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PREFACE

The first international conference in Europe dedicated to Storing, Handling and Transporting Bulk Solids
Material, BulkEurope2006, was held in Barcelona on the 5th and 6th of October, 2006. The theme of
BulkEurope2006 was innovation. BulkEurope2006 aimed at bridging the gap between academia and industry
by providing a forum where new ideas, concepts, methods and technologies were shared and exchanged
between the academic institutes, the engineering and consultancy companies and the end users of bulk
material handling, transporting and storing systems. It also served as a networking platform for all
attendants to make new contacts and to refresh the old ones, to strengthen and enlarge their private
network and broaden their possibilities. The scope of BulkEurope2006 was all aspects of design, operation,
maintenance, surveillance and automation of bulk materials handling plants and individual parts of
equipment for bulk material transport, storage, handling and mechanical processing in various industries
such as mining, cement, power generation, steel making, ship-, rail-, and road transport and others.
BulkEurope2006 turned out to be a great success.

In 2008, on September the 11th and 12th, the second edition of the conference, now called BulkEurope2008,
was organized in Prague, the Czech Republic. Where BulkEurope2006 was dedicated to Innovation,
BulkEurope2008 was dedicated to the environmental impact of systems used for Storing, Handling and
Transporting Bulk Solids Material. The focus of the conference was on technologies, methods and measures
used to reduce the generation of dust, spillage and noise. The aim and scope of BulkEurope2008 was the
same as those of BulkEurope2006. Once again, BulkEurope 2008 succeeded in bringing together an audience
from academia and industry. Many fruitful discussions, new contacts and meeting old friends from all over
the world were the outcomes!

On both conferences together over hundredth papers were published and presented. The experience of the
editor of this book however, who chaired BulkEurope2006 and BulkEurope2008, is that the reach of
conference papers is limited. Therefore it was decided to collect the best and most informative papers and
publish them in book form. This book, titled Current Developments in Bulk Solids Handling, is the results of
this exercise. The number of papers, reworked into chapters, presented in this book is limited because the
size of the book had to be limited. Therefore four main topics were selected focussing on innovation and the
environmental impact of bulk material handling, transporting and storing systems: A: belt conveyors, B:
pneumatic conveyors, C: silo and dry bulk terminal technology and D: environmental aspects. It is however
acknowledged that on both conferences many more excellent papers were presented on other than the four
mentioned topics.

In 2010 the third edition of the conference, logically name BulkEurope2010, will be held in Glasgow,
Scotland. | hope that this conference will be equally successful and that the bulk material handling,
transporting and storing community once more finds a forum and a meeting place to exchange ideas and
new developments. | look forward to see you all again in Glasgow in 2010.

Yours sincerely,

Delft, February 2010 Prof.dr.ir. Gabriel Lodewijks (Editor)
Chairman of BulkEurope 2006/2008/2010
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A.1 Design Considerations to Reduce the Costs of
Conveyor Systems

C.A. Wheeler

Centre for Bulk Solids and Particulate Technologies, The University of Newcastle, Australia

1 INTRODUCTION

Belt conveying systems are used extensively in the
mining and minerals processing industries to
continuously transport bulk material. The
investment and ongoing costs associated with
these systems are substantial and can represent a
significant proportion of overall plant costs. This
chapter will discuss factors that influence the
motion resistance of belt conveyors, and therefore
the energy costs associated with the operation of
these systems. While energy costs are an
important design consideration, the economic
performance of the system over the life of the
installation should also be considered and will be
briefly discussed using life cycle cost analysis.

The motion resistances that occur along the length
of the conveyor are known as the main resistances
and include the belt and bulk solid flexure
resistance, the rotational resistance of the idler
rolls and the indentation rolling resistance of the
conveyor belt. Generally the indentation rolling
resistance component is the major contributor to
the motion resistance of long horizontal belt
conveyors. Typically the next highest is the
resistance due to the flexure of the bulk solid,
followed by the rotating resistance of the idler
rolls, and then the belt flexure resistance. The
magnitudes of the main resistances are strongly
influenced by factors such as belt speed, belt
width and type, idler diameter and spacing, etc.
The selection of these variables is in the hands of
the conveyor designer and is traditionally
approached from an empirical standpoint.

