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Multiple drive belt conveyors are being increasingly incorporated in mining plans worldwide because
of their high economic performance and the ease of moving these installations around, especially in
underground mines. A typical modern multi-drive conveyor system consists of one or more intermediate
drive stations positioned along the upper stretch of the conveyor and a single drive station situated in
the lower stretch. Despite the acknowledged cost saving potential of the multiple drive technology, no
previous work was reported on the methodology to realize a cost-effective design of multi-drive belt

conveyors.

This study investigates a design approach for multiple drive belt conveyors with the objective to achieve
the lowest life cycle cost of multi-drive belt conveyors for a specified material transport task. For
this purpose, an optimization model for the cost-effective design of multi-drive conveyor systems is
formulated on the basis of the recommendations of the DIN 22101 and SANS 1313 standards. For a
given number of intermediate drive stations, the proposed model optimizes a set of design parameters
so that the minimum equivalent annual cost of a conveyor can be attained whilst handling the transport

requirements and design conditions. The conveyor parameters optimized in this study are the rated
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powers of motors, the rated torques of gear reducers, the diameters and wrap angles of drive pulleys, the
belt width, the belt speed, the lengths of the belt sections not nestled between drive pulleys, the spacings
between idler rolls and the shell diameters and shaft diameters of idler rolls. For benchmark analysis

purposes, a similar optimization model is also developed for the single drive technology.

Described as mixed integer nonlinear programming (MINLP) problems, the two optimization models
are solved using the MIDACO solver embedded in the MATLAB environment. The results of this
study show the validity and effectiveness of the design model proposed for multi-drive belt conveyors.
The results also indicate that the multiple drive technology is more beneficial for the conveying over
long distances. The impact of the possible instability of inflation throughout the project lifetime is
also investigated through three hypothetical scenarios, which involve a fixed inflation rate, a higher
fluctuating inflation rate and a lower fluctuating inflation rate, respectively. The results of this sensitivity
analysis show that the most cost-effective multi-drive belt conveyors obtained under a fixed inflation

rate is robust enough against limited fluctuations of this parameter.
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LIST OF ABBREVIATIONS
Q; Wrap angle of drive pulleys in the drive station i [°]
B Equivalent angle of slope of the material [°]
Yoelt Specific mass of the belt [kg/m?]
0j Inclination angle of the belt section j [°]
Nmot i Efficiency of motors in the drive station i
Ngear,i Efficiency of gear reducers in the drive station i
A Troughing angle [°]
u Friction factor between the drive pulley and the conveyor belt
N Friction factor between belt and material conveyed
17 Friction factor between the lateral chutes and the material transferred
U3 Friction factor between the belt cleaning device and the belt

Eo
Eu
p

Acr

Arn
Aconveyor
Abpelr
Acarryid ler
Aenergy
Acg

A gear,i
Amotor,i

Areturnidler

Number of idler rolls per set on the carry side

Number of idler rolls per set on the return side

Material density [kg/m?]

Constant factor for the calculation of clear width of lateral chutes
Effective contact area between belt cleaning device and belt [m?]
Theoretical cross section of fill [m?]

Annual equivalent cost of the belt conveyor [USD/year]

Annual equivalent cost of the belt [USD/year]

Annual equivalent cost of all the carry idler rolls [USD/year]

Annual equivalent energy cost [USD/year]

Annual equivalent cost of an equipment [USD/year]

Annual equivalent cost of each gear reducer in the drive station i [USD/year]
Annual equivalent cost of each motor in the drive station i [USD/year]
Annual equivalent cost of all the return idler rolls [USD/year]

Belt width [m]

Set of the recommended width of belt

Usable belt width [m]

Dynamic load factor related to bearing life

Clear width of lateral chutes [m]
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First cost of the item of an equipment purchased at the year zero [USD]

Belt flap factor

Rakine coefficient

Constant factor for additional resistance between material transferred and lateral chutes
Drive pulleys constant coefficient related to the type longitudinal tension members of
the belt

Combined warp factor of the drive pulleys in the drive station i

Initial cost coefficients

Set of the recommended diameters of idler roll

Set of the recommended shaft diameters of idler roll

Set of the recommended diameters of drive pulley

Thickness of the longitudinal tension members of the belt [m]

Diameter of idler rolls in the belt section j [m]

Shaft diameter of idler rolls in the belt section j [m]

Diameter of idler rolls in the upper stretch [m]

Shaft diameter of idler rolls in the upper stretch [m]

Diameter of idler rolls in the lower stretch [m]

Shaft diameter of idler rolls in the lower stretch [m]

Deutsches Institut fiir Normung

Unit cost of energy at the year zero of the project [USD/kWh]

Hypothetical friction factor in the belt section j

Resistance due to the acceleration of the material in the loading zone of the belt section
JIN]

Minimum belt tension in steady-state operating conditions [N]

Gradient resistance in the belt section j [N]

frictional resistance due to belt cleaning devices situated in the belt section j [N]
Primary resistance in the belt section j [N]

Belt tension at each side of the tail pulley [N]

Secondary resistance in the belt section j [N]

Special resistance in the belt section j [N]

Static load on the central carry idler roll in a three-idler troughing configuration [N]

Static load on a flat return idler in the lower stretch [N]
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frictional resistance between belt and lateral chutes in the acceleration zone of the belt
section j [N]

Tight side tension of the first drive pulley in the drive station i [N]
Slack side tension of the second drive pulley in the drive station i [N]
Belt tension on both sides of the take-up device [N]

Total resistance to movement in the belt section j [N]

Belt tension at the conveyor tail [N]

Gravitational acceleration [m/s?]

Lifting height [m]

Maximum belt sag related to spacing between idler rolls

Integer index

Interest rate on debt

After-tax return required on equity funds with zero inflation rate
Inflation modified rate of return of the year j of the project

Time value of money with all cash flows converted from inflated value to constant year
zero value

Integer index

Total length of the belt along the conveyor path [m]

Constant factor for calculation of the total length of the acceleration path
Nominal breaking strength of the belt related to belt width [N/m]
Equivalent annual cost coefficient of an equipment

Relative reference endurance strength of the belt

Equivalent annual cost coefficients

Horizontal transport distance [m]

Total length of the acceleration path [m]

Dynamic load factor related to lump size of the material transferred
Length of the belt section j

Length of the belt section j in the upper stretch [m]

Length of the shell of a carry idler roll [m]

Spacing between idler rolls in the upper stretch [m]

Length of the belt section j in the lower stretch [m]

Spacing between idler rolls in the lower stretch [m]

Expected lifetime of each item of an equipment [year]
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Linear mass of the belt [kg/m]

Linear mass of the transferred material in the belt section j [kg/m]

Mass of the rotating parts of each idler situated in the belt section j [kg]
Linear mass of the rotating parts of idlers per running meter in the belt section j [kg/m]
Actual mass of the rotating parts of a carry idler roll [kg]

Predicted mass of the rotating parts of a carry idler roll [kg]

Actual mass of the rotating parts of a return idler roll [kg]

Predicted mass of the rotating parts of a return idler roll [kg]

Belt weight model coefficient [kg/m?]

Belt weight model coefficient [s2/m?]

Steelcord diameter model coefficient [m]

Steelcord diameter model coefficient [m]

Steelcord diameter model coefficient [m]

Mixed Integer Distributed Ant Colony Optimization

Mixed Integer NonLinear Programming

Number of intermediate drive stations

Number of belt sections in the upper stretch

Number of belt sections in the lower stretch

Dynamic speed load factor model coefficient

Dynamic speed load factor model coefficient [s/m]

Upper stretch

Rated power of motors in the drive station i [kW]

Present equivalent of depreciation of the items of an equipment [USD]
Present equivalent of all the first cost of an equipment [USD]

Present equivalent of all the salvage value of an equipment [USD]
Pressure between the belt cleaning device and the belt [N/m?3]

Material flow rate [kg/s]

Remaining proportion of the initial value of an equipment at the end of the expected
lifetime

Remaining proportion of the initial value of the item i of an equipment at the end of its
actual lifetime

Number of items of an equipment to be purchased over the project lifetime

Average general inflation rate over the project duration
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Proportion of debt capital

Annual escalation rate of energy during the year j

Annual cost escalation rate of an equipment during the year j

General inflation rate during the year j

South Africa National Standard

Dynamic load factor related to belt speed

Belt safety factor related to the splicing conditions

Belt safety factor related to the expected lifetime and the operation conditions
Income tax rate

Operating hours per annum [h]

Rated torque of gear reducers in the drive station i [kKNm]

Lower stretch

Conveyor speed [m/s]

Initial speed of the material in the direction of belt travel in the belt section j [m/s]
Width of the contact area between belt and belt cleaning device [m]

Purchase year of the item i of an equipment

Year of decommissioning of the item i of an equipment

Belt length model coefficients [m]

Project lifetime [year]

Idler roll mass model coefficients
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CHAPTER 1 INTRODUCTION

1.1 CHAPTER OVERVIEW

This introductory chapter presents the motivation of the study reported in this dissertation. It sub-
sequently states the research objectives and questions and also set the research goals. The hypothesis
made in this study and the approach to be followed in order to attain the research goals are also given.
Finally, the major contributions of this study within the general topic of the cost-effective design of

multi-drive belt conveyors are highlighted.
1.2 PROBLEM STATEMENT

Electricity-powered equipment is of prime importance in diverse industrial processes. While prices
of energy and production machinery are rising steadily, the need to consistently produce goods at a
reasonable cost requires a thorough assessment of future investment options from companies. When it
comes to handling bulk materials across mining and mineral processing facilities, belt conveyors are
amongst the most popular technology used due to their high efficiency of transportation [1} 12, 3]]. Over
the years, it has appeared that many conveyor systems worldwide were either oversized or not properly

operated; resulting in excessive capital and operating costs [3, 4].

Providing an insight into the energy aspect, Eskom, the largest South African electric power utility,
found that approximately 15% of its overall production in 2010 served to supply the mining sector.
When analyzing this demand, about 23% of it was used for material handling purposes, in which the

contribution of belt conveyors was signiﬁcantﬂ

IEskom: "The Energy Efficiency series. Towards an energy efficient mining sector”. Available at: http://www.

eskom.co.za/sites/idm/Documents/121040ESKD_Mining_Brochure_paths.pdf
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Figure 1.1. Belt tension profile vs. number of drives. Adapted with permission of Trans Tech
Publications Ltd, from “The Evolution of Intermediate Driven Belt Conveyor Technology,” M.A.
Alspaugh, Vol. 23, No. 3, 2017.

To assist in increasing the overall economic performance of belt conveyors, one of the modern strategies
consists of distributing the driving force along the transport path. In this case, the maximum belt
tension of the system is gradually reduced and therefore lighter belts can be used, as displayed in
Figure[I.1] This initiative will subsequently benefit the supporting structure, thereby enabling the
use of a lighter design. Despite the significant saving potential and the increasing popularity of these
transport facilities [S]], only limited knowledge on this particular type of belt conveyors is available
today. Currently, the question of the design of multiple drive conveyor systems is not consistently

addressed in most standards.

In comparison with a common single drive belt conveyor, much more parameters are involved in the
design process of a multiple drive conveyor system. Fundamentally, factors such as rated power of
motors and rated torque of gear reducers will increase proportionally to the number of drive stations
considered, while the distance between them and their total number will also act as additional design

variables.

The study reported in this dissertation is involved with the minimization of the life cycle cost of
multiple drive belt conveyors. To this end, an approach that aims to optimally set a number of design

parameters is investigated.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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CHAPTER 1 INTRODUCTION

1.3 RESEARCH OBJECTIVES AND QUESTIONS

Presently, a variety of standards are available for the dimensioning of belt conveyors, including ISO
5048, DIN 22101, CEMA, JIS B 8805, and FDA [6]]. Built on the International standard ISO 5048, the
2011 version of the popular DIN 22101 standard provides some background on aspects relevant to the
design of multiple drive conveyor systems [7]]. Accordingly, the calculation methodology developed in

this standard was adopted for this study.

Following most standards, the design approach described in DIN 22101 focuses on guaranteeing
the mechanical performance of conveyors, with limited attention given to energy. For example, the
individual influence of certain design parameters on the friction coefficient of the primary resistance to
belt movement is specified in terms of ranges of values. As such, an attempt to simultaneously optimize
all the variables involved in the design of a conveyor system becomes fastidious. Furthermore, the
DIN 22101 standard is primarily devoted to the design of single drive belt conveyors. In this context, a
number of design relations should either be adapted or added in order to accommodate multiple drive

conveyor systems.

Therefore, the prime objective of this study is to investigate the possibility to minimize the life cycle
cost of multiple drive belt conveyors through the optimum setting of a number of its parameters at
one time. To this end, the set of parameters involved in this design process is first specified. Their
effects on the relevant relationships described in the standard DIN 22101 are subsequently investigated.
A suitable formulation of the life cycle cost of this type of conveyor system is also included among
the objectives of this study. All these technical and economic functions that are mentioned will be
combined together into an optimization model that will minimize the costs incurred over the conveyor

life cycle.

The research questions are therefore as follows:

* Which are the additional degrees of freedom available in the design of a multiple drive belt

conveyor?

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria
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* What impact does the distribution of the driving force along the conveying path have on the

design method proposed in DIN 22101?

* How does the economic performance of the most cost-effective multiple drive design compare

with the best design of a single drive conveyor system?

* How robust is the most cost-effective belt conveyor design for a specific transport operation

against limited fluctuations of the inflation rate?

1.4 RESEARCH GOALS

The triple goals of this study can be stated as follows:

1. To formulate and test the validity and effectiveness of an optimization model intended to

minimize the life cycle cost of a typical multiple drive belt conveyor system

2. To establish the economic superiority of the distributed drive layout compared to the single drive

layout for certain transport requirements

3. To verify the robustness of the best belt conveyor design against limited fluctuations of the

inflation rate

1.5 HYPOTHESIS AND APPROACH

It is hypothesized that the design parameters of a multiple drive belt conveyor can be specified by
means of a unique optimization model which handles them all at once. Such a model is expected
to serve as an effective means to further decrease the costs incurred throughout the conveyor’s life

cycle.

To achieve the specified outcomes of this study, the research work has been articulated around the

approach described below.

Department of Electrical, Electronic and Computer Engineering 4
University of Pretoria
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1. Literature study - The literature relevant to the distributed drive technology, the design of
conveyor systems, in general, and multiple drive conveyor systems, in particular, the character-
istics of conveyor components, and the economic implications of conveyor systems have been

reviewed.

2. Selection and modeling of the multiple drive belt conveyor - In practice, various layouts of
multiple drive belt conveyors are available. An identification of the most preferred conception
has therefore been conducted. Subsequently, the resistance forces to belt movement in such a

conveyor system have been modeled.

3. Development of the optimization models - Next, the design conditions that apply to the chosen
design variables have been derived from the literature. The different items of the operation and
capital costs of these conveyor systems have also been investigated and modeled. Thereafter,
the optimization problem intended to find the design of a multiple drive belt conveyor with
the minimum life cycle cost has been formulated. For comparison analysis purposes, a second
optimization model intended to the cost-effective design of single drive belt conveyors has been

derived from the material presented previously.

4. Setup of the simulation environment - On the basis of the structure of the formulated optimization

problems, an appropriate optimization solver has been identified, acquired and set up.

5. Simulation and analysis - A practical case study of a conveying operation has been considered
and simulated using the above-mentioned optimization solver. A comprehensive analysis of the

simulation results has also been carried out.

6. Discussion - A cross-analysis of the belt conveyor designs have been subsequently conducted in
order to identify the most cost-effective design solution among the various alternatives obtained
from the simulations. A sensitivity test of this belt conveyor against limited variations of the

inflation rate throughout the project period has also been performed.

Department of Electrical, Electronic and Computer Engineering 5
University of Pretoria
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1.6 RESEARCH CONTRIBUTIONS

The various advantages involved in fitting intermediate drive stations along the pathway of belt
conveyors have been known for several decades. While, in the past, the risks and challenges incurred
restricted its emancipation, the distributed drive technology has since gained in reliability and in
the ease of implementation through the technological advance [5)]. Given a conveyor project, the
large number of design options available with different economic trade-offs suggests that a proper
decision-making tool is of paramount importance for both the designer of multiple drive conveyor

systems and the conveyor owner.

As will be extensively discussed in the next chapter, there is to date limited research reported on the
economic design of belt conveyors in general, among which, to the best of the author’s knowledge,
no one has addressed the particular case of multiple drive belt conveyors. Hence, the study reported
in this dissertation is regarded as the first ever contribution in the area of the optimal design of belt

conveyors based on the multiple drive technology.

