“ il
= i 1 : 4
0 78 T

Fig. 7. Start or stop characteristic
to minimise stress in the belt, showing
belt velocity as a function of time.

often used in engineering simulatjon (2). Using this function as a
velocity-time drive curve, the peak acceleration at t = t/2 is, by
differentiating equaiton (11),

vb L]
pax "7 T _ (12)

where T is chosen to be the time to accelerate the helt to velocity
Vb' The propagation of stress still applies here, and the peak
transient non-oscillatory stress can be obtained by substituting

equation (12) into equation (9), i.e. Td = m*, & ax

Fig. 8 describes a speed controllerto take advantage of the optimal
speed curve using a programmable commercially availabe unit. The

belt speed is sensed to ensure that drive overspeed does not occur.

From a belt point of view, the f.o.s. can be completely predétermined
using this approach. Assuming that a steel-cord belt is deéigﬁed
to operate midway along its linear force-extension curve, then in

« By
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terms of the breaking force B(kN), the operating load_is