This chapter will discuss the influence of particular
belt conveyor variables on the resistance to
motion of belt conveyors, and thus the energy
consumption. The aim of this chapter is to inform
the conveyor designer of the influence of these
variables and therefore provide the opportunity to
reduce the energy consumption at the design
stage. However, while reducing the motion
resistance is an important consideration, the
conveyor design should also be made with
consideration to the capital cost of the system. As
a result the economic performance of belt
conveyor systems will be discussed using an
established economic model based on life cycle
costs developed by Roberts et al. ([1],[2]).

2 BULKSOLID AND CONVEYOR BELT
FLEXURE RESISTANCE

Bulk solid and conveyor belt flexure resistance
occurs along the length of the conveyor as the belt
and the bulk solid undergoes transverse and
longitudinal displacement due to belt sag. As the
belt progresses from one idler set to the next the
bulk solid undergoes cyclic expansion and
contraction in the transverse direction, in addition
to variation in height in the longitudinal direction.
The relative movement of the bulk solid results in
energy losses due to the internal friction of the
bulk material, while the movement of the
conveyor belt results in losses due to the
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viscoelastic nature of the rubber belt. The losses
due to the flexure of the conveyor belting will not
be discussed in this chapter due to the small
amount that this component adds to the motion
resistance, as noted by Wheeler [5].

For the purpose of analysis, bulk solid flexure can
be considered to consist of both transverse and
longitudinal resistance components. When the
belt is supported by an idler set, as indicated by
positions A and E in Figure 1, the bulk solid is
forced to conform to the troughing profile,
resulting in transverse compressive stresses. As
the belt moves to position B, the troughed belt
opens under the action of gravity allowing the bulk
solid to relax transversely forming an active stress
state. Longitudinally, however, the bulk solid is
undergoing compressive stress due to the
contraction of the bulk solid arising from the sag
of the belt. Upon reaching approximately 50% to
60% of the idler spacing, as indicated by position
C, the stress states theoretically reverse. A passive
stress state is induced in the transverse direction
due to the compressive stresses caused by the
narrowing profile of the belt, while the bulk solid
in the longitudinal direction dilates

¥, - ; N
Act | 1Act
| Pas i
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A to C: Belt Opening ¥

generating an active stress state as it moves away
from the point of maximum sag.

The cyclic transverse and longitudinal flexure of
the bulk solid results in flexure losses due to
internal friction and friction at the belt and bulk
solid interface.

In order to calculate the flexure resistance of the
bulk solid the forces generated from the relative
movement of the bulk solid need to be resolved,
taking into account the properties of the bulk solid
and the conveyor belt. The magnitude of the belt
deflection, troughing configuration and belt speed
each contribute to the amount of belt and bulk
solid flexure, and therefore, the flexure resistance.
Bulk solid properties including bulk density, bulk
solid surcharge angle, internal friction and friction
at the belt interface determine the pressure
distribution acting on the belt and the losses
attributable to the relative movement of the bulk
solid.

Spaans [3] was the first to provide an analytical
model to calculate the flexure resistance of the
bulk solid due to the cyclic transverse and

Figure 1: Induced active and passive stress states for a loaded
conveyor belt.
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longitudinal deformation. The transverse flexure
resistance is modeled by calculating the difference
between the work done during the opening and
closing of the belt, as the belt moves between
consecutive idler sets. The normal forces acting on
the side idler rolls are calculated using a method
developed by Krause and Hettler [4], who provide
an analysis of the total force acting on the idler
rolls due to the formation of active and passive
stress states within the cross-section of bulk solid.
Spaans [3] also calculated the longitudinal flexure
resistance. This analysis involved considering an
elemental volume of bulk solid with vertical
boarders on top of a flat belt. As the element
moves between successive idler sets it undergoes
compressive forces due to the belt sag, and since
the bulk solid possesses internal friction, energy is
absorbed in the bulk solid in the form of flexure
resistance.