In its formulation, the proposed design approach has the great benefit of using the equivalent annual
costs of conveyors as the performance indicator in the optimization process instead of looking directly at
their life cycle costs. This economic indicator constitutes a common ground for a straightforward com-
parison of different investment opportunities in competition, irrespective of the business field involved

and the time-frame of the capital and operating expenditures incurred in each alternative.
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2.1 CHAPTER OVERVIEW

This chapter presents the findings of the survey of the literature which focuses on improving the energy
efficiency and economic performance of belt conveyor systems. Previous works conducted on the

multiple drive technology are also studied in order to establish the research gap.
2.2 POET FRAMEWORK

In the literature on the improvement of energy efficiency of energy systems, the various initiatives
proposed can be organized according to the POET framework [8, 9, [10], which involves the following
four layers: performance efficiency (P), operation efficiency (O), equipment efficiency (E), and

technology efficiency (T). A graphic description of this framework is shown in Figure
2.2.1 Technology efficiency

Technology efficiency involves the measurement of efficiency in the conversion, processing, transmis-
sion, or usage of energy. Among the deterministic indicators used to evaluate technology efficiency,
feasibility, life cycle cost and conversion rate can be mentioned. Part of equipment efficiency (E1),
operation efficiency (O1) and performance efficiency (P1) are all directly affected by technology

efficiency as shown in Figure[2.1]
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Technical Performance Non-technical

Figure 2.1. POET energy efficiency framework [§]].

2.2.2 Equipment efficiency

Equipment efficiency is the measure of energy efficiency that focuses on the energy output of equipment
part of an energy system, taking into account their respective design specifications. To this end, each
targeted equipment is regarded as a subsystem isolated from the rest of the energy system components.
To evaluate the equipment efficiency, indicators such as capacity, specifications, and maintenance are

usually considered.

As shown in Figure 2.1} equipment efficiency consists of two parts, referred to as E1 and E2. E1
involves the gap between actual energy efficiency and design specification. On the other hand, E2
represents the effects of activities that attempt to keep the actual energy output as closely to the

specification as possible. The dependency of E1 and E2 on technology efficiency is described in

Figure 2]

2.2.3 Operation efficiency

The operation efficiency of an energy system consists of factors that focus on the proper coordination of

its components. The scope of operation efficiency extends over the three areas outlined below:

* physical coordination: evaluated by means of sizing and matching factors
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* time coordination: evaluated by means of time control factors

* human coordination: evaluated by means of skill of the operators

In Figure [2.1} operation efficiency is also broken down into three components: O1, O2 and O3.
The first block O1 encompasses all the aspects conditioned by technology efficiency, and therefore
also dependent upon equipment efficiency in E1. Sizing can be cited among the coordination aspects
classified in this category. The second block O2 consists of aspects conditioned by equipment efficiency
in E2. Coordinated selection of system components in view of maintenance specifications can be cited
as part of operation efficiency aspects classified as O2. Finally, O3 appears to be autonomous from
technology efficiency and equipment efficiency. It relates to human factors such as the operator’s skill

levels.

2.2.4 Performance efficiency

The performance efficiency of an energy system is the measurement of energy efficiency by means
of external deterministic factors such as cost, power consumption, production and environmental

footprint.

As displayed in Figure [2.1] performance efficiency consists of four different blocks: P1, P2, P3 and
P4. P1 is the part conditioned by operation efficiency in O1, equipment efficiency in E1, and also
technology efficiency. P2, which is conditioned by operation efficiency in O2 and equipment efficiency
in E2, is often expressed by the power of the energy system. P3 is the part conditioned by operation
efficiency in O3, and can relate to the soft kilowatt-hour generally determined by the operator’s skill
levels. P4 refers to the share of energy losses that vary irrespective of O, E and T. Energy losses due to

theft can be classified in this block.

2.3 BELT CONVEYOR EQUIPMENT EFFICIENCY

Typically, the power necessary to move the belt alone will occupy the second rank and after that to
move the payload of the conveyor. To assist in reducing the power demand from the belt component, the

development of energy-optimized conveyor belts has been undertaken by conveyor belt manufacturers.
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This involves the introduction of manufacturing concepts such as "Low Rolling Resistance (LRR)"
belt covers and bareback belts, which are aimed at reducing the friction between the belt and the

mechanical components in contact with it [[L1]].

Other initiatives relevant to equipment efficiency of belt conveyor focus on the drive system through the
application of energy-efficient motors and variable speed drives (VSD) [12]]. The use of energy-efficient
motors instead of standard efficiency equipment in retrofit or new projects leads to a direct reduction
in electricity consumption, whose magnitude is primarily dictated by the motor size. With their ability
to manipulate the supply frequency, VSDs allow for the controlling of the motor speed in order to
keep the operating point of conveyor systems around the zones with the highest energy efficiency. An
earlier field survey conducted in Europe has found that, depending on the type of industry considered,
the retrofit of belt conveyors with VSDs could be cost-effective without exceeding three years of a

payback period for between 0 and 33% of conveyor systems in operation [[12].

Recently, certain research works have also focused on the possibility to monitor the condition of belt
conveyor components by means of expert systems [[13}[14]. Such maintenance tools can be useful
in order to limit the risks of failure of equipment, and properly organize the content and scheduling
of maintenance planning in order to improve efficiency of conveyor systems in terms of part of the

POET.

24 BELT CONVEYOR OPERATION EFFICIENCY

Although a belt conveyor has a designed capacity expressed in tonne per hour, in practice, however,
many conveyors are not required to operate at their full capacity. While the power absorbed under the
no-load condition is also significant, the necessity of a proper control of conveyor systems becomes of

paramount concern.

The first group of initiatives that aim to take advantage of the situation described above involves an
adapted control strategy of the conveyor speed [4, [15]. Knowing the actual load condition, the objective
is to control the motor speed and, consequently, the conveyor speed in such a way that the actual cross
section of fill of the belt is kept as close as possible to the theoretical value. This situation is described

in Figure [2.2] in which A refers to the cross section before control and A refers to an intermediate
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Figure 2.2. Optimal conveyor speed control: Cross section variation

cross-section during the control effort towards the achievement of the theoretical cross section A;;,. In
so doing, the belt and the motors are more efficiently used, while the required material throughput is

still achieved. A variant of this method considers the control of the motor torque in the control strategy

as well [16]].

During the normal functioning of an industrial plant, the amount of material requested at the offloading
point of a conveyor system can fluctuate over time or remain constant based on the characteristics
of the production process downstream. Whenever a storage area is available in the vicinity of the
offloading point, further cost savings can be expected when the control strategy also takes advantage
of this resource. The economic benefits drawn from it can be substantial in case the belt conveyor
is operated under an electricity tariff variable throughout the day. In light of the above, different
scenarios of conveyor systems operated under time-of-use electricity tariff and controlled by optimal
control strategies, with the conveyor speed and the material feeding rate as control variables, have been
investigated in the past [3} [17, 18] [19, 20, 21]]. Taking into account the possible risks of deviation due
to factors such as the accuracy limitations of the models involved, alternative solutions built on the
model predictive control theory was also proposed for systems supplied under time-of-use electricity

tariff [22), 23] as well as under critical peak pricing [24]].

Other studies on the optimal operation of conveyors in the literature include the optimal load shifting

within a group of belt conveyors [25]] and the optimal power flow management between motors

[26].
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2.5 BELT CONVEYOR TECHNOLOGY EFFICIENCY

On average, 60% of the power supplied to a belt conveyor is used to compensate the indentation
resistance between the belt and the idler rolls [11]. To assist in reducing this friction resistance, the
first strategy consists of improving the design of troughing idler systems. Here, the impact of various
idler rolls has been investigated [27], and diverse configurations of troughing idler arrangements have
been explored in the literature [28)[29]. The second strategy involves gaining a better understanding of
the phenomena that underpins this frictional resistance. In this category, advanced modeling of the
indentation resistance has been reported [30} 31} 32, [33]]. The proposed models reduce the oversizing

of equipment caused by the frequent overestimate of this resistance component.

Besides the interaction between the belt and the idler troughing system, some other factors relevant to
the power consumption of belt conveyors include, but are not limited to, the efficiency of VSD, motor,
and gear reducer, the degree of fill, belt width, and drive configuration. Their individual influence on

the future power consumption of a conveyor system has been investigated in the past [34].

Generally, the scope of energy efficiency initiatives presented above focuses on the operating stage of
belt conveyors. In this context, only part of the costs incurred in the life of a conveyor can be improved
through the implementation of these initiatives. As with any industrial project, the total expenditure
incurred over the life cycle of a belt conveyor consists, however, of two different components: the
capital and operating costs. The possibility to improve the overall economic performance of belt
conveyors have been investigated in the past [35136]]. This involves the formulation of an optimization
problem that intends to minimize the life cycle cost of the conveyor system, while the different
operating and technical requirements are satisfied. The set of design parameters considered in these
studies include the belt width, conveyor speed, rated motor power, rated gear reducer torque, idler
roll diameters, and spacing, etc. While the proposed design strategies have proven to be effective,
their scope is however limited to the single drive technology and conveyor systems made up of several
single drive belt conveyors arranged one after the other. Despite the known potential of multiple drive
belt conveyors in this particular matter, their cost-effective design has not been addressed in previous

studies.
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2.6 MULTIPLE DRIVE BELT CONVEYOR DEVELOPMENT

Facing the need for longer belt conveyors with higher transportation capacity in the late 1970s, the
underground mining sector was first to conceive the idea of distributing drive power along the pathway
of belt conveyors. With the continuous lenghetning of panels, aspects such as the weight of reinforced
belting and the large size of high power drives became crucial when it came to handle and move around
conveyors. Since then, conveyor manufacturers have started to develop the multiple drive technology,

which is today largely adopted, especially, in underground coal mines [S].

In order to transmit power along the belt length, a certain number of alternatives have been tested over
time. One of the pioneering approaches involved the use of simple car tyres, which is illustrated in
Figure[2.3] In the absence of wrapping around pulleys, the power was transmitted by pressing tyres on

both sides of the belting.

Figure 2.3. Belt conveyor using car tyres. Republished with permission of Trans Tech Publications
Ltd, from “The Evolution of Intermediate Driven Belt Conveyor Technology,” M.A. Alspaugh, Vol.
23, No. 3, 2017.

A second approach, which overtook the previous one and was more frequent in the past, is known as
the belt-on-belt drive or linear drive. Illustrated in Figure[2.4] the concept consists of building small
conveyors inside the main conveyor. While a normal flat pulley is used to transmit power to each small
conveyor, the friction between the belt surfaces ensures the transmission of power from the smaller
conveyors to the larger conveyor. Although conveyor manufacturers used to strongly recommend
this design in the past, and many of them were installed in the mid to late 1980s, the application of

belt-on-belt conveyors has been stopped since that time. Among the problems encountered were the
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significant extra expenses necessary to implement the driving conveyors and the need for an interactive

torque control mechanism [J5]].

O 0, %,

50

Figure 2.4. Belt-on-belt drive or linear drive concept. Adapted with permission of Trans Tech Publica-

tions Ltd, from “The Evolution of Intermediate Driven Belt Conveyor Technology,” M.A. Alspaugh,
Vol. 23, No. 3, 2017.

From the later 1980s, the conveyor manufacturers have progressively migrated to a third arrangement
named tripper drive configuration shown in Figure [2.5] Although wrapping of the belt around flat
pulleys was required, the decisive benefits associated with this concept include the ease of installation
and removal, the soft interaction between belt and power drivers, and the low spillage and cleanup
involved. Nowadays, no belt-on-belt conveyor is still in operation in the United States, and all new

constructions are either similar to or variants of Figure [2.5][5]].

O @

QL

Figure 2.5. Belt conveyor using tripper drive. Adapted with permission of Trans Tech Publications

Ltd, from “The Evolution of Intermediate Driven Belt Conveyor Technology,” M.A. Alspaugh, Vol.
23, No. 3,2017.

Except for these classical multi-drive belt conveyors, a number of special arrangements have been
recently reported. The first illustrated in Figure [2.6] considers a drive strip vulcanized on the underside
of the belt. To transmit power to the belt, two drive wheels with individual motors press on both sides
of the strip. Initially, this arrangement was underpinned by the need for a trough-shaped belt with

relatively low strength, in order to easily negotiate sharp radii of horizontal curves [37]].

Closed belt conveyors illustrated in Figure [2.7/have also been proposed. The basic design principle
consists to enclose the conveyed material inside the belt, which is then kept folded and closed. The
drive wheels are placed at the top of the system, along the edges of the belt. Once the belt in Figure[2. 7,

referred to as Enerka-Becker System (or EB-S), is folded and closed, the triangle profiles vulcanized
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Drive wheels

===
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Drive pairs

Figure 2.6. Belt conveyor using drive strip. Taken from [37]], with permission.

onto its edges enable it, in theory, to relocate a drive wheel anywhere along the installation. In the case

of Sicon pouch conveyor systems, shown in Figure [2.7b, such a displacement is prevented as it will

appreciably affect the layout of the conveyor [37].

Drive wheels

Figure 2.7. Closed belt conveyor systems. Taken from [37]], with permission.

Some concerns that emerge with the application of a multiple drive layout in belt conveyor systems

include:

* finding the most appropriate design solution for a specific task

* starting-up the conveyor system in such a way as to limit the stress on the belt

* managing the power drives in steady-state operation in order to reduce the operating cost incurred

While limited information on the start-up of these conveyor systems is available in the current guidelines,
a recent study has established some similarities between the dynamic behaviors of a single driven belt

conveyor and a multiple drive conveyor system when a speed controlled starting procedure is applied

to both installations [38]].
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2.7 RESEARCH GAP

The review of the literature presented in the previous section has established the existence of a
significant scientific literacy in the area of belt conveyor energy efficiency. Although many aspects
have been investigated to improve the economic indicators of conveyor systems, the large majority of
previous contributions have focused on their operating stage. In so doing, only part of the expenses

incurred throughout the conveyor life cycle was considered by the proposed initiatives.

It has also been noticed that limited research efforts have been dedicated to improve the entire life
cycle cost of belt conveyors at once. The particular case of multiple drive belt conveyors has not,
however, been covered by these studies. Therefore, to the best of the author’s knowledge, the question
of the optimal design of multiple drive belt conveyors that minimizes their life cycle cost has not
been investigated yet. In light of their economic potential, as discussed earlier in this dissertation, this

problem is deemed worthwhile for investigation.

As the first contribution intended to fill the identified gap, the next chapters of the present document
report the investigation of an optimal design approach for multiple drive belt conveyor systems. Since
most of the modern belt conveyors of this type are based on the arrangement with trippers [5]], this

configuration has been adopted for the rest of this research work.
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3.1 CHAPTER OVERVIEW

In this chapter, the development of an optimization model for the cost-effective design of multiple
drive belt conveyors is undertaken. This mathematical model is expected to identify the optimal values
for the design parameters of such a system in order to minimize its life cycle cost. To achieve this goal,
a brief outline of the conveyor system concerned is first given, followed by a preliminary formulation
of the optimization investigated. The expression of the equivalent annual cost of the conveyor system is
then developed. Subsequently, the components of the resistance to the movement of the belt conveyor
are identified, modeled and then associated to the position where they occur along the installation. Next,
the various design and operation conditions that apply to the multi-drive belt conveyors are formulated.
These relationships are derived from the design procedure indicated in the DIN 22101 and SANS 1313
standards. In the absence of standard recommendations on the start-up procedure of multiple drive
belt conveyors, only the technical requirements regarding the steady-state operating conditions are
considered in this study. The influence of the non-steady operating conditions is, however, partially
taken into consideration through the belt safety factors [7]. Finally, the two optimization problems that
minimize the life cycle cost of multi-drive belt conveyors and single drive belt conveyors, respectively,
are presented. Part of the results of the investigations conducted in the chapter serve to answer the

research questions 1 and 2.
3.2 DESCRIPTION OF THE MULTI-DRIVE BELT CONVEYORS

Fig. shows a typical modern uphill multi-drive belt conveyor intended to transfer a bulk material of

density p over a transport distance L with a lift height H. This system is made up of an upper stretch
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Carry idlers rolls Head ptf,lley

Belt section 3 (upper stretch)  , 7/

Intermediate drive station 1/Drive pulley 1

—_— e — — — N — s — s — e —

Tail pulley Idler pulleys Return idlers’rolls Belt section 3 (I\ower stretch)

Figure 3.1. Multiple drive belt conveyor layout. Adapted with permission of Trans Tech Publications
Ltd, from “The Evolution of Intermediate Driven Belt Conveyor Technology,” M.A. Alspaugh, Vol.
23, No. 3,2017.

and a lower stretch subsequently identified by the subscripts o and u, respectively. The upper stretch
carries the bulk material fed from the loading stations distributed along the conveyor path, starting at
the tail pulley, to the various offloading stations, also distributed along the conveyor path with the last
one located at the head pulley. The lower stretch returns the empty belt from the head pulley to the
tail pulley. Besides these idler pulleys, the conveyor system also includes in the upper stretch one or
more pairs of drive pulleys mounted in tandem, and in the lower stretch, a unique pair of drive pulleys
also mounted in tandem and one or more other pairs of idler pulleys. A motor-gear reducer system is
mounted on the shaft of each drive pulley, which transfers by friction the power delivered by the motor
to the belt. The other pulleys are freely driven by the belt. The arc of contact between the belt and a

drive pulley is referred to as the wrap angle and is noted by «.

A drive station refers to the unit consisting of a pair of drive pulleys mounted in tandem along with their
respective motor-gear reducer systems. A drive station located in the upper stretch of the conveyor is
called intermediate drive station. Within a drive station, the drive pulley 1 and drive pulley 2 correspond
to, respectively, the first and second pulleys following the belt travel direction. For example, the drive
pulley 1 of the drive station 1 is indicated in Fig. [3.1]as the belt moves from right to left. In Fig.[3.1]
the belt conveyor includes 3 intermediate drive stations, the general design will however consists of N
(N =1,2,...) intermediate drive stations. The drive stations will be later identified using a fixed index
varying between 1 to N + 1, with the intermediate drive station near the tail pulley identified by 1 and

the drive station located in the lower stretch identified by N + 1.

A belt section is defined as any part of the belt nestled between any two different pulleys. Within
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Figure 3.2. Theoretical cross section of fill

each stretch, the edges of each belt section not nestled between two pulleys mounted in tandem are
designated by a unique index allocated in ascending order, beginning at the tail pulley noted by default
as edge O in the two edges. Subsequently, such a belt section is identified using the greatest index
between its two edges. For illustration purposes, the belt section 3 in the upper stretch is pointed out in
Fig. [3.1] where the whole conveyor system comprises 7 and 5 belt sections in, respectively, the upper
and lower stretches. In the more general multi-drive belt conveyor, the number N, of belt sections
not nestled between pulleys mounted in tandem in the upper stretch is determined by N, while the
number N, of belt sections not nestled between pulleys mounted in tandem in the lower stretch depend
on the total number of pairs of idler pulleys situated in this stretch. Despite the fact that the number of
idler pulleys can vary from one system to another, the present study only addresses multi-drive belt
conveyors with a single pair. N, is therefore fixed at 5. Thereafter, L, ; and L, ; will denote the lengths

of the belt sections i and j in the upper and lower stretches, respectively, of the conveyor.

For the purpose of supporting long belt sections, carry and return idler rolls are mounted underneath
these parts of the belt as indicated in Figure The theoretical shape of the bulk material supported
by the carry idler rolls as it transits along the belt conveyor is indicated in Figure[3.2] This concerns
only the case of three-idler roll troughing configuration. In this figure, B denotes the belt width, b
denotes the usable belt width, B denotes the equivalent angle of slope of the material, A denotes the

troughing angle, and /j , denotes the length of the shell of a carry idler roll.

Noted by Fr, the belt tension at a given point of the belt is the resultant of the longitudinal forces
measured on the transversal section at this specific point. The belt tension at the spot of the first contact

between the belt and a drive pulley is called the tight-side tension and noted by Fr;. On the other side,
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the belt tension at the spot of the last contact when the belt leaves a drive pulley is called the slack-side
tension and noted Fr>. Analogously, Fr1; and Fr;; will denote, respectively, the tight-side tension and
the slack-side tension of the drive station i. The nominal breaking strength of the belt related to belt
width, noted by ky, is the minimum rupture force of the belt per unit of belt width. Finally, long belt
conveyors usually require to be fitted with a tensioning equipment, also referred to as take-up device
(not shown in Figure [3.T)), in order to prevent the slippage between the belt and the drive pulleys. The
belt tension on each side of the take-up device is noted by Fry. The rest of this study investigates the

multi-drive belt conveyors fitted with a unique take-up device.

3.3 DESIGN OBJECTIVE

A conveying operation can be specified by L, H, Q, p and . For such a material transfer task,
a significant variety of multi-drive conveyor systems can be envisaged, which will generally have
different cost implications over the project lifetime. The objective is therefore to find the design
solution that results in the lowest life cycle cost. To ease the comparison between belt conveyor
designs, the equivalent annual cost A¢pueyor Of a belt conveyor is adopted as the performance indicator

instead of directly inspecting the life cycle cost.

Given N, the optimization problem that allows the determination of the design solution with the lowest
Acomveyor 18 stated as

II}}H A conveyor

where X denotes the set of design parameters and G and H denote, respectively, the sets of equality
and inequality constraints relating to the belt dynamics and design conditions as is detailed later in
this chapter. The direct comparison of the minimum A,uyeyor Obtained for different values of N will

subsequently lead to the most cost-effective multi-drive conveyor design in terms of N and X.

By keeping the two driving subsystems of each drive station i (i = 1,...,N 4+ 1) identical in all respects,
the design vector X considered in this study consists of the rated power of each motor in the drive

station i, P, the rated torque of each gear reducer in the drive station i, 7;, the diameter of each drive
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pulley in the drive station i, Dy, ;, the wrap angle of each drive pulley in the drive station i, ;, L, ; of
the belt sections j (j = 1,3,...,N,) not nestled between drive pulleys, the belt width, B, the belt speed,
v, the spacing between idler rolls in the upper stretch, /,, the spacing between idler rolls in the lower
stretch, [,, the diameter of idler rolls in the upper stretch, D,, the diameter of idler rolls in the lower
stretch, D, the shaft diameter of idler rolls in the upper stretch, d,,, the shaft diameter of idler rolls in

the lower stretch, d,,, ky and Fry.

3.4 ECONOMIC CONSIDERATIONS

Various expenses are incurred during the life cycle of a belt conveyor. Fundamentally, all these costs
can be classified into two different categories: the capital and operating costs. The former concerns
all the expenditures incurred from the purchase to the commissioning of belt conveyor components,
while the latter involves the expenditures necessary to operate these equipment throughout the project
lifetime. The life cycle cost of the conveyor system is made up of all these costs. Its calculation
considers factors such as the inflation rate, the tax rate, the proportions of debt capital and equity
funds, their respective rate of return, etc. The life cycle cost of a conveyor can also be converted to
an equivalent annual cost. The next sections formulate the equivalent annual costs of multi-drive belt

conveyor systems.

3.4.1 Operating costs of multiple drive belt conveyors

Generally, the operating costs related to a conveyor system consists of the following three contribu-

tions:

* energy cost

¢ maintenance cost

* labour cost

The maintenance cost of a multi-drive belt conveyor can be expected to vary as a function of some of

the design parameters listed in Section including the number of drive stations and their respective
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size, the conveyor speed and the belt width. On the other hand, the size of the plant, the planned
production and the requirements of local labor laws are among the factors commonly used for setting
the wage and number of workers [[1]]. To the best of our knowledge, there are, however, no previous
studies that have investigated the actual relation between the design parameters listed in Section
and the operating costs for the maintenance and labor of belt conveyors. In this context, the energy

cost is the only contribution considered in the rest of this study.

Denote kg the equivalent annual energy cost coefficient, e., the energy cost in year zero of the project,
1, the operating hours of the system per annum and 17, ; the efficiency of motors situated in the drive
station i, the equivalent annual energy cost in year zero Apergy 0of a multi-drive belt conveyor with N
intermediate drive stations, each drive station made up of two driving systems motor-gear reducer-drive

pulley, is given by:
N+1
Aenergy = kieoty Z 21)i/nm0t,i- (3.1)
i=1

1

The procedure for calculating ko is presented in Addendum [A.T]
3.4.2 Capital costs of multiple drive belt conveyors

The following belt conveyor components are considered for the calculation of the capital costs of belt

conveyors:

* belt

* electric motors
* gear reducers

* carry idler rolls

e return idler rolls
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Despite their significance in the economy of belt conveyors, the difficulty faced in getting information
from manufacturers of other components such as the supporting structure, pulleys and tensioning
device compelled the author to temporarily ignore their impacts in this study. Moreover, given that the
cost of the supporting structure is further dictated by the landforms, this capital cost item will vary

from case to case.

Denote k.4 the equivalent annual cost coefficient of an equipment (belt, motor, etc.) and C,, o the first
costs of this equipment at the year zero of the project, the equivalent annual cost A, of the equipment
is expressed by [35]:

Avy = keqCoeqp- (3.2)

Addendum describes the procedure for calculating k.

Taking into account the findings from previous investigations on the capital cost of belt conveyors
(35, 36]] as well as the manufacturers supplied information (see Chapter [)), the following function
were established for the purchase costs of the belt conveyor components listed above as functions of

the design parameters listed in Section [3.3}

Cheir0 = BK (¢c1 +c2ky ), (3.3)

Chotor,io = €4 +¢sP°, (34

Coearip = ¢7+ 3T, (3.5)

Cearryidiero = €10 +c11dy? 4 c13Dg" +¢15B7°, (3.6)
Creturnidiero = €17+ c18dy" + 20Dy 4 2o B, 3.7

In these equations, K denotes the total length of the belt along the conveyor path and ¢ to cy3 are the
initial cost coefficients, which are calculated using the price information supplied by the manufacturers.

The total length of the belt is approximated by:

K =2L/cosd+yN+ys, (3.8)

where y; and y; are constant coefficients related to, respectively, the part of the belt wrapped around

the intermediate drive pulleys and a reserve factor.
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Taking into account (3.2)) and (3.3) to (3.7), the equivalent annual costs of the components of a

multi-drive belt conveyor consisted of N intermediate drive stations are given by:

Apetr = k1BK (1 +c2ky} ) (3.9)
N1 ‘
Amotor = k2 Z (C4 + CSPI'%), (3.10)
i=1
N+1 .
Agear =k3 Y (c7+¢3T), (3.11)
i=1
No L(),j i . .
Acarryidier = Eoka Z I (cro+c11dy”? +c13DS* +¢15B°), (3.12)
=
Ny
L”'j c19 21 €23
Aveturnidier = Euks Y - (crrtesd)” + Dy +enB™), (3.13)
=

where k; to kg are the respective equivalent annual cost coefficients, &, denotes the number of idler
rolls per set on the carry side, and &, denotes the number of idler rolls per set on the return side. In this

study, &, is equal to 3 (see Fig. and &, is equal to 1 (flat return idler).
3.4.3 Equivalent annual cost of multiple drive belt conveyors

Taking into account (3.1)) and (3.9) to (3.13), the equivalent annual cost of a typical multiple drive belt

conveyor with N intermediate drive stations is given by:
N+1 N+1
Aconvey()r = Aenergy +Abelt +2 Z Amotoni +2 Z Agearreducer,i +Acarryidler +Areturnidler- (3 14)
" =1

i=1 i

3.5 RESISTANCES TO MOTION IN A MULTIPLE DRIVE BELT CONVEYOR

The resistance to belt movement in any belt section can be decomposed into the following four
components: the primary resistance, the secondary resistance, the slope resistance and the special
resistance. The models of these resistance forces in the next sections are derived from the DIN 22101

standard [7]].
3.5.1 Primary resistance

The primary resistance F_j(N) in a belt section j concerns the resistance forces distributed throughout

the entire path of the belt conveyor. It consists of the resistance caused by the indentation of the belt
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covers on the idler rolls, the rotational resistance of idler rolls, and the flexing resistance. Irrespective

of the belt stretch, the total primary resistance Fy ;j can be approximated by:

Fyj=Lf; [m;w-—k (mlG—FmILJ) cos 5,} g, (3.15)

where L; denotes the length of the section, f; denotes the hypothetical friction coefficient, g denotes
the gravitational acceleration, m/& ; denotes the total mass of the rotating part of idler rolls per running
meter of belt, m,; denotes the linear mass of the belt, m’L ; denotes the linear mass of the material
conveyed, and §; denotes the inclination angle of the belt section j.The factor mlL ; vanishes for the

sections situated in the lower stretch.

Varying usually between 0.010 and 0.040, the magnitude of f; is influenced by factors such as internal
friction of conveyed material, belt tension, idler roll diameters, conveyor speed, troughing angle,

etc.

The total mass of the rotating part of idler rolls per running meter of the belt is given by:

my ;= Emp /1, (3.16)

where myp, ; denotes the total mass of the rotating parts of each idler roll situated in the belt section j,
& denotes the number idler rolls per set in the section j, and /; the average spacing between idler rolls
in the same belt section. As derived in the Addendum [B] the mass of the rotating parts of an idler roll
is estimated by:

mg ;= le)j-zlgz‘3 +Z4dj7 (317)

where z; to z5 are the model coefficients, D; denotes the shell diameter of idler rolls situated in the belt

section j, and d; denotes the shaft diameter of idler rolls situated in the same belt section.

The linear mass of the belt is obtained by:

MG = Yoeus B, (3.18)

where ¥, denotes the specific mass of the belt. As derived in Addendum [C] the specific mass of
steelcord belts can be estimated by:

Yoelr = M1 + maky, (3.19)
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where m; and m, denote the model coefficients.

The linear mass of the material conveyed is given by:

my ;= pAm, (3.20)

where A, denotes the theoretical cross section of fill. In the case of the three-idler roll troughing

configuration shown in Figure[3.2] A, is given by:

2
t b—1ly, b—1ly., .
A = lM,O—I—(b—lM,o)cos?L] azﬁ+<lM,o+2M’cos7L> 2M’ sinA. (3.21)

3.5.2 Secondary resistance

The secondary resistance Fy ; groups together the friction and inertia resistance forces that occur only

in some spots of the belt conveyor.

The first resistance factor is caused by the inertia resistance of material conveyed and the friction
resistance between the belt and conveyed material in the loading zone. Noted by Fy,,;, this resistance
component is given by:

Faupj=—(V—vo;), (3.22)

Sl

where v ; denotes the initial speed of material in the direction of belt movement.

The second resistance factor is induced by the friction between lateral chutes and the belt in the
acceleration zone of a loading point, and is noted by Fs. j. The arrangement of the lateral chutes
in the case of the three-idler troughing configuration is illustrated in Figure[3.3] On condition that

bsen > Iy and 0 < v, j < v, Fyepp, j is given by:

20 ) tand]? pglypy
Fsenp, i = CsenyC ——— — (b5 — ! , 3.23
Schb,j Schb“Rank (V+V0,j)p2 ( Sch M) 4 bgdl ( )
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L bsen |

Figure 3.3. Lateral chutes arrangement

such as
22
Iy > lpin = —0. (3.24)
2gu
CRank = tan’ <45° - ﬁ‘;) . (3.25)

In (3.26), Cscnp is the coefficient that accounts for the additional resistance between material and
lateral chutes due to the dynamic pressure of material flow on the belt, Cg,,x is the Rankine factor,
bs., denotes the clear width between lateral chutes, /;, denotes the length of the acceleration zone in
the loading point, B4, denotes the dynamic angle of slope of the material conveyed, u; denotes the
friction coefficient between conveyed material and belt, and t; denotes the friction coefficient between

conveyed material and lateral chutes.

The last resistance factor is due to the contact between the belt cleaners and the belt, and is noted by

FGr,;j. The following relation is used to determine this factor:

FGrj = WapGrAGr, (3.26)

with 4, pgr, and Ag, denote, respectively, the friction coefficient between belt and belt cleaner,
the pressure between belt and belt cleaner, and the effective contact area between belt and belt

cleaner.
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The overall model of the secondary resistance in a section j is therefore the combination of these three
components:

Fn.j = Fauf,j+ Fscnb,j + FGr,j- (3.27)

In order to reduce the lateral movement of the belt, chutes are usually positioned on both sides of the
belt after each intermediate drive stations. Accordingly, in the case of a multi-drive belt conveyor with
N intermediate drive stations, Fy, ; and Fgp, ; will apply to the odd belt sections (1, 3, 5, 7, etc) in
the upper stretch, while Fg,.; will be only considered in the belt sections where the belt cleaner are

installed.
3.5.3 Slope resistance

The slope resistance Fg ; in a belt section j is the force required to lift or lower the belt and the
conveyed material to the difference height between the two edges of this belt section. The following

relation is used to determine this resistance component:

Fg,j=L;sin; (mla +my, j) 8 (3.28)

where §; denotes the inclination angle of the belt section. In applying the above equation, the inclination

angle 9; is such as &; > 0 for uphill belt movement, and ; < 0 for downhill belt movement.
3.5.4 Special resistances

The rest of resistances which arise only in belt conveyors designed for extraordinary purposes are
classified as part of the special resistance component, noted by Fs ;. The common causes of special
resistances include tilting of idler position, chutes outside loading points, devices for lateral material
transfer along the conveyor path. Details on the calculation of these components are available in the

reference [7]).

The total resistance to belt movement Fyy ; in any section j can be therefore expressed by:

Fyj=Fyj+Fy;+Fg;+Fs;. (3.29)
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Considering the individual contribution of the belt sections situated in the upper lower stretches, the

overall resistance to belt movement Fy (N) is given by:

N, Na
Fy =Fwo+Fyu= Z Fw.ox+ Z Fw.uk, (3.30)
k=1 k=1

where Fy , and Fy , denote, respectively, the overall resistance in the upper and lower stretches of
the system, and Fy , x and Fy , r denote the overall resistance in the belt section k in, respectively, the

upper and lower stretches of the system.