The results presented in this chapter were
generated from the method detailed by Wheeler
[5]. This method adopts a similar approach to that
of Spaans [3] by individually calculating the
transverse and longitudinal components of the
bulk solid flexure resistance. The analysis uses
orthotropic plate mechanics to calculate the belt
deflection to provide a means of predicting the
flexure resistance due to the relative movement of
the bulk solid. A similar approach to that of Krause
and Hettler [4] is used to predict the active and
passive stress states that are formed within the
bulk solid as the belt opens and closes between
successive idler sets. The pressure factors given by
Krause and Hettler [4] are used, but rather than
calculating the resultant normal force acting on
the conveyor belt due to the induced stress states,
the analysis calculates the pressure distribution
over the surface area of the conveyor belt.

Figure 2 represents typical results generated from
the program. This example demonstrates the
influence of the internal friction angle and idler
spacing. While the conveyor designer typically has

C. A. Wheeler

little control over the properties of the bulk solid
being conveyed, and in particular the internal
friction angle, it is still worth noting its influence
on the bulk solid flexure resistance. As the internal
friction angle increases the ratio between the
passive and active stress factors also increases.
This has the effect of increasing both the
longitudinal and lateral components of the bulk
solid flexure resistance.
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Figure 2: Bulk solid flexure resistance coefficient versus
kinematic internal friction angle for a range of idler spacings.
(belt speed = 5m/s, belt width = 1.2m, sag ratio = 2%, bulk
density, p = 1000kg/ m’, friction angle with the belt conveyor,
®w=30°).

Figure 2 also shows the reduction in the bulk solid
flexure resistance coefficient with increasing idler
spacing. This occurs since the magnitude of the
flexure resistance per idler set only increases
marginally with idler spacing since in the present
example the sag ratio is maintained at 2%.
Consequently, the flexure resistance force per unit
length decreases with increasing idler spacing
providing belt tension is increased accordingly to
maintain 2% sag.

An important aspect of the analysis is the
allowance for the influence of belt speed. As
indicated previously the transition between the
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stress states typically occurs at 50% to 60% of the
idler spacing. The exact location of the transition is
heavily dependant on the belt speed since as the
belt speed increases the transition, and therefore
the point of maximum sag moves further away
from the midpoint of the idler spacing. To account
for these dynamic effects in the program an
iterative procedure is employed. The procedure
initially assumes that the transition occurs at the
midpoint of the idler spacing and then with each
iteration the profile of the belt alters as a result of
the momentum of the moving bulk solid. Typically
at high belt speeds the transition will occur at 55
to 60% of the idler spacing. Since the bulk solid
flexure resistance is calculated from the difference
between the work done during each stress state,
increasing belt speed has the effect of increasing
bulk solid flexure resistance, as shown in Figure 3.
The increasing flexure resistance occurs for each
of the sag ratios shown and is slightly more
pronounced with higher sag ratios.
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Figure 3: Bulk solid flexure resistance coefficient versus belt
speed for a range of sag ratios. (belt width = 1.2m, idler spacing
= 2m, kinematic internal friction angle, @; = 35°, bulk density, p
= 1000kg/m’, friction angle with the belt conveyor, @,, = 30°).

Given the influence of particular conveyor
variables on the bulk solid flexure resistance it is
clear that the conveyor designer has control over
many of these at the design stage. While the bulk
solid properties are typically design constraints,

other variables such as idler spacing, troughing
configuration, belt speed and tension are able to
be selected by the conveyor designer to minimise
the life cycle cost of the belt conveyor system.

3 ROTATING RESISTANCE OF IDLER
ROLLS

Predicting the cumulative resistance of idler rolls is
vitally important in calculating the belt tension
and therefore power requirements of a system,
particularly on long overland conveyors where
there are typically more than one thousand idler
rolls per kilometer of belt. The rotating resistance
occurs due to the friction of the rolling elements in
the bearings, the viscous drag of the lubricant and
the friction of the contact lip seals.