3.6 FORMULATION OF THE TIGHT-SIDE TENSIONS, SLACK-SIDE TENSIONS AND
TAIL TENSION OF MULTI-DRIVE BELT CONVEYORS

Considering the typical drive pulley displayed in Figure [3.4] the peripheral force applied by the drive

pulley on the belt, noted by Fr,, the tight-side and slack-side belt tensions of the pulley are related

by:
Fr1 = Fry + Fra. (3.3

Also, the following relation is verified in the subsystem motor-gear reducer-pulley:

Frpy= ngearPa (3.32)

where P and 7., denote the output power of the motor and the gear reducer efficiency, respect-

ively.

In the upper stretch of a typical multi-drive belt conveyor, the belt tension Fr,; at the edge i is given
by:
F0—|—FW7071, fori=1,

FT,(),i = ! n (333)
o+ ZFW,O,j_ZZFTr,ka fOI‘i:2,...,N0,
j=1 k=1
with
i—1
m = .
2
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-—=>

Fr &

FTZ

Figure 3.4. Belt tensions around a drive pulley

The ceiling function [-] rounds a real number upwards to the nearest integer. In (3.33)), F and Frei
denote, respectively, the belt tension at the tail pulley and the total peripheral force applied by the two

drive pulleys situated in the drive station k.

On the other side, with a total number of belt sections N, equal to 5, the belt tension Fr , ; at the edge i

of the lower stretch is given by:

Nu N+1 Nu

Fot+ Y Fvo,j—2Y Fr+ Y, Fwun,, fori=1,....N,—2,
j=1 k=1 j=i—1
N, N

Frui=< Fot+ Y Fwo,;—2Y Frrx, fori=Nn,, (3.34)

=1 k=1
JNU N

Fo+ Y Fvo,j—2Y Frx+Fwun,, fori=N,—1.
j=1 k=1

According to (3.32), Fr,x in (3.33) and (3.34) is obtained by:
2 ngeankPk )
v

Fro = (3.35)

Based on the relative locations of the drive stations, the tight-side tension Fr ; of the drive station j of

a typical multi-drive belt conveyor is given by:

Fronj-1, forj=1,...,N,
Frij= (3.36)

Frun,—1, forj=N+1,
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Taking into account (3.33)) to (3.33)), (3.36) can be expressed by:

F+Fyoi, for j=1,
2j—1 j—1 .
Nt . __
Fri ;=14 Fot+ ; Fvol —21;17, for j=2,...,N, (3.37)

N, N
Fo+ ZFW,O.J +FyonN, — ZZ%P", for j=N-+1,
' =1

\ i=1 i

Similarly, the slack-side tension Fr; ; of the drive station j of a typical multi-drive belt conveyor is
given by:

FT’072]', fOI’jzl,...,N,
Fra = (3.33)

FT,M,Nuqu for ] =N+ 15

Taking into account (3.33)) to (3.33), (3.38) can be expressed by:

2j J
Fo+ Y Fi—2) Tt for j=1,...,N,
Fraj= N S (3.39)
Fo+ Y Fwej+Fwun, —2) M forj=N+1,
J=1 k=1

In the formulation of the belt tension F at the tail pulley, it is assumed beforehand that the primary
resistances in all the belt sections of the multi-drive belt conveyor have the same constant value of the
hypothetical friction factor. Depending on the magnitude of the slope resistance in the belt sections
1 and 3 (or N,_») of the lower stretch, the belt tension of the system will reach the minimum value
at either the tail or the slack-side of the drive station situated in the lower stretch. By systematically
fitting the take-up device at the spot of the minimum belt tension, the belt tension Fy at the tail of the

conveyor can be therefore calculated as follows

Frp, if Fy,1 <0and Fy,3 <0,
Fo= (3.40)

Frp+Fyo1+Fwo3s, 1ifFy,1>0andFy,3 >0,

where Frp denotes the belt tension on both sides of the take-up device. The first case refers to the
situation with the take-up device installed near the tail pulley, and the second case corresponds to a
situation with the take-up device installed near the slack-side of the drive station situated in the lower

stretch.
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As a contribution to answer the research question 2, the above development indicates that the ac-
commodation of the multi-drive conveyor technology by DIN 22010 requires a few provisions in the
calculation of the tight-side and slack-side tensions of a drive station in order to account for the impact

of the pulling force of the drive stations situated upstream.
3.7 DESIGN CONSTRAINTS

Unless stipulated otherwise, the belt dynamic and design conditions presented in this section are

derived from the DIN 22101 [7].
3.7.1 Material transportation requirements

The following condition aims to ensure the achievement of the required material flow rate:

pAsy = 0, (3.41)

In the particular case of the three-idler troughing configuration shown in Figure[3.3] the usable belt

width involved in the calculation of A, in (3.21) is obtained by:

0.9B—0.05 if B <2m,
b= (3.42)

B—0.25 if B> 2m.

To cover the requirements on the transport distance and the height of lift, the lengths of the carrying
belt sections not nestled between drive pulleys, the drive pulley diameters and the horizontal conveying

distance should satisfy:

N, N
Y Lox—Y Dii=L/cosé. (3.43)
k=1,3,... i=1

3.7.2 Power balance in the belt conveyor

The output power of motors, the belt speed and the overall resistance to belt movement should

satisfy:
N+1
2 Pingear,i —VvFy = 07 (344)
i=1
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where Ng.qr,; denotes the efficiency of the gear reducers situated in the drive station i.

In a drive station, the rated power of motors and the rated torque of gear reducers are subject to:

2T
Dtr,i

= NgeariPy i=1,...,N+1. (3.45)

3.7.3 Belt tension requirements

3.7.3.1 Transmission of pulley peripheral forces

Considering the isolated drive pulley in Figure [3.4] the following condition prevents the belt from

slipping over the drive pulley:

F
T« e (3.46)
Fry

The successive substitution of (3.32)) into (3.31)), and (3.31)) into (3.46)) results in

ngearP
Fro>——2>—— 3.47
722 (e 1)y (3.47)
The wrap factor C,, of the drive pulley is expressed by:
1
Cy,= T (3.48)

Within the drive station j of a multi-drive belt conveyor, the combined wrap factor C,, ; of the pulleys

mounted in tandem is given by [39]:
1

C,i=——
w,Jj 62‘[1(1_/- -1 ’

(3.49)
where o/; denotes the wrap angle of belt around each pulley situated in the drive station j. Applied to

this drive station of a typical multi-drive belt conveyor, the design condition (3.47)) becomes:

2Cy, jPiNgear,

Fraj> j=1,....,N+1, (3.50)
' v
with Fr, ; calculated using (3.39).
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3.7.3.2 Belt sag limitation

Denote Fr , min the minimum belt tension to be realized in the upper stretch in order to maintain a

relative sag inferior or equal to a specified value 4,,;, its value is given by:
!/ !

g (m ;. + mG> L,

3.51
8hrel ( )

FT,o,min =

Apart from the first belt section, the slack-side tension of an intermediate drive station corresponds to
the lowest belt tension of the belt section adjacent to it. In this context, the condition applies as
follows:

g (m,L + m'G) I,

g (mlL + m/G) ly

F

AV

(3.52)

Fry ;> (3.53)

with j=1,...,N.

Similarly, the minimum belt tension F7 i, to be realized in the lower stretch is given by:

gml
8hrel

(3.54)

FT,u,min =

Since the take-up device is always positioned at the spot of the minimum belt tension, the above

condition applies as shown below:

Frp > 8l

3.55
=T (3.55)

3.7.3.3 Minimum belt strength requirement

In the sizing of the belt, ky and the maximum belt tension F;,,, should satisfy the following condi-

tion:
kl7relkN > Fmax’
SoS1 — B

(3.56)

where k; ,; denotes the relative reference endurance strength of the belt, Sy denotes the belt safety

factor related to the splicing conditions, and S; denotes the belt safety factors based on the expected
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lifetime and the operational conditions. The influence of the nonstationary operating conditions on
the maximum belt tension are not considered in this study. The dynamic effects of the transversal and
longitudinal vibrations of the belt are also not taken into account. Accordingly, F,,, will correspond to

the greatest magnitude among the tight-side tensions of drive stations.

As displayed in Figure [I.1] the basic principle in designing multi-drive belt conveyor consists of
equalizing the tight-side tensions of drive stations so that ky can be reduced, which directly benefits
the weight and the purchase cost of the belt [5, 37]. This additional design condition applies as
follows:

Frii=Fri1, (3.57)

withi=2,...,N+ 1 and Fr; ; determined using (3.37). The condition (3.56) is therefore reformulated

as:
ki retkn S Fri1 7
SoS1 — B

(3.58)

3.74 Minimum drive pulley diameter requirements

The useful lifetime of a conveyor belt is primarily determined by the evolution of the condition of two
basic constituents: the belt itself and the splices. During the normal functioning of a conveyor system,
the belt is subject to bending forces when it moves along a pulley. The smaller the pulley diameter is,
the greater the belt deformation and, consequently, the mechanical stress on the belt structure. The
following condition applies to the drive pulley diameters in order to ensure that the strength of the

splices will endure for at least the expected service life of the belt:

Dtr,jZCTrde; J:177N+1 (359)

Here, c7, is a constant parameter relevant to the nature of the tensile members (steelcord, polyester,
etc.), and dg; denotes their thickness. In the case of steelcord belts, the ky and dgy are related by (see
Addendum|[C):

dok = m3 +maky’ (3.60)

where ms3, m4 and ms are model coefficients.
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3.7.5 Idler rolls requirements

According to SANS 1313, the maximum load £, , allowable on a central idler roll varies as a function
of the type of idler roll arrangement, the belt length and the characteristics of the shaft of idler rolls
[40]. The following condition on the central idler roll in a three-idler roll troughing configuration aims

to prevent the risk of premature failure [41]:

StBiLiFy o < Fraxo- (3.61)

where S¢, By , Ly denote the dynamic load factors due to, respectively, the belt speed, the bearing life,

and the lump size, and F; , denotes the static load on the idler roll, which is calculated by:

1 1 )
Fo= {Ybellep + Eleﬂ EZM’O tan B+ (b — Iy ) (sin +c0sktanﬁ)] }glo. (3.62)

Similarly, the load that applies on a flat return idler roll is limited by [41]:

SfoCst,u < Fmax,m (363)

where Cy denotes the belt flap factor, F;, denotes the static load, and F,,4,,, denotes the maximum load

allowed. The static load is given by:

Fs,u = Ybelth,uglu- (364)

In accordance with the SANS 1313 standard, which recommends a maximum rotation velocity of 750

rpm for the idler rolls, the following two conditions apply to the carry idler rolls and return idler rolls,

respectively:

60
" <750, (3.65)

D,

60
" <750. (3.66)
u
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3.7.5.1 Standardization requirements

Wherever the use of identical equipment and settings is mandatory for supply chain and operational

effectiveness, the following requirements will add to the previous design conditions:

P =Py, (3.67)
T,=T, (3.68)
Diyj = Dy1, (3.69)
o; = Qp, (3.70)

fori=2,--- ,N+1.

3.7.6 Boundary limit requirements

The design parameters should be set within the following ranges of values:

0<P <Py, i=1,....N+1, (3.71)
0<T; <Tuax, i=1,...,N+1, (3.72)
Dy €9y, i=1,...,N+1, (3.73)
Opin < O < Oy, 1=1,....N+1, (3.74)
Lyin <Loj <Lpax, j=1,....N,, (3.75)
Be’s, (3.76)
0 <v <V, 3.77)
0 <kn < kn max; (3.78)
0 < Fru < Fru max, (3.79)
lomin < lo < lo max, (3.80)
lumin < by < lumax, (3.81)
D,e®, (3.82)
D, e®, (3.83)
d, €0, (3.84)
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dy, €0. (3.85)

In the above, the quantities with the subscripts min and max denote, respectively, the lower and upper
limits of the related design parameters, 2,, denotes the set of the possible diameters of drive pulleys,
B denotes the set of possible belt widths, © denotes the set of possible diameters of idler rolls and

denotes the set of possible shaft diameters of idler rolls.

To complement the answer to the research question 2, the above development in section [3.7] shows
that a few design requirements in DIN 22101 should be given at either drive station level or motor-
gear reducer-drive pulley level so as to ensure an effective handling of the multiple drive conveyor

technology.

3.8 OPTIMAL DESIGN PROBLEMS

This section provides the complete formulation of the optimization problem of the cost-effective design
of multiple drive belt conveyors. The case of single drive belt conveyors is also discussed and the
related optimal design problem is subsequently given. The single drive conveyor system will later

serve as the reference configuration in the discussion conducted in Chapter 5

3.8.1 Optimal design problem of multiple drive belt conveyors

Taking into account the design parameters listed in Section the economic aspects presented in
Section[3.4] and the technical requirements formulated in Section the optimization problem of the
cost-effective design of a multi-drive belt conveyors with N intermediate drive stations can be stated as:
“minimization of (3:I3) subject to (3A1), BA3)-BA3). G30). G352, G33). G33). B3N-E39.
(3.61), (3.63), and(3.63)—(3.70)), with the boundary limits (3.71)—(3.83).”
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For readability reasons, the full optimization problem is reproduced below.

N+1

N+1

Il}(in Aenergy +Abelt +2 Z Amotoni +2 Z Agearreducer,i +Acarryidler +Areturnidler

S.t.

i=1

i=1

pAlhv = Qv

N, N

Z Loy— ZD"J =L/cosd,
k=13,... i=1

N+1
2 Pingear,i —vhky =0,
i=1

2Tv
Dtr,i = ngear,iPia

2C,, iP; i
Fry ;> %ngea,]’
g(m/L+m/6) I,
—
g(m,L—i-m/G) Ly
——

F

v

Fry ;>

gmgl,

Frp > )
8hrel

Frii=Fri1,

ki retkn _ Fr11
SoS1 — B’

Dtr,j > crrdgr,

SfoLfF:v,o < Fmax,o’

SfoCfFv,u < Fmax,ua

P=n,
Ii="T,
Dyyj = Dy,
o = o,
60v

D, <750,
60v <750,

u

i=1,...

ji=1,...

7N+17
=1,....,N+1,
ji=1,...,N,
7N+17
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with the boundary limits

3.8.2 Optimal design problems of single drive belt conveyors

OSPiSPmam iZl,
OST;'STmax’ i=1,

D[rﬂ'e@th l:17,]\,‘i‘17

Omin < O < Cpax,
Lyin < Lo,j < Lipax,
Be’B,

0 <v<vuu,

0 < kn < kN max,

0 < Fry < Fru max,
lomin < lo < Lo max,
Lumin < by < Ly maxs
D,e®,

D,e®,

d, €0,

dy €.

i=1,...,N+1,

j=1,..

N,

LN,

* 7N07

To achieve a fair evaluation of the economic performance of multi-drive belt conveyors in comparison

to the common belt conveyors, an optimization model is also formulated for the single drive conveyor

technology. The layout considered in this study is shown in Figure[3.5] It consists of a unique drive

system positioned at the head pulley.

While the conditions (3.41), (3.52), (3.59), (3.38), (3.59), (3.61), (3.63), (3.63) and (3-66)) also apply

to this layout, the rest of the design conditions relating to multi-drive belt conveyors need to be revised

to account for the absence of intermediate drive stations.
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Figure 3.5. Belt conveyor with single pulley drive

In the case of single pulley drive belt conveyors, the relation between the driving power, belt speed and

overall resistance given in (3.44) is simplified into:

NeearP — vEy =0, (3.86)

The rated torque T of the gear reducer of the conveyor and the output power P of the motor should
satisfy:
2Tv
D = NgearP. (3.87)

The requirement on the effective transmission of peripheral forces (3.50) becomes:

ngearP > Cw n
v

F0+FW,0_ v

) (3.88)

The wrap factor C,, in the equation above is given by (3.48).

The design conditions (3.43)), (3:33)), (3.57) specific to the multi-drive conveyor technology does not

apply to the single drive belt conveyor in Figure[3.5]

In regard to the equivalent annual cost of single drive conveyor systems, the cost function (3.14)

relating to multi-drive belt conveyors becomes:

Aconveyor = Aenergy +Abelt +Am0t0r +Agearreducer +Acarryidler +Areturnidler- (389)

Based on the above, the optimization problem of the cost-effective design of single drive belt conveyors
can be stated as: “minimization of (3.89) subject to (3.4T), (3.52), (3:33), (3:36), (3.39), (B-6]),
(3.63), (3.63), (3.66), (3.86), (3.87) and (3.88)), with the same boundary limits as the multi-drive belt

conveyors.”
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For readability reasons, the full optimization problem is reproduced below.

n}(in Aenergy +Abelt +Amotor +Agearreducer +Acurryidler +Areturnidler

S.t.

pAthV — Qa

NgearP — VFw = 0,

2Tv
D, = MNgear

P,

Fo+Fwo—

Fo

Y

8hrel
gmgly
8hrel ’

ki retkn S Fri1
SoS1 — B ’

Frp >

Dy > crider,
StBrLrF; o < Faxo,

SfoCst,u < Fmax,ua
60v

o

60v

u

<750,

<750,

with the boundary limits

0 <P < Poax,
0<T < Thax,

Dy € Dy,

Otmin < O < Oy,
Be'B,

0 <v <V,

0 <kn < ky max,

0 < Fru < Fru max;
Lo min < lo < lo max,

lu,min < lu < lu,maxa

ngearP > Cwn
v — Y

g (m/L + m};) l,
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D,e®,
D, e,
d, €0,

d, €0.

In light of the research question 1, the above optimization problems given in sections [3.8.T]and [3.8.2]
show that in comparison to the single drive technology, the multi-drive technology further allows the
optimization of the number of drive stations, their spacing and their respective pulling capacity and

mechanical parameters.
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4.1 CHAPTER OVERVIEW

This chapter presents the case study to test the validity and establish the effectiveness of the design
approach developed in the previous chapter. The various technical and economic parameters of the
contemplated project are given. Considering the possible variation of the inflation rate throughout the
project and the related impact on the economic performance of conveyor designs, three scenarios with
different inflation trends are also described. These scenarios will serve to conduct a sensitivity analysis
of cost-effective belt conveyor designs against the possible fluctuations of inflation. The equivalent
annual cost coefficients of energy and belt conveyor components relating to each scenario are also

determined.
4.2 PROJECT DESCRIPTION
4.2.1 Technical specifications

The contemplated transportation task consists of transferring a bulk material of density equal to 1280
kg/m? over a distance of 2500 m. The incline of the system is of 1 in 100, while the required material
flow rate is fixed at 3500 t/h. The synthesis of the transport specifications along with the characteristics

of the conveyed material are given in Table .1}
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Table 4.1. Conveying operation parameters

Parameter Symbol Value Unit

Transport requirements

Material flow rate 0 3500 t/h
Transport distance L 2500 m
Lift height H 25 m
Maximum belt sag Ryel 1 %

Material characteristics

Bulk density P 1280  kg/m?
Equivalent angle of slope B 20 °
Dynamic load lump adjustment factor Ly 1

The various parameters affecting the resistance to the belt movement are specified in Table[.2} pg,

and w are indicated, respectively, in N/mm? and mm for convenience.

Table 4.2. Parameters of the resistance to the belt movement

Parameter Symbol Value Unit

Gravitational acceleration g 9.81  m/s?

Hypothetical friction resistance factor fi 0.03

Lateral chute clear width coefficient a 1.25

Belt-lateral chute resistance coefficients CsenvCrank 1

Acceleration path total length coefficient kp 1.1

Conveyed material initial velocity Vo,j 0 m/s?

Belt-drive pulley friction coefficient U 0.3

Belt-conveyed material friction coefficient Ui 0.6

Conveyed material-lateral chute friction coefficient 0.6

Belt-belt cleaner friction coefficient us 0.65

Belt cleaner-belt contact pressure PGr 0.065 N/mm?

Belt cleaner-belt width of contact area w 0.031 mm
Department of Electrical, Electronic and Computer Engineering 45

University of Pretoria

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

CHAPTER 4 CASE STUDY

The lower and upper limits and the sets of possible sizes that apply to the design parameters are
introduced in Table Note that the boundary limits related to D,, D,, d, and d,, are indicated in mm

for convenience.

Table 4.3. Boundary limit values

Parameter Unit Min Max Set

P kW 0 2000 -
T; kKNm 0 950 -
Dy m - - 0.1-0.16-0.2-0.25-0.315-0.4-0.5-0.63-0.8-1-1.25-1.4-1.6-1.8-2-2.2
a; ° 180 240 -
Lo, m 0 2500 -
m - - 0.6-0.75-0.9-1.05-1.2-1.35-1.5-1.8-2-2.2-2.4
v m/s 0 10 -
ky kKN/m 0 3000 -
Fru kN 0 500 -
l, m 1 2 -
Ly m 1 45 -
D,, D, m - - 63-76-89-102-108-127-133-152-159-194
d,, d, m - - 25-30-35-40

4.2.2 General economic parameters

Table [d.4]displays the general economic information relating to the conveyor project. Except when oth-

erwise indicated, the information presented in this table are based on the author’s assumptions.

Table 4.4. Project economic parameters

Parameter Symbol Value  Unit
Income tax rate t 28! %

Reference inflation rate r 5.6% %

I Rate applied to companies as per South African Revenue Services (SARS). Available at: http://www.sars.gov.za/Tax-

Rates/Income-Tax/Pages/Companies-Trusts-and-Small-Business-Corporations.aspx
2 Average based on 2012-2015 Statistics South Africa. Available at: http://www.statssa.gov.za/publications/P0141/P0141April2016.pdf
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Table 4.4. Project economic parameters (continued)

Parameter Symbol Value  Unit

Debt capital proportion rq 0 %
Required return on debt capital ig 0 %
Required return on equity funds with 0% of inflation rate i, 5 %
Electricity annual escalation rate Fe 11. A %

Energy cost at time zero €co 0.071 USD/kWh
Operating hours per annum ty 3600 h

Project lifetime Z 20 years

4.3 BELT CONVEYOR COMPONENT PARAMETERS

As per the scope of the study defined in Chapter 3] the conveyor components involved in this optimal
design investigation are the belt, electric motors, gear reducers, and carry and return idler rolls. The

next subsections present the simulation parameters relating to these equipment.

4.3.1 Belting

Table [4.5] displays the price data of the steel cord belt as obtained from a belt manufacturer. The

parameter py,;; denotes the price per unit of length and width of the belt.

Table 4.5. Conveyor belt price information

ky [KN/m]  ppe, [USD/m?]

500 34.17
630 34.17
800 34.17
1000 36.53
1250 37.81

3 Average for mining sector over 2012-2015. Available at: http://www.eskom.co.za/CustomerCare/TariffsAndCharges/Pages/Tariff_History.aspx
4 Megaflex tariff 2014/2015. Available at: http://www.eskom.co.za/CustomerCare/TariffsAndCharges/Pages/Tariffs_And_Charges.aspx
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Table 4.5. Conveyor belt price information (continued)

ky [KN/m]  ppers [USD/m?]

1400 44.49
1600 52.06
1800 53.41
2000 54.75
2250 56.44
2500 69.18
2800 71.58
3150 86.66
3500 89.93
4000 105.91
4500 111.14
5000 126.49

Based on the first cost function (3.3)), Figure 4.1| shows the regression equations fitted to the data given
in Table £.5] Note that all the regression models presented in this work were developed using the

Statistics and Machine Learning Toolbox of Matlab[]

Among the statistical metrics commonly used to evaluate the quality of a regression fit is the coefficient
of determination R?, pronounced “R squared.” It indicates the proportion of the variance in the
dependent variable that is explained by the regression model. A minimum value of 0.75 for this metric

is generally acceptable to guarantee sufficient accuracy of the future predictions [42].

Accordingly, with R? equal to 0.99, the regression equation plotted in Figure is acceptable to

estimate pp; as a functions of ky.

Dretr = 25.965 + 1.414- 103 k>13. (4.1)

SMATLAB and Statistics and Machine Learning Toolbox Release 2015b, The MathWorks, Inc., Natick, Massachusetts,

United States.
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Figure 4.1. Belt price versus nominal breaking strength of the belt related to belt width

The rest of the simulation parameters of the belt are indicated in Table .6

Table 4.6. Conveyor belt parameters

5000

Parameter Symbol Value Unit
Troughing angle A 35 °

Belt safety factor related to splicing conditions So 1.1 a

Belt safety factor related to the expected service life and operating load  § 1. H

Relative reference endurance strength of the belt ki rel 0.45

Drive station-related belt length constant coefficient Y1 3 m
Belt length reserve factor 2 20 m
Specific mass model coefficient mi 13.82 kg/m?
Specific mass model coefficient my 8.174- 103 kg/kNm
Tensile members’ diameter model coefficient ms 1.002- 1030 mm
Tensile members’ diameter model coefficient my 0.012- 10~3 M

Tensile members’ diameter model coefficient ms 0.771

8Recommended value for normal belt quality and operational conditions [7]

9Recommended value for normal expected belt service life belt quality and operational conditions [[7]

10Recommended value for steel cord belts [7]
see Addendum
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Table 4.6. Conveyor belt parameters (continued)
Parameter Symbol  Value Unit
Expected lifetime Mpeis year
Annual escalation rate Tbelt %
Residual value Vielr Y%
Initial cost coefficient c USD
Initial cost coefficient )
Initial cost coefficient c3
4.3.2 Motors
Table |4.7|displays the price data obtained from an electric motor manufacturer.
Table 4.7. Motor price information (induction motor-1500 rpm)
PIKW]  ppotor [USD]
0.18 143.24
0.25 165.10
0.37 170.07
0.55 184.62
0.75 211.52
1.1 233.38
1.5 293.10
2.2 342.55
3 395.86
4 450
5.5 547.38
7.5 670.55
9.2 932.76
2Recommendations of the US Bureau of Economic Analysis (BEA). Available  at: ht-
tps://bea.gov/scb/account_articles/national/wlth2594/tableC.htm
13Same the general inflation rate in Table
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Table 4.7. Motor price information (induction motor-1500 rpm) (continued)

P[KW]  ppotor [USD]

11 1064.21
15 1381.66
18.5 1696.21
22 2049.38
30 2451.66
37 3378.69
45 3913.45
55 5037.17
75 6017.2
90 6928.62
110 8309.72
132 9681.17

160 10768.21
185 12765.03
200 13343.45
220 17425.59
250 19950.90
260 20322.41
280 22007.86
300 22696.83
315 23996.07
330 24934.34
355 25880.34
370 27946.28
400 29987.93

Figure [4.2] shows the regression equations fitted to the data given in Table d.7)in relation to the first

cost function (3:4).
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Figure 4.2. Motor price vs rated motor power

With a R? equal to 0.997, the regression model obtained for the motor is acceptable to describe the price
of motors as a continuous function of their nominal power. This relation between the two variables is

therefore given by

Pmotor = 248.12+69_()62P1.01 w2

The simulation parameters of motors are summarized in Table 4.8

Table 4.8. Simulation parameters of motors

Parameter Symbol Value  Unit
Efficiency Nimot %0
Expected lifetime M0 year
Annual escalation rate %
Residual value Vel Y%
Initial cost coefficient ¢4 248.12 USD

14With P expressed in kW

I5SRecommendations of the US Bureau of Economic Analysis (BEA). Available at: ht-

tps://bea.gov/scb/account_articles/national/wlth2594/tableC.htm
16 Assumed equal to the general inflation rate in Table
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Table 4.8. Simulation parameters of motors (continued)

Parameter Symbol Value  Unit
Initial cost coefficient  ¢5 69.062
Initial cost coefficient ¢ 1.013

4.3.3 Gear reducers

Table [4.9]displays the price data supplied by a gear reducer manufacturer.

Table 4.9. Gear reducer price information

T [KNm]  pgeqr [USD]

0.68 6572.06
0.93 7477.22
1.35 7922.95
1.84 8426.83
2.26 8977.45

2.69 10839.06
3.63 12017.81
4.53 13689.04
5.51 15551.79

Figure [4.3] shows the regression equations fitted to the data given in Table d.9]in relation to the first

cost function (3.5).

With a R? equal to 0.989, the regression model obtained for the gear reducer is acceptable to describe
the price of gear reducers as a continuous function of their nominal torque. This relation between the

two variables is therefore given by:
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16

— pgear:569943+1563.1T"°8‘ (R?=0.989)
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gear

Gear reducer price - p

6 | | | | | | | | | |
1 1.5 2 2.5 3 35 4 45 5 5.5
Rated gear reducer torque - T [kKNm]

Figure 4.3. Gear reducer price vs rated torque

Pear = 5699.3 +1563.17"- %817 (4.3)
The simulation parameters related to the motors are summarized in Table .10

Table 4.10. Simulation parameters of gear reducers

Parameter Symbol Value  Unit
Efficiency Ngear %
Expected lifetime M0 year
Annual escalation rate 7., %
Residual value Vel %
Initial cost coefficient ¢y USD
Initial cost coefficient  cg
Initial cost coefficient g

7With T expressed in kNm

I8Recommendations of the US Bureau of Economic Analysis (BEA). Available at: ht-

tps://bea.gov/scb/account_articles/national/wlth2594/tableC.htm
19 Assumed equal to the general inflation rate in Table
Department of Electrical, Electronic and Computer Engineering 54

University of Pretoria

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

CHAPTER 4 CASE STUDY

4.3.4 Carry idler rolls

Table .11 displays the simulation parameters relating to the carry idler rolls.

Table 4.11. Simulation parameters of carry idler rolls

Parameter Symbol Unit
Mass model coefficient z;

Mass model coefficient 2z

Mass model coefficient z3

Mass model coefficient z4 kg/m
Expected lifetime M arryidier year
Annual escalation rate  7eqrryidier %
Residual value Vielr %
Initial cost coefficient C1o USD

Initial cost coefficient ¢y
Initial cost coefficient C12
Initial cost coefficient C13
Initial cost coefficient ¢4

Initial cost coefficient C15

Initial cost coefficient Cle

The maximum loads allowable on the central idler roll in a three-idler roll troughing configuration as

per the recommendations of the SANS 1313 standard are given in Table [d.12]

Table 4.12. Allowable load on the central idler roll in N [40]

Shaft diameter (mm)

Belt width (mm) 25 30 35 40

400 3698.37 4620.51 545436 6739.47

20gee Addendum m
2140 000 hours as per the SANS 1313 standard [40]
22 Assumed equal to the general inflation rate in Table

Bsee Addendum
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Table 4.12. Allowable load on the central idler roll in N (continued)
Shaft diameter (mm)
Belt width (mm) 25 30 35 40
450 3698.37 4620.51 5454.36 6739.47
500 3698.37 4620.51 5454.36 6739.47
600 3698.37 4620.51 545436 6739.47
750 3698.37 4620.51 5454.36 6739.47
900 3629.7 4620.51 545436 6739.47
1050 3060.72 4620.51 545436 6739.47
1200 2580.03 4620.51 5454.36 6739.47
1350 227592 4316.4 545436 6739.47
1500 2001.24 3776.85 5454.36 6739.47
1650 1814.85 3423.69 5454.36 6739.47
1800 1657.89 3129.39 542493 6739.47
2000 1461.69 2756.61 4767.66 6739.47
2100 1412.64 26487 4591.08 6739.47
2200 1343.97 2521.17 4365.45 6739.47
2400 1226.25 2295.54 3973.05 6248.97
4.3.5 Return idler rolls
Table displays the simulation parameters relating to the return idler rolls.
Table 4.13. Simulation parameters of return idler rolls
Parameter Symbol Value Unit
Mass model coefficient  z; 17204
Mass model coefficient z, 1.28724
Mass model coefficient z3 124
Mass model coefficient z4 124.9924 kg/m
Z4see Addendum
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Table 4.13. Simulation parameters of carry idler rolls (continued)

Parameter Symbol Value Unit
Expected lifetime M arryidier 1 1» year
Annual escalation rate  rearryidier 5.6 %
Residual value Vielr 0 %
Initial cost coefficient c17 —23.157 USD
Initial cost coefficient C18 757.8821

Initial cost coefficient €19 127

Initial cost coefficient  c¢39 153.4222

Initial cost coefficient co1 1.05122

Initial cost coefficient ¢, 2.80822

Initial cost coefficient 23 122

The maximum loads allowable on a flat return idler roll as per the recommendations of the SANS 1313

standard are given in Table [d.T4]

Table 4.14. Allowable load on the central idler roll in N [40]

Shaft diameter (mm)

Belt width (mm) 25 30 35 40
600 3698.37 4620.51 5454.36 6739.47
750 297243 4620.51 545436 6739.47
900 2423.07 4591.08 545436 6739.47
1050 2001.24 3776.85 5454.36 6739.47
1200 1736.37 3266.73 5454.36 6739.47
1350 1510.74 2835.09 4914.81 6739.47
1500 1343.97 2521.17 4365.45 673947
1650 1206.63  2256.3 3894.57 6131.25
1800 1098.72  2050.29 3541.41 5562.27

2540 000 hours as per the SANS 1313 standard [40]
26 Assumed equal to the general inflation rate in Table

27see Addendum

Department of Electrical, Electronic and Computer Engineering

University of Pretoria

© University of Pretoria

57



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
&

“ UNIVERSITEIT VAN PRETORIA
A 4

CHAPTER 4 CASE STUDY

Table 4.14. Allowable load on the central idler roll in N (continued)

Shaft diameter (mm)

Belt width (mm) 25 30 35 40
2000 971.19 1824.66 3149.01 4944.24
2100 912.33  1706.94 2943 4610.7
2200 882.9  1648.08 2835.09 4443.93
2400 794.61 1491.12 2570.22 4022.1

4.4 INFLATION TREND SCENARIOS

As suggested by the expressions of the equivalent annual cost coefficient derived in Addendum [A] the
trend of the inflation rate in the course of the project will mechanically reflect on the values of these

coefficients and will, consequently, more or less modify the respective equivalent annual costs.
In order to subsequently evaluate the sensitivity of the future cost-effective conveyor designs against

the inflation rate, three different scenarios of inflation rate evolution have been envisaged in this study:

a fixed inflation rate scenario and two fluctuating inflation rate scenarios.