The rotating resistance of the idler rolls is
primarily dependent on the seal type and
configuration, the type of bearings, the
temperature of the lubricant and the rotational
speed of the idler roll. Contact lip seals and grease
filled labyrinth seals form the boundary preventing
dust and water ingress into the rolling elements of
the bearings. The labyrinth seals are usually
packed with grease to optimize the sealing
efficiency of the labyrinth, resulting in viscous drag
generated from the shearing of the grease
between the layers of rotating and stationary
surfaces. An outer contact lip seal typically forms
the primary boundary between external
contaminants entering the labyrinth seal, while an
inner lip seal contains the lubricating grease within
the bearing. The outer and inner contact lip seals
add to the rotating resistance of the idler roll due
to the nature of the sealing mechanism. In
addition to the resistances associated with sealing,
conventional idler rolls use rolling bearings where
the friction primarily depends on the bearing type
and size, the operating speed, the properties and
quantity of the lubricant and the load. The total
resistance to rolling in a bearing is made up of the
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rolling and sliding friction between the rolling
elements and the cage and guiding surfaces and,
the friction in the lubricant, as noted by Palmeren
[6].

Wheeler [5] provides methods to calculate the
individual components of the rotating resistance
of the idler rolls. The analysis provides theoretical
estimates for the friction due to the bearing,
labyrinth seals and lip seals. The contribution of
the labyrinth seal viscous drag is approximated by
calculating the torque required to shear the grease
using a force momentum balance for a Newtonian
fluid. The resistance due to the rolling bearings is
approximated by calculating the no-load and load
moments acting, while the contact lip seal
resistance is calculated from a derived empirical
formula. In addition to providing a theoretical
approximation of the rotating resistance, an
experimental apparatus to measure the rotating
resistance of conveyor idler rolls under simulated
operating conditions was also developed. Figure 4
shows a photograph of the test facility.

The idler roll to be tested is supported on knife-
edge supports that enable the vertical force at
each end of the shaft to be measured
independently using load beams. Collars are
attached to each end of the idler shaft that rest on
the knife-edge supports and allow the shaft to
rotate freely about the knife-edge. The rotating
resistance of the idler roll is measured using a load
beam which measures the torque required to hold
the shaft stationary. A flat drive belt applies a
vertical load and a driving torque to the idler
through a variable speed drive, which can be
ramped up to the required belt speed to represent
the starting characteristics of the conveyor. The
flat drive belt has the added advantage of
damping the vibrations induced from the radial
runout of the idler roll. The vertical load is
provided by a pivoted mass carrier and can be
applied at any position along the length of the
idler roll. The device can accept idler rolls up to
1250mm long and 178mm in diameter.

Figure 4: Idler rotating resistance measurement apparatus.

The measurement apparatus is housed within a
temperature controlled room where the ambient
temperature can be set from -10°C to +60°C.
Additionally, if required the bearing temperature
can be monitored using a thermocouple located
beneath the inner race of the bearing. The test
procedure involves measuring the rotating
resistance for a particular idler roll under
simulated operating conditions. The idler roll is
subjected to the required vertical load and
ramped up to an equivalent operating belt speed
over the specified conveyor starting time. The test
is carried out until the rotating resistance force
stabilises signifying the equilibrium temperature
for the grease. The test is repeated over a range of
ambient temperatures determined from the
climate in which the conveyor is to be operated.
Typically new conveyor idler rolls are required to
be run for a period of time to ensure the lip seals
are worn in and the grease is allowed to circulate
under normal operating temperatures.
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Figure 5: Idler roll rotating resistance versus time for a
@152mm at 6m/s.