4.4.1 Scenario 1: Fixed inflation rate 5.6 %

The first scenario assumes an inflation rate at 5.6% per year during the 20 years of the project lifetime.

Table displays the equivalent annual cost coefficients calculated for this case.

4.4.2 Scenario 2: Fluctuating inflation rate at 5.2% on average

The second scenario assumes that the inflation rate of each year is 5% inferior to the first scenario and
perturbed by a stochastic factor varying between +1%. The trend of the inflation rate obtained in this

case is indicated in Table

Table displays the equivalent annual cost coefficients calculated for this scenario.
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Table 4.15. Equivalent annual cost coefficients with fixed inflation rate at 5.6%

Parameter Symbol Value
Equivalent annual cost coefficient of energy ko 1.653
Equivalent annual cost coefficient of belt ki 0.138
Equivalent annual cost coefficient of motor ko 0.055
Equivalent annual cost coefficient of gear reducer k3 0.055
Equivalent annual cost coefficient of carry idler roll ko 0.148
Equivalent annual cost coefficient of return idler roll ko 0.148

Table 4.16. Annual inflation rate with fluctuating inflation rate at 5.2% on average

year | 1 2 3 4 5 6 7 8 9 10

r[%] | 49 57 54 54 49 57 54 51 53 52

year | 11 12 13 14 15 16 17 18 19 20
r[%] | 48 50 49 50 50 52 48 57 58 53

Table 4.17. Equivalent annual cost coefficients with fluctuating inflation rate at 5.2% on average

Parameter Symbol Value
Equivalent annual cost coefficient of energy ko 1.716
Equivalent annual cost coefficient of belt ki 0.138
Equivalent annual cost coefficient of motor ko 0.053
Equivalent annual cost coefficient of gear reducer k3 0.052
Equivalent annual cost coefficient of carry idler roll ko 0.145
Equivalent annual cost coefficient of return idler roll ko 0.145

4.4.3 Scenario 3: Fluctuating inflation rate at 5.8% on average

The third scenario assumes that the inflation rate of each year is 5% superior to the first scenario and
perturbed by a stochastic factor varying between +1%. The trend of the inflation rate obtained in this

case is indicated in Table A.18]
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Table 4.18. Annual inflation rate with fluctuating inflation rate at 5.8% on average

year

1 2 3 4 5 6 7 8 9 10

1[%]

59 57 63 58 55 62 58 56 58 55

year

11 12 13 14 15 16 17 18 19 20

r[%]

55 64 64 60 54 56 57 63 54 54

Table displays the equivalent annual cost coefficients calculated for this scenario.

Table 4.19. Equivalent annual cost coefficients with fluctuating inflation rate at 5.8% on average

Parameter Symbol  Value
Equivalent annual cost coefficient of energy ko 1.613
Equivalent annual cost coefficient of belt ki 0.137
Equivalent annual cost coefficient of motor ko 0.057
Equivalent annual cost coefficient of gear reducer k3 0.057
Equivalent annual cost coefficient of carry idler roll ky 0.147
Equivalent annual cost coefficient of return idler roll ko 0.147
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CHAPTER S OPTIMAL DESIGN SIMULATION
RESULTS AND ANALYSIS

5.1 CHAPTER OVERVIEW

This chapter introduces the results of the simulations carried out for the single and multiple drive belt
conveyors. As a first step, a brief description of the solver and the simulation procedure is provided.
The simulation results are subsequently set out in relation to the inflation trend scenario considered.

An immediate analysis of the results is also conducted.

5.2 BRIEF DESCRIPTION OF THE OPTIMIZER AND THE OPTIMIZATION PROCED-
URE

In the formulation of the optimization problems of the cost-effective design of single and multi-drive
belt conveyors in Section the following design parameters have been described as of discrete
type because of the limited sizes subject to the recommendations in the DIN 22101 and SANS 1313
standards: Dy,.;, B, D,, Dy, d, and d,,. On the other hand, while a continuous design parameter, e.g. P,
can freely take on values within a continuous interval delimited by an upper and a lower limit, a discrete
design parameter is compelled to vary discontinuously within a specific set of possible values. On the
other hand, some of the design conditions listed in Section[3.8]consist of linear and nonlinear functions
of the two types of design parameters identified above. Such optimization problems are commonly
referred to as mixed integer nonlinear programming (MINLP). Known as relatively complex to solve,

this class of optimization problems usually calls for dedicated optimizers.
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The commercial optimization software “Mixed Integer Distributed Ant Colony Optimization”, in short
MIDACO, was acquired in the course of the research work in order to solve the different MINLPs
formulated in Chapter 3] The MIDACO software is a general-purpose solver intended for single- and
multi-objective numerical optimization problems. Relying on an extended Ant Colony Optimization
algorithm, the MIDACO software is regarded as state-of-the-art for evolutionary computing on MINLP,
constrained and large-scale optimization [43]. Owing to the black-box layout of MIDACO, no
particular restriction applies to the mathematical properties and formulation of the objective and

constraint functions prior to being handled by this solver.

On the handling of discrete design parameters by MIDACO, treated as of integer type by the generator
of “ants” or “iterates,” the values of these parameters contained in the various solutions submitted
by this generator are initially mapped to the corresponding physical sizes within the sets of possible

values prior to evaluating the objective and constraint functions.

Given a number of intermediate drive stations, the optimizer generates a specific MINLP problem
and, afterward, attempts to find the set of values of the design parameters that minimizes the objective
function, that is the equivalent annual cost of the conveyor, while satisfying all the design conditions and
boundary limits. In order to visualize the optimization process, and also conduct further comparative

analysis, the simulations were carried out individually for each possible size of the belt width.

This simulation procedure of multi-drive belt conveyors is summarized in the flowchart shown in
Fig.[5.1] At the beginning, the general economic and technical data relating to the project and the
belt conveyor components are loaded in the memory. Once the number of intermediate drive stations
is provided by the user, a first MINLP based on this value and the minimum possible belt width is
generated and immediately solved by the MIDACO solver. The best design obtained and the associated
conveyor cost, energy cost and capital costs of the belt conveyor components are stored in a dedicated
database. The above process will automatically repeat until the maximum belt width is reached. In
case the user submits a new number of drive stations, the entire process restarts using the different belt

width, otherwise the solver ends.

It is worthwhile mentioning that the computation time required by MIDACO to find the MIDACO-

based optimal solution of a problem varied between 1h30 and 20 hours. This time was affected by

Department of Electrical, Electronic and Computer Engineering 62
University of Pretoria

© University of Pretoria



&
&

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

CHAPTER 5 OPTIMAL DESIGN SIMULATION RESULTS AND ANALYSIS

factors such as conveyor technology, number of intermediate drive stations and belt size. The solver

was run on a PC Core(TM) i3, 3.40 GHz, with 4 GB of RAM, operating on Windows 7.

5.3 OPTIMAL CONVEYOR DESIGNS AND RELATED COSTS UNDER FIXED INFLA-
TION RATE AT 5.6 %

The simulation results obtained for the fixed inflation rate scenario are presented in this section.

5.3.1 Single drive conveyor layout

Table |5.1|displays the specifications of the MIDACO-based optimal single drive belt conveyors with
the driving system installed at the head pulley. It can be noted that no belt width inferior to 900 mm
is reported for the transport task considered. This is because their use will require higher conveyor
speeds that result in the violation of the constraints on the maximum rotation velocity of idler rolls,

having regard to the set of possible idler roll diameters.

Table 5.1. MIDACO-based optimal single drive belt conveyors (N=0) under 5.6% inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 1556.67  1408.66 133729 1297.62 1267.82 123813 1225.63 121499  1208.6
v, m/s 7.25 521 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T;, KNm 6087 7659 12117 15199 18511 32882 40416  500.51  754.52
o, rad 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19
Iy, m 2 2 2 2 1.85 1.96 2 1.72 1.33
Ly, m 4.5 45 45 434 45 44 45 4.5 45
Fru, kN 6178 8015 10178 1295 159.8 2302 28489 35539  430.85
ky, KN/m 117751 127951 140148  1568.27 172477 2049.72 227146  2562.1  2836.3
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
Dy, mm 194 133 102 89 63 63 63 63 63
dp, mm 25 25 30 30 30 35 40 40 40
dy, mm 25 25 25 25 30 30 35 35 40
Dy, mm 630 630 800 800 800 1000 1000 1000 1250
Aenergy, %1000 USD/year 690.04 62443 59279 57521 56199  548.83 54329  538.58 53574
Aperr» %1000 USD/year 25.71 3127 3753 4507 5315 7176 8605  104.08  123.58
Amotors %1000 USD/year 6.57 5.94 5.63 5.46 5.34 5.21 5.16 5.11 5.09
Agears 1000 USD/year 15.14 1924 3118 39.67 4894  90.54 113 14222 221.3
Acarryidiers %1000 USD/year 9.1 5.23 5.48 5.62 6.21 7.89 9.44 11.96 16.9
Department of Electrical, Electronic and Computer Engineering 63

University of Pretoria

© University of Pretoria



&
&

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

CHAPTER 5 OPTIMAL DESIGN SIMULATION RESULTS AND ANALYSIS

Table 5.1. MIDACO-based optimal single drive belt conveyors (N=0) under 5.6% inflation rate

(continued)
Belt width (mm)
Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
Averurnidier» X1000 USD/year ~ 2.47 1.41 1.12 1.1 1.22 1.32 1.61 1.66 1.97

Aconveyor» X 1000 USD/year 749.02 687.52 673.74 672.13 676.85 725.56 758.54 803.61 904.58

It is also shown that the greatest possible wrapping angle is consistently applied by the optimizer,
which relieves the slack side tension of drive stations in the fulfillment of the belt slippage condition
(3.50). This, therefore, benefits the maximum belt tension of the conveyor, which is relevant to the belt

cost through ky.

On the other hand, considering the spacing between idler rolls, the low weight of the emptied belt in
the lower stretch stimulates the use of large idler spacing on this side of the conveyor. On the other
hand, the optimal spacing of idler rolls in the carry side appears to be more sensitive to the belt width,

and therefore on the amount of bulk material resting on each carry idler roll set.

The analysis of idler roll diameters in the carry and return sides in Table[5.T|reveals a strong preference
for the smallest possible sizes with respect to the belt speed, which allows for achieving low cost and
weight for these components. This trend could, however, be challenged in case more sophisticated
frictional resistance models were adopted, since, in practice, large idler roll diameters usually result
in lower primary resistances [[7, 36]]. On the specification of the shaft diameters of carry and return
idler rolls, Table[5.1] shows that the use of the smallest diameters in relation to the optimum idler roll

spacing will lead to low costs for these components.

The trend of the drive pulley diameter in Table[5.1|suggests that small diameters are more beneficial
in order to reduce as far as possible the rated torque of gear reducers as suggested by (3.43). The
transition towards larger a diameter only takes place to ensure the longevity of the belt through (3.59),

which involves the thickness of the steel cords inside the belt.

Regarding the cost items of conveyors, Table [5.1]indicates that the energy cost consistently forms by

far the largest proportion. Depending on the conveyor speed, the cost of energy will represent between

Department of Electrical, Electronic and Computer Engineering 64
University of Pretoria

© University of Pretoria



CHAPTER 5

&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

OPTIMAL DESIGN SIMULATION RESULTS AND ANALYSIS

Start

\ 4

Case study . Load conveyor

data / / parameters

A 4

Yes

SetN

v
Initialize belt
width index
i=1

v

.| Generate
| MINLP(N,B;))

\ 4

Solve
MINLP(N,B;)
i=i+l
A v :
Save Xopt, / Optimal
Aconvs Abelts » design
etc. database

Y

Yes

New N?

End

Figure 5.1. Simulation procedure flowchart
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60% and 93% of the total cost of conveyors. This percentage declines with increases in the width of
the belt, and therefore a reduction in the conveyor speed. Within the capital cost of conveyors, the
belt and the gear reducers will generally represent the two largest items, followed by the motors. The
narrow spacing of the carry idler rolls in comparison to the return idler rolls contributes to higher costs

for the former.

5.3.2 Multi-drive conveyor layout

Table [5.2]displays the technical specifications and the resulting economic performances of the multi-
drive belt conveyors optimized for one intermediate drive station. It is immediately apparent that the
observations pointed out in the single drive design also apply to this case. Moreover, the shorter length
of the belt section 1 compared to the belt section 3 in the upper stretch is explained by the empty belt
on the return side and the loading point situated at the tail pulley. These two presences give rise to a
concentration of resistance forces upstream the intermediate drive station. A large primary resistance
in the last carry belt section (section 3) is therefore required to ensure the equality of the tight side

tensions of drive stations.

Table [5.3 shows the technical specifications and the associated economic performances of the multi-
drive belt conveyors optimized for two intermediate drive stations. All the various analysis conducted
so far are also valid for this conveyor design. In addition to this, the resistance to belt movement caused
by the belt cleaning device positioned downstream the head pulley leads to a shorter carry belt section

5 in the upper stretch compared to the belt section 3 of the same conveyor stretch.

Tables [5.4] to [5.6] display the technical specifications and the associated economic performances of the
multi-drive belt conveyors optimized for three to five intermediate drive stations. The various analysis
mentioned so far also apply to these multi-drive conveyor designs. The equality of length of the belt
sections nestled between intermediate drive stations ensures a direct equalization of tight side tensions

of drive stations because the equality of material they lift.
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Table 5.2. MIDACO-based optimal multi-drive belt conveyors with one intermediate station (N=1)

under 5.6% inflation rate (continued)

Belt width (mm)
1500

Parameter 900 1050 1200 1350 1800 2000 2200 2400

Table 5.2. MIDACO-based optimal multi-drive belt conveyors with one intermediate station (N=1)

under 5.6% inflation rate

Belt width (mm)
Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 410.21 359.23 334.02 321 311.3 302.16 298.1 294.86 292.29
v, m/s 7.25 5.21 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T;, kNm 10.18 15.5 18.92 23.5 28.41 40.12 61.93 76.52 91.97
L,;,m 1176.3 1192.56  1201.27  1206.74  1212.04 121793 121933 122195 1223.25
L,3, m 132422 1308.06  1299.35  1293.88  1288.58  1282.69 1281.42  1278.8 1277.5
«;, rad 3.47 3.16 3.26 4.19 3.97 3.76 4.18 4.19 4.19
l,, m 2 2 2 2 1.87 1.15 1.45 1.13 1.3
ly, m 4.5 45 4.5 4.5 45 45 4.5 4.11 45
Fry, kN 25.25 38.16 52.01 68.73 80.77 65.37 110.93 103.38 150
kn, kKN/m 586.82 641.82 704.14 790.24 853.37 891.99 104749 1113.01 1270.76
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 25 25 30 30 30 35
dy, mm 25 25 25 25 25 30 30 30 35
Dyyj, mm 400 500 500 500 500 500 630 630 630
Acnergy, x1000 USD/year 727.34 636.96 592.25 569.17 551.98 535.77 528.56 522.81 518.26
Apeir, x1000 USD/year 20.03 23.92 28.07 32.77 37.41 45.64 54.16 61.22 71.27
Amotor, x1000 USD/year 6.84 5.99 5.57 5.35 5.19 5.03 4.97 491 4.87
Agear, X 1000 USD/year 5.45 7.87 9.46 11.63 13.99 19.75 30.83 38.43 46.61
Acarryidier» X 1000 USD/year 9.1 5.24 5.49 5.63 6.12 11.85 11.71 16.56 17.3
Aveturnidiers X 1000 USD/year 2.46 1.41 1.12 1.06 0.95 1.29 1.34 1.53 1.71
Aconveyor» X 1000 USD/year 771.22 681.38 641.95 625.59 615.64 619.34 631.57 645.47 660.02

Table 5.3. MIDACO-based optimal multi-drive belt conveyors with two intermediate stations (N=2)

under 5.6% inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400

P kW 2926 24883 227 21626 20871 201.02 197.89 19547 193.72

v, m/s 7.25 521 3.97 3.07 247 1.69 1.36 1.09 0.9

T;, kNm 7.26 859 1028 1583  19.05 2669 3263 4026 4837

Loy, m 72698 7501 76397 77159 778.68 788.61 79095 79558  798.07
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Table 5.3. MIDACO-based optimal multi-drive belt conveyor designs with two intermediate stations

(N=2) under 5.6% inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
L,3, m 906.15 89233  883.55 87824 87342  866.5 86437 861.04 859.05
L,5,m 867.79 85849 8534  851.29 849.02 846.01 845.8 844.5 844
o, rad 4.19 4.19 4.19 4.19 391 4.02 3.82 4.19 4.19
lp, m 2 2 1.71 1.98 2 1.15 1.46 1.12 1.1
Iy, m 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
Fry, kN 25.49 38.47 43.12 68.6 87.87 66.91 112.75  103.87  124.59
kn, KN/m 453.1 49221 50547 601.02 66553 64748 776.64 804.61 885.81
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 25 30 30 30 30 35
dy, mm 25 25 25 25 30 30 30 30 35
Dy, mm 400 400 400 500 500 500 500 500 500
Acnergy, x1000 USD/year 77821 661.79 603.74 575.18  555.1 53465 52633 519.89 515.23
Aperr, x1000 USD/year 18.94 22.46 25.81 30.24 34.54 41.13 483 53.77 60.73
Apotor, 1000 USD/year 7.31 6.22 5.67 54 522 5.02 4.95 4.89 4.84
Agear, X1000 USD/year 6.25 7.12 8.24 12.03 14.27 19.74 24.07 29.73 35.85
Acarryidier» X 1000 USD/year 9.1 5.24 5.32 5.67 6.66 11.82 11.68 16.78 20.49
Ayeturnidier» x 1000 USD/year 2.46 1.41 1.12 1.06 1.21 1.29 1.34 1.4 1.71
Aconveyor, X 1000 USD/year 82228 704.23 64991 629.58 617.01 613.65 616.66 62645 638.84

Table 5.4. MIDACO-based optimal multi-drive belt conveyors with three intermediate stations (N=3)

under 5.6% inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 23453 19433 174.14 164.5 157.65 151.09 148.69 146.68  144.95
v, m/s 7.25 5.21 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T, kNm 5.82 6.71 7.89 9.63 11.51 16.05 19.61 30.21 36.2
L1, m 503.1 529.72 545778  554.6 56428 57298 57696 57823  585.65
Lo3, m 679.03 668.64 662.06 65798  653.9 649.7 64771 646.84 643.85
L,s5,m 679.03 668.64 662.06 65798  653.9 649.7 64771 646.84 643.85
L,7,m 640.16 63432 63142 630.76 62924 62894 62894 629.71 628.27
o, rad 4.19 4.19 4.19 4.19 4.19 3.8 3.98 4.19 4.1
lp, m 2 2 1.72 2 1.77 1.42 1.13 1.53 1.21
Iy, m 4.5 4.5 4.5 4.5 45 39 32 2.54 4.5
Fry, kN 25.6 38.62 43.44 69.48 76.28 86.95 82.58 149.86  141.48
kn, kKN/m 387.08 41836 423.64 51042 530.16 57128 579.12 739.63  746.39
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
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Table 5.4. MIDACO-based optimal multi-drive belt conveyors with three intermediate stations (N=3)

under 5.6% inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
D,,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 25 25 25 25 25 35
d,, mm 25 25 25 25 25 25 25 25 35
Dy, mm 400 400 400 400 400 400 400 500 500
Aenergy» %1000 USD/year 8317 689.12 61752 58335 559.05 53579 52729 520.18 514.03
Apeis, 1000 USD/year 1844 2179 2496  29.12 3262 3983 4441 5232 5724
Aumotor, %1000 USD/year 7.81 6.48 5.81 549 526 504 496 49 4.84
Agear» x 1000 USD/year 7.09 7.85 887 1041 1209 1624 1957 2973 356
Acarryidiers X1000 USD/year .11 524 532 563 6.5 10.9 151 1347 1855

Avetumidier X 1000 USD/year  2.46 1.41 L12 1.06 0.95 1.19 1.53 2.01 171
Acomeyor» X1000 USD/year ~ 876.62  731.89  663.6 63505 61647 609.01 61286 62261 631.98

Table 5.5. MIDACO-based optimal multi-drive belt conveyors with four intermediate stations (N=4)

under 5.6% inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P kW 1949  159.02 14052 133.99 12604 12004 117.87 11621 115.02
v, m/s 725 521 397 307 247 1.69 1.36 1.09 0.9
T;, KNm 381 432 501 7.85 9.2 1275 1555 19.15 2872
Loy, m 358.19  396.1  416.82 42776  439.11 44779 45241 45636  460.12
Ly3,m 54596 535.12 52894 52538 52198 51882 517.17 51567 51455
Lys,m 54596 535.12 52894 52538 52198 51882 517.17 51567 51455
L,7,m 54596 535.12 52894 52538 52198 51882 517.17 51567 51455
Ly9, m 50531 499.92  497.74 497.82  496.67 49747  497.8 49835 49835
o, rad 323 359 419 419 357 328 323 415 307
I, m 2 173 1.17 1.33 1 1.06 1.01 1.13 1.06
Ly, m 4.5 4.5 45 4.5 4.5 4.5 4.5 4.5 4.5
Fry, kN 2529 3195 2601 4193 3773 6144 739 10776  121.79
ky, KN/m 34021 34372 31054 370.61 35942 43624 47657 56524  608.75
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D, mm 194 133 102 89 63 63 63 63 63
dp, mm 25 25 25 25 25 30 35 35 40
dy, mm 25 25 25 25 25 30 30 30 35
Dy, mm 315 315 315 400 400 400 400 400 500
Aenergys %1000 USD/year 886.07 71742 62288 59393 565 53771 52745 5194 5138
Aperrs % 1000 USD/year 1816 2142 2387 275 3139 3935 4329 4865 5535
Amorors X 1000 USD/year 833 675 587 5.6 533 507 498 4.9 4.85
Agear, x1000 USD/year 6.85 8.61 8 11.04 1265 2037 1989 241 3562
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Table 5.5. MIDACO-based optimal multi-drive belt conveyors with four intermediate stations (N=4)

under 5.6% inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
Acarryidier» X1000 USD/year  9.11 524 783 7.08 747 929 1399 1647 1738
Averurmidiers ¥ 1000 USD/year  2.46 1.41 L12 1.06 1.21 118 1.34 1.4 171

Acomeyor» x1000 USD/year ~ 930.98  760.85  669.56 64621 623.05 61297 61094 61492 62871

Table 5.6. MIDACO-based optimal multi-drive belt conveyors with five intermediate stations (N=5)

under 5.6% inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P kW 17691 14044 121.83 11321 10752 1015 9934 9777  96.64
v, m/s 725 521 397 307 247 1.69 1.36 1.09 0.9
T;, KNm 346 382 435 663 618 1078 131 1611 1931
Loi,m 279.6 31056 32694 33842 35273 35788 36473 370.96 374.56
Loz, m 45229 44517 44116 43836 43479 43317 43141 42976 42874
Los,m 45229 44517 441.16 43836 43479 43317 43141 42976  428.74
Lo7, m 45229 44517  441.16 43836 43479 43317 43141 42976  428.74
Lyg, m 45229 44517  441.16 43836 43479 43317 43141 42976  428.74
L1, m 41294 41046  410.12 41026 409.81 41156 41175 41212 4126
o, rad 347 419 405 362 342 419 373 415 343
I, m 2 1.85 1.8 1.98 1 1.94 1.46 1.14 1.1
Ly, m 4.5 4.5 45 45 45 45 45 4.5 435
Fry, kN 2572 3508 4634 6897  37.66 12644 11454 10825 127.23
ky, kN/m 321.57 33073 3516 4164 32179 540.82 51026 50878  554.7
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
Dy, mm 194 133 102 89 63 63 63 63 63
dp, mm 25 25 30 30 25 35 35 35 40
dy, mm 25 25 30 25 25 30 30 30 30
Dy, mm 315 315 315 400 315 400 400 400 400
Acnergys %1000 USD/year 941.06  747.03  648.08 602.23 571.92 5399 52845 52007 514.08
Apeirs X 1000 USD/year 1799 21.06 2427 2803 2998 3937 4318 4747 528
Amorors X 1000 USD/year 885 704 612 569 541 5.11 5 493 487
Agear, %1000 USD/year 766 811 876  11.67 1109 1715 203 2444 2892
Acarryidiers X1000 USD/year 9.1 566 609 568 962 796 1165 1647  20.46
Aveurnidiers X 1000 USD/year  2.46 141 1.38 .06 095 1.29 1.34 14 1.5
Acomeyors X1000 USD/year ~ 987.14  790.31 6947 65436 62897 610.78  609.92 61478  622.64
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5.4 OPTIMAL CONVEYOR DESIGNS AND RELATED COSTS UNDER FLUCTUATING

INFLATION RATE AT 5.2% ON AVERAGE

The technical specifications and the attached economic performances of the single drive and multi-

drive belt conveyors optimized under fluctuating inflation rate with 5.2% on average are provided in

Tables[5.7)to[5.12] All the previous observations reported in the case of fixed inflation rate at 5.6%

appears to also be valid for the corresponding belt conveyors obtained under the present inflation rate

scenario.

Table 5.7. MIDACO-based optimal single drive belt conveyors (N=0) under 5.2% of average inflation

rate
Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 1556.67  1408.66  1339.39 12977 1268.88  1238.13  1225.63 121499 1208.6
v, m/s 7.25 5.21 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T;, kNm 60.87 76.59 121.36 152 185.27 328.82 404.16 500.51  754.52
o, rad 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19
lp,m 2 2 2 2 1.85 1.96 2 1.72 1.33
Iy, m 4.5 4.5 4.5 4.5 3.51 4.4 4.5 4.5 4.5
Fry, kN 61.78 80.15 101.96 129.48 159.57 230.2 284.89 35539  430.85
ky, kN/m 1177.51  1279.51  1403.76 15683 172521 2049.72 227146  2562.1  2836.3
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 35 30 30 35 40 40 40
dy, mm 25 25 25 30 25 30 35 35 40
Dyyj, mm 630 630 800 800 800 1000 1000 1000 1250
Acnergy, x1000 USD/year 716.45 648.33 61645  597.26 584 569.84 564.09 559.19  556.25
Aperr» x1000 USD/year 25.66 31.21 375 44.99 53.06 71.63 85.89 103.89  123.36
Amotor, x1000 USD/year 6.28 5.68 5.4 5.23 5.11 4.99 4.93 4.89 4.86
Agear, X1000 USD/year 14.47 18.38 29.85 37.91 46.8 86.51 107.98 1359 211.46
Acarryidier> 1000 USD/year 8.91 5.13 6.28 5.51 6.08 7.73 9.24 11.72 16.55
Aveturnidier, %1000 USD/year 242 1.38 1.1 1.29 1.2 1.3 1.57 1.62 1.93
Acomveyor» X 1000 USD/year 774.19 710.11 696.56  692.18  696.25 741.99 773.7 81721  914.41
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Table 5.8. MIDACO-based optimal multi-drive belt conveyors with one intermediate station (N=1)

under 5.2% of average inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400

Table 5.8. MIDACO-based optimal multi-drive belt conveyors with one intermediate station (N=1)

under 5.2% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 410.21 359.23 334.02 321.08 311.41 302.16 298.1 294.98 292.48
v, m/s 7.25 5.21 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T;, kNm 10.18 15.5 18.92 23.51 28.42 40.12 61.93 76.56 92.03
L,;,m 1176.3 1192.56  1201.27  1206.37 121278  1217.93 121933  1220.21 12222
L,3, m 132422 1308.06  1299.35 129425 1287.84 1282.69 1281.42 1280.54 1278.55
«;, rad 3.35 3.92 4.19 3.6 4.19 4.14 4.19 4.19 3.24
l,, m 2 2 2 2 1.59 1.15 1.45 1.75 1.35
ly, m 4.5 45 4.5 4.5 45 45 4.5 3.93 3.28
Fry, kN 25.25 38.16 52.01 68.63 66.32 65.37 110.93 173.24 156.22
kn, kKN/m 586.82 641.82 704.14 790.08 813.54 891.99  1047.49  1245.37 1282.2
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 30 25 30 30 30 30
dy, mm 25 25 25 30 25 30 30 30 30
Dyyj, mm 400 500 500 500 500 500 630 630 630
Acnergy, x1000 USD/year 755.18 661.34 614.92 591.11 573.29 556.27 548.79 543.05 538.46
Apeir, x1000 USD/year 19.99 23.87 28.02 32.71 36.71 45.55 54.06 64.54 71.47
Amotor, x1000 USD/year 6.55 5.73 5.33 5.12 4.96 4.82 4.75 4.7 4.66
Agear, X 1000 USD/year 5.21 7.52 9.04 11.11 13.37 18.87 29.46 36.74 44.57
Acarryidier» X 1000 USD/year 8.91 5.13 5.37 5.51 7.05 11.61 11.47 11.57 16.31
Aveturnidiers X 1000 USD/year 241 1.38 1.09 1.29 0.93 1.27 1.32 1.57 1.94
Aconveyor» X 1000 USD/year 798.25 704.97 663.77 646.84 636.32 638.39 649.85 662.17 677.4

Table 5.9. MIDACO-based optimal multi-drive belt conveyors with two intermediate stations (N=2)

under 5.2% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 2926  248.83 22695 216.75 20845 20095 198.02 19551 193.81
v, m/s 7.25 5.21 3.97 3.07 247 1.69 1.36 1.09 0.9
T;, kNm 7.26 8.59 10.28 12.69 19.02 26.68 32.65 40.27 48.4
Loi, m 72698  750.1 762.96 77389 77948 787.08 790.42 79427 797.67
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Table 5.9. MIDACO-based optimal multi-drive belt conveyors with two intermediate stations (N=2)

under 5.2% of average inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
L,3, m 906.15 89233  884.07 876.84 873.03 867.28 864.63 861.71  859.25
L,5,m 867.79 85849 853.89 850.19 848.61 846.76 846.07 845.14  844.2
o, rad 4.01 4.19 3.82 4.19 3.29 4.04 4.19 4.19 4.18
lo, m 2 2 2 1.33 1.87 1.59 1.62 1.43 1.06
Iy, m 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.28 3.8
Fry, kN 25.49 38.47 524 41.26 81.3 99.23 127.29  139.68  119.12
kn, KN/m 453.1 49221 537.54 517775 646.82 72191 807.2  872.48 876.64
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 25 25 30 30 30 30
dy, mm 25 25 25 25 25 30 30 30 30
Dy, mm 400 400 400 400 500 500 500 500 500
Acnergy, x1000 USD/year 808 687.12  626.73 598.54 575.64 55491 546.83 539.89 535.19
Aperr, x1000 USD/year 18.9 22.42 26.12 29.14 34.2 42.38 48.84 55.25 60.38
Apotor, 1000 USD/year 6.99 5.95 5.43 5.18 4.98 4.8 4.74 4.68 4.63
Agear, X1000 USD/year 5.97 6.8 7.87 9.43 13.62 18.85 23.01 28.42 34.27
Acarryidier» X 1000 USD/year 8.92 5.13 5.37 6.95 6.01 9.53 11.43 14.07 20.78
Ayeturnidier» x 1000 USD/year 2.41 1.38 1.09 1.03 0.93 1.27 1.32 1.44 1.68
Aconveyor, X 1000 USD/year 851.2 728.8  672.61 65027 63539 631.74 636.17 643.74 656.93

Table 5.10. MIDACO-based optimal multi-drive belt conveyors with three intermediate stations (N=3)

under 5.2% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 23453 19433  174.16 164.5 157.64 151.05 148.55 146.46 14494
v, m/s 7.25 5.21 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T, kNm 5.82 6.71 7.89 9.63 11.51 16.05 19.59 30.17 36.19
L1, m 503.1 529.72 54395 554.62 563.82 574.63 578.84 581.41 585.41
Lo3, m 679.03 668.64 662.68 65798 654.06 649.14 647.09 645.77 643.94
L,s5,m 679.03 668.64 662.68 65798 654.06 649.14 647.09 645.77 643.94
L,7,m 640.16 63432  632.01 630.74 62938  628.41 628.3  628.67 628.33
o, rad 3.96 3.32 3.24 4.18 3.88 3.32 4.19 4.19 4.19
lp, m 2 2 2 2 1.88 1.15 1.13 1.51 1.27
Iy, m 4.5 4.5 4.5 4.5 45 45 45 4.5 4.5
Fry, kN 25.6 38.62 525 69.29 82.21 67.67 83.45 148.62 150
kn, kKN/m 387.08 41836 455.04 509.86 546.57 526.68 580.51 736.58 761.06
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
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Table 5.10. MIDACO-based optimal multi-drive belt conveyors with three intermediate stations (N=3)

under 5.2% of average inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
D,,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 30 25 25 30 30 35 35
d,, mm 25 25 30 25 25 30 30 35 35
Dy, mm 400 400 400 400 400 400 400 500 500
Aenergy» %1000 USD/year 86354 7155 64125 60569 58041 556.16 54696 53925  533.65
Apeis, 1000 USD/year 1841 2175 2524 2906 3279  39.02 4435 5216 575
Aumotor, %1000 USD/year 7.47 6.2 556 525 5.03 482 474 468 463
Agear» x 1000 USD/year 6.77 75 8.48 995 1155 1551  18.68 2836  34.02
Acarmyidiers X1000 USD/year 892 5.13 5.38 5.53 597 1156 1478 1341 1728
Averurmidiors X 1000 USDfyear 2.1 1.38 1.35 1.03 0.93 1.27 1.32 1.62 1.67
Acomeyor» X1000 USD/year ~ 907.53  757.46 68725  656.5 636.69 62834 630.83 63949 64875