3.1 Experimental Results

The following test results are presented to
demonstrate the use of the measurement
apparatus for determining the rotating resistance
of idler rolls. Figure 5 shows the total rotating
resistance for a @152mm idler roll operating at
6m/s and ambient temperatures of 20 C and 0 C.
Both results clearly demonstrate the reduction in
rotating resistance with running time, as the
temperature of the grease within the bearings and
the labyrinth seals increase. The roll tested at the
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Figure 6: Idler rotating resistance factor for a @152mm idler roll
with 6307 series deep groove ball bearings shown for a range
of belt speeds and normal loads.
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Figure 7: Idler rotating resistance factor for a @152mm idler roll
operating at 4m/s for a range of normal loads and a variety of
deep groove ball bearings.

lower ambient temperature will stabilize at a
higher rotating resistance force. The rate at which
the rotating resistance reaches a constant value is
dependent on the properties of the grease, belt
speed and ambient temperature. The influence of
the temperature of the grease on the overall
rotating resistance will vary depending on the
contributions of the viscosity dependent factors.
The variation in rotating resistance with both time
and ambient temperature clearly demonstrate the
need to undertake testing at simulated operating
conditions.

Figure 6 shows the calculated rotating resistance
factor versus normal load for a @152mm idler roll
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with 6307 series deep groove ball bearings for a
range of belt speeds. The rotating resistance
factor increases with belt speed primarily since the
shear rate of the grease increases. Furthermore
the rotating resistance factor increases to a lesser
extent with increasing normal load.

Figure 7 shows the calculated rotating resistance
factor versus normal load for a @152mm idler roll
operating at 4m/s with three commonly used deep
groove ball bearings. The larger bearings show
greater rotating resistance factors for the range of
normal loads. Also the rotating resistance factors
show a decrease with increasing normal force,
proving that the force per unit length will decrease
with increasing load up to a particular limit, such
as in the case of increasing idler spacing.
Evaluations of this type should be made in
consultation with the idler roll manufacturer to
determine maximum operating load.

4 INDENTATION ROLLING RESISTANCE

Indentation rolling resistance occurs due to the
viscoelastic nature of the bottom cover of the belt.
As the belt travels over the idler roll the bottom
cover of the belt is indented due to the weight of
the belt and bulk material. The cyclic indentation
of the bottom cover of the belt as it passes over
the idler rolls generates a resistance to motion
due to the formation of an asymmetric pressure
distribution within the contact area of the idler roll
and belt due to hysterisis losses.

A finite element method has been developed to
calculate the indentation rolling resistance by
calculating the asymmetric pressure distribution
within the contact area of the rubber belt and the
idler roll. The roll diameter will prescribe the lower
boundary conditions, while an iterative procedure
is used to increase the depth of indentation until a
specified vertical load is reached. Analyzing stress
and deformations in the contact region relies on

C. A. Wheeler

the formulation of the stress-strain-time relation
for the response of the bottom cover material.
The analysis assumes that the bottom cover of the
belt is homogeneous and isotropic. The speed of
the belt is considered to be constant so a steady
state viscoelastic stress analysis may be applied.

Given the initial displacements of the nodes within
the contact zone, the vertical forces acting on the
boundary nodes in the contact zone are
calculated. As a result of the viscoelastic response
of the bottom cover material, the contact length
will not be symmetric about the centerline of the
roll and there will be less contact on the exit side
of the idler roll. Consequently, since the contact
zone is initially assumed to be symmetric, negative
forces occur at nodal points on the exit side of the
idler roll, representing induced tension as the
nodes are forced to conform to the profile of the
idler roll. Tensile forces are not possible without
adhesion between the roll and the cover material
and, therefore any negative forces acting on nodal
points along the boundary in the contact zone are
reassigned as free boundary nodes.

The horizontal force generated by the load acting
within the contact zone is calculated from the sum
of the vertical forces about the centerline of the
idler roll. The sum of the vertical forces, acting at
the nodal points within the contact zone results in
a moment acting to oppose the motion of the
conveyor belt due to the resulting asymmetric
force distribution. The total horizontal force acting
at the interface between the belt and the idler roll
is equivalent to the indentation rolling resistance
force.

4.1 Experimental Results

In order to verify the linear viscoelastic finite
element analysis experimental tests were
undertaken on a recirculating conveyor belt test
facility at The University of Newcastle, Australia.
Figure 8 details the measurement method which
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enables the measurement of the indentation
rolling resistance force for a sample of flat

Figure 8: Indentation rolling resistance measurement details.
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Figure 9: Indentation rolling resistance force versus vertical
force; FEA and experimental results for @100 mm, @125 mm
and @150 mm idler rolls at a belt speed of 2 m/s.

conveyor belt on the recirculating test facility. The
belt speed, idler roll diameter and vertical load can
be varied and the influence of each parameter
measured and compared with that predicted by
the finite element analysis.

The total horizontal force acting on the idler roll
pictured in Figure 8 is due to the indentation

18

rolling resistance and the rotating resistance of
the idler roll. The total horizontal force is
measured using an instrumented idler roll which
also measures the idler rotating resistance as a
separate component, enabling the indentation
rolling resistance to be isolated. The idler rolls are
supported at each end by a collar that is attached
to the shaft. The collar is supported on a knife-
edge and rocker support that enables the vertical
force, F to be measured by a load beam while the
horizontal force, F is measured by a s-type load
cell, detailed in Eigure 8. The rocker support
facilitates measurement of the vertical force while
allowing horizontal movement which is only
restricted by the s-type load cell. The knife-edge
support allows the idler shaft to rotate freely
about the knife-edge but is restricted by the load
beam which measures the torque, T resulting
from the rotating resistance of the idler roll.

To verify the finite element analysis a structured
testing program was undertaken to test a range of
operating variables. The results presented in this
chapter are for tests conducted at 20 C using an
SBR bottom cover compound, using a range of
idler roll diameters and belt speeds. Figure 9
shows calculated and measured indentation
rolling resistance forces plotted against the
applied vertical loads for a belt speed of 2 m/s.

The test results show a good correlation between
experimentally measured values and those
calculated using the finite element analysis.
Experimentation has shown that for high belt
speeds and high vertical loads, the finite element
analysis can over estimate the indentation rolling
resistance force, since the influence of the lagging
tail in the recovery zone is not fully modelled.
Research has shown that higher belt speeds can
be more accurately modelled by extending the
length of the analysis zone, however this comes at
the expense of additional computational time, and
is an area of ongoing research.
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Figure 10: Calculated pressure distribution for a @150 mm idler
roll under a simulated vertical load of 2.5 kN/m at belt speeds
of 2, 4 and 6 m/s.
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Figure 11: Calculated indentation rolling resistance factor
versus vertical force for @127mm, @#152mm and @178mm idler
rolls at a belt speed of 4m/s.

As mentioned earlier, the resistance to motion
comes about due to the hysteresis losses and the
formation of an asymmetric pressure distribution
within the contact zone. The asymmetry of the
pressure distribution is clearly evident in results
shown in Figure 10, and becomes more
pronounced with increasing belt speed.
Furthermore, as the belt speed increases, the
magnitude of the pressure distribution increases
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since the same vertical load is applied over a
smaller contact length.

Another important variable is idler roll diameter,
which not only influences the rotating speed of
the roll and therefore the rotational resistance,
but more importantly the indentation rolling
resistance. The results shown in Figure 11
highlight the influence of the idler diameter on the
indentation rolling resistance. The results clearly
demonstrate the advantage of larger roll
diameters to reduce indentation rolling resistance.
Furthermore, the relationship with normal load
demonstrates a gradual decrease with increasing
load. The finite element analysis provides an ideal
mechanism to evaluate the influence of each
variable at the design stage.

5 ECONOMIC CONSIDERATIONS

Clearly from the foregoing analysis the selection of
particular variables can have a significant influence
on the motion resistance of a belt conveyor. While
reducing the energy consumption is an important
consideration, the conveyor design should also be
made with consideration to maintenance and
capital costs of the system. As a result the
economic performance of a belt conveyor system
is suited to evaluation using life cycle cost analysis.

Roberts et al [1][2] provides a detailed economic
analysis of belt conveyor systems based on life
cycle costs. Cost functions were derived to take
into consideration the energy costs and annual
equivalent costs of conveyor components for the
design life of the system. Component life, salvage
value, taxation rate, and rate of return were
considered in the latter. Optimum designs for a
minimum annual equivalent cost were determined
based upon performance, and geometric and
design constraints.