Table 5.11. MIDACO-based optimal multi-drive belt conveyors with four intermediate stations (N=4)

under 5.2% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 199.89  161.85 142.63 133.67 12737 121.27 11893 117.19 11593
v, m/s 7.25 5.21 3.97 3.07 247 1.69 1.36 1.09 0.9
T;, kNm 391 5.59 6.46 7.83 9.3 12.88 15.69 19.31 28.95
Ly, m 368.89  397.74 415.13 424778 43498 44379 450.18 455.79  458.54
L,3, m 542.87 534.69 52942 526.15 52296 519.78 517.69 51579 514.92
Lys, m 542.87 534.69 52942 52615 52296 519.78 517.69 515.79 514.92
L,7, m 542.87 534.69 52942 52615 52296 519.78 517.69 51579 514.92
Loo, m 503.88 49991 498.33 49849 497.86 498.59 498.47 498.56  498.82
o, rad 4.19 4.19 4.18 4.15 3.71 4.16 3.81 4.19 4.19
lp, m 2 2 1.72 2 1.84 1.68 1.37 1.11 1.21
Iy, m 4.5 4.5 4.5 4.5 4.5 3.94 4.5 4.49 4.18
Fry, kN 25.67 38.71 43.63 69.63 80.05 106.84  105.55 104.5 142.29
kn, KN/m 34777 37434 37487 45531 47936 5442 54527 562.16  647.38
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 30 30 35 35 35 40
dy, mm 25 25 25 25 25 25 30 30 30
Dyy,j, mm 315 400 400 400 400 400 400 400 500
Acnergy, x1000 USD/year 919.98 74488 65645 61523 586.22 558.13 54739 539.34  533.57
Aperr, x 1000 USD/year 18.13 21.38 24.44 28.42 31.89 39.33 43.72 48.44 54.8
Apotor, 1000 USD/year 7.97 6.46 5.7 5.34 5.09 4.85 4.76 4.69 4.64
Agear, X 1000 USD/year 6.54 8.23 9.12 10.53 12.08 15.92 19 23.03 34.04
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Table 5.11. MIDACO-based optimal multi-drive belt conveyors with four intermediate stations (N=4)

under 5.2% of average inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
Acarryidier» X1000 USD/year 892 5.13 52 552 613 901 1221 1656  18.15
Averurmidiers ¥ 1000 USD/year 241 1.38 1.09 1.03 0.93 1.15 1.32 1.37 1.53

Acomeyor» X 1000 USD/year 96396 787.46 702 666.07 64235 6284 62839 63343  646.73

under 5.2% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P kW 17691 14025 12172 11323 1073 10153 9936  97.81  96.66
v, m/s 7.25 521 3.97 3.07 247 1.69 1.36 1.09 0.9
7;, kKNm 3.46 3.81 5.51 6.63 783 1079 1311 1612 1931
Lo, m 279.6 30973 32813 33862 34876 3612  365.13 37045 37476
Los,m 45229 44535  441.1 43832 43578 4325 43133 42986 428.69
Los, m 45229 44535 4411 43832 43578 4325 43133 42986 428.69
L,7,m 45229 44535 4411 43832 43578 4325 43133 42986 428.69
Lo, m 45229 44535 4411 43832 43578 4325 43133 42986  428.69
Loi1,m 41294 41057 40959 41022 41024 41092 411.67 41223 4126
a;, rad 3.82 4.19 4.19 4.12 3.17 3.86 39 3.94 4.19
I,,m 2 2 1.72 1.94 1.8 115 1.37 1.26 1.06
I,,m 45 45 45 45 45 42 45 45 437
Fry, kN 2572 3878 4376 672 7801 6829 1063 12189 121.67
kn, KN/m 32157 34508 34249 41096 433.12 40684 493.19 534.66 545.01
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 30 30 30 35 40 40
d,, mm 25 25 25 25 30 25 30 30 30
Dy, mm 315 315 400 400 400 400 400 400 400
Acnergys X 1000 USD/year 977.08 77457 67222 62534 59262 560.76 54875 540.19  533.84
Aperr» X 1000 USD/year 1795 2114 2414 2792 313 3716 428 4791 5249
Amotor» X 1000 USD/year 8.46 6.72 5.84 5.44 5.16 4.89 4.79 471 4.66
Agear» X 1000 USD/year 732 774 978  11.15 1265 164 194 2336 2764
Acarryidiers %1000 USD/year 8.92 5.13 52 5.69 627 1156 1216 1602  20.82
Aveturmidier» X1000 USD/year ~ 2.41 1.38 1.09 1.03 1.19 1.08 1.32 1.37 1.46
Acomeyor» X1000 USD/year  1022.16  816.69 71828 676.58 649.19 631.85 62921 633.56 64091

Table 5.12. MIDACO-based optimal multi-drive belt conveyors with five intermediate stations (N=5)
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5.5 OPTIMAL CONVEYOR DESIGNS AND RELATED COSTS UNDER FLUCTUATING
INFLATION RATE AT 5.8% ON AVERAGE

The technical specifications and the related economic performances of the single drive and multi-drive
belt conveyors optimized under fluctuating inflation rate with 5.8% on average are given in Tables
[5.13]to[5.18] Similarly, all the previous observations reported in the case of fixed inflation rate at 5.6%
appears to also be valid for the corresponding belt conveyors obtained under the present inflation rate

scenario.

Table 5.13. MIDACO-based optimal single drive belt conveyors (N=0) under 5.8% of average inflation

rate
Belt width (mm)
Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 1556.67  1408.66 1337.29 129926 1268 123813 122563 121499  1209.06
v, m/s 7.25 521 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T;, kNm 6087 7659 12117 15218 23142 32882 40416 50051  754.8
o, rad 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19
Iy, m 2 2 2 2 2 1.96 2 1.72 1.33
L, m 4.5 45 45 4.34 4.5 44 4.5 4.5 3.72
Fry, kN 61.78 80.15 10178  129.67  159.83 2302 28489 35539  430.58
k', KN/m 117751 1279.51 140148  1570.29 172502 2049.72 227146  2562.1  2836.63
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
Dy, mm 194 133 102 89 63 63 63 63 63
dy, mm 25 25 30 35 35 35 40 40 40
dy, mm 25 25 25 25 30 30 35 35 35
Dy, mm 630 630 800 800 1000 1000 1000 1000 1250
Acnergys * 1000 USD/year 67338 60936 57848  562.03 54851 53559  530.18 52558  523.01
Apets» X 1000 USD/year 25.49 31 37.21 44.72 52.7 71.14 8531  103.18  122.53
Aumotors X 1000 USD/year 6.8 6.15 5.83 5.66 5.53 5.39 5.34 5.29 5.7
Agear, x1000 USD/year 15.69 19.93 323 4115 6436 9379 117.06 14733 229.35
Acarryidiers X 1000 USD/year  9.02 5.19 5.44 6.5 6.61 7.83 9.36 11.87 16.76
Aveturnidier» X1000 USD/year  2.45 1.4 111 1.09 1.21 1.31 1.59 1.65 2.05
Acomeyors X1000 USD/year 73283 673.03 66038  661.15 67891 71506  748.85 7949  898.98
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Table 5.14. MIDACO-based optimal multi-drive belt conveyors with one intermediate station (N=1)

under 5.8% of average inflation rate (continued)

Belt width (mm)
1500

Parameter 900 1050 1200 1350 1800 2000 2200 2400

Table 5.14. MIDACO-based optimal multi-drive belt conveyors with one intermediate station (N=1)

under 5.8% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 410.21 359.23 334.1 321.8 311.37 302.4 298.1 294.82 292.42
v, m/s 7.25 5.21 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T;, kNm 10.18 15.5 18.92 23.56 28.41 40.16 61.93 76.51 92.01
L,;,m 1176.3 1192.56  1202.04 1208.59 1211.79 1216.88  1219.33  1222.12  1223.76
L,3, m 132422 1308.06  1298.58  1292.03  1288.83  1283.74 1281.42 1278.63  1276.99
«;, rad 3.26 3.17 3.53 4.19 3.46 4.19 4.06 4.19 3.47
l,, m 2 2 1.71 1.32 1.85 1.15 1.45 1.13 1.1
ly, m 4.5 45 4.5 4.5 45 341 4.5 4.5 45
Fry, kN 25.25 38.16 4247 404 79.71 64.86 110.93 103.5 123.22
kn, kKN/m 586.82 641.82 671.25 704.49 850.58 891.38 1047.49  1113.13  1224.83
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 25 30 25 30 35 35
dy, mm 25 25 25 25 30 25 30 35 35
Dyyj, mm 400 500 500 500 500 500 630 630 630
Acnergy, x1000 USD/year 709.79 621.59 578.1 556.82 538.78 523.25 515.81 510.13 505.97
Aperr, x 1000 USD/year 19.85 23.71 27.44 31.32 37.04 4523 53.69 60.7 69.34
Amotor, x1000 USD/year 7.08 6.2 5.76 5.55 5.37 522 5.14 5.08 5.04
Agear, x 1000 USD/year 5.65 8.15 9.8 12.07 14.49 20.48 31.94 39.81 48.31
Acarryidier» X 1000 USD/year 9.03 5.19 5.3 7.06 6.14 11.76 11.62 16.42 20.19
Aveturnidiers X 1000 USD/year 2.44 1.4 1.11 1.05 1.2 1.35 1.33 1.64 1.69
Aconveyor> X 1000 USD/year 753.84 666.24 627.51 613.87 603.02 607.28 619.53 633.8 650.55

Table 5.15. MIDACO-based optimal multi-drive belt conveyors with two intermediate stations (N=2)

under 5.8% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 2926  248.83 227 21633 20849 201.01 197.9 195.48  193.79
v, m/s 7.25 5.21 3.97 3.07 247 1.69 1.36 1.09 0.9
T;, kNm 7.26 8.59 10.28 12.67 19.03 26.69 32.63 40.26 48.39
Loi, m 72698  750.1 763.97 772.02  780.13  787.69 791 7942 797.59
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Table 5.15. MIDACO-based optimal multi-drive belt conveyors with two intermediate stations (N=2)

under 5.8% of average inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
L,3, m 906.15 89233  883.55 877.82 872.69 86697 86434 861.74 859.29
L,5,m 867.79 85849 8534  851.08 8483 846.46  845.78 845.18 844.24
o, rad 3.75 3.32 4.19 4.19 4.13 4.16 4.19 4.19 4.19
lp, m 2 2 1.71 1.83 1.68 1.42 1.44 1.51 1.08
Iy, m 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.47 3.8
Fry, kN 25.49 38.47 43.12 62.27 71.75 86.54 111.41  148.37 121.9
kn, KN/m 453.1 49221 50547 581.66 62043 692.79 773.86 888.68  881.4
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 25 25 30 30 30 30
dy, mm 25 25 25 25 25 30 30 30 30
Dy, mm 400 400 400 400 500 500 500 500 500
Acnergy, x1000 USD/year 759.43 64582 589.17 561.48 541.12 521.72 513.64 507.37 502.98
Aperr, x1000 USD/year 18.78 22.27 25.59 29.73 33.59 41.57 47.82 55.25 60.09
Apotor, 1000 USD/year 7.57 6.44 5.87 5.6 5.39 52 5.12 5.06 5.02
Agear, X1000 USD/year 6.47 7.37 8.54 10.21 14.77 20.45 24.93 30.8 37.15
Acarryidier» X 1000 USD/year 9.03 52 5.28 6.09 6.76 10.82 1.7 13.54 20.64
Ayeturnidier» x 1000 USD/year 2.44 1.4 1.11 1.05 0.95 1.28 1.33 1.39 1.7
Aconveyor, X 1000 USD/year 803.72 68849 63556 614.15 60258 601.04 604.55 61341 627.59

Table 5.16. MIDACO-based optimal multi-drive belt conveyors with three intermediate stations (N=3)

under 5.8% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 23453 19433 174.14 164.5 157.66  151.08  148.51 146.47 14526
v, m/s 7.25 5.21 3.97 3.07 2.47 1.69 1.36 1.09 0.9
T, kNm 5.82 6.71 7.89 9.63 11.51 16.05 19.59 30.17 36.27
L1, m 503.1 529.72 545778  554.6  564.58 57477 578.63 581.16 581.66
Lo3, m 679.03 668.64 662.06 65798  653.8 649.1 647.16 64586  645.19
L,s5,m 679.03 668.64 662.06 65798  653.8 649.1 647.16 64586 645.19
L,7,m 640.16 63432 63142 630.76  629.14 62835 62837 628.74 629.58
o, rad 3.79 4.19 4.19 3.32 3.66 4.19 4.19 4.19 4.19
lp, m 2 2 1.72 2 1.69 1.12 1.18 1.52 1.19
Iy, m 4.5 4.5 4.5 4.5 45 45 45 4.5 2.14
Fry, kN 25.6 38.62 43.44 69.48 724 65.26 87.95 150 135.79
kn, kKN/m 387.08 418.36 423.64 51042 519.44 52122 589.79 73923  737.56
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
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Table 5.16. MIDACO-based optimal multi-drive belt conveyors with three intermediate stations (N=3)

under 5.8% of average inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
D,,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 25 25 30 30 40 25
d,, mm 25 25 25 25 25 30 30 40 25
Dy, mm 400 400 400 400 400 400 400 500 500
Aenergy» %1000 USD/year 811.63 67249 602.62 56927 54561 52284 51395 50689  502.68
Apeis, 1000 USD/year 1828 2161 2475 2887 3219 3866 4423 5186  56.54
Aumotor, %1000 USD/year 8.09 6.71 6.01 5.68 5.45 522 5.13 506 5.02
Agear» x 1000 USD/year 7.34 8.13 919 1079 1252 1682 2025 3075  36.96
Acarryidiers X1000 USD/year  9.03 52 527 5.58 674 1205 1434 1347 1877
Averurmidiers X 1000 USD/year  2.44 1.4 L11 1.05 0.95 1.28 1.33 1.9 2.48
Acomeyor» X1000 USD/year ~ 856.82  715.53 64895 621.24 60345 596.88 59923 609.94 62245

under 5.8% of average inflation rate

Table 5.17. MIDACO-based optimal multi-drive belt conveyors with four intermediate stations (N=4)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 199.89  162.11 142.89 133.71 127.51 12135 11894 117.22 1159
v, m/s 7.25 5.21 3.97 3.07 247 1.69 1.36 1.09 0.9
T;, kNm 391 5.6 6.47 7.83 9.31 12.89 15.69 19.31 28.94
Ly, m 368.89  397.92 41251 42419 43477 446.11 45031  456.04 458.21
L,3, m 542.87 534.63 530.07 5263  523.01 519.19 517.66 51572 515.01
Lys, m 542.87 534.63 530.07 5263  523.01 519.19 517.66 51572 515.01
L,7, m 542.87 534.63 530.07 5263  523.01 519.19 517.66 51572 515.01
Loo, m 503.88 49991 499 498.63 49792  498.04 49843 49852  498.88
o, rad 3.56 4.18 4.19 4.08 4.18 4.19 4.19 4.03 4.19
lp, m 2 2 2 2 1.89 1.27 1.34 1.05 1.33
Iy, m 4.5 4.5 4.5 4.5 4.49 4.5 4.5 4.5 4.5
Fry, kN 25.67 38.71 63.01 69.52 83.11 76.95 102.71 98.17 158.66
kn, KN/m 34777 37482  449.68 455.04 488.72 47526 539.44  550.27 675.63
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 30 30 30 35 35 35 35 40
dy, mm 25 25 25 30 25 30 30 30 35
Dyy,j, mm 315 400 400 400 400 400 400 400 500
Acnergy, x1000 USD/year 864.68 701.24 618.11 57839 551.57 52492 51453 507.06 501.38
Aperr, x 1000 USD/year 18.01 21.24 25.03 28.22 31.8 37.95 43.32 47.87 55.09
Apotor, 1000 USD/year 8.62 7 6.18 5.78 5.52 5.26 5.15 5.08 5.02
Agear, X 1000 USD/year 7.1 8.93 9.9 11.42 13.11 17.27 20.6 24.97 36.9
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Table 5.17. MIDACO-based optimal multi-drive belt conveyors with four intermediate stations (N=4)

under 5.8% of average inflation rate (continued)

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
Acarryidier» X1000 USD/year  9.03 6.12 545 5.59 7 1204 1266 1767 1674
Averurmidiers X 1000 USD/year ~ 2.44 1.4 111 13 0.95 1.28 1.33 1.39 1.69
Acomeyor» X1000 USD/year ~ 909.88 74593 66578 63071  609.94 59872 597.58 604.03  616.82

Table 5.18. MIDACO-based optimal multi-drive belt conveyors with five intermediate stations (N=5)

under 5.8% of average inflation rate

Belt width (mm)

Parameter 900 1050 1200 1350 1500 1800 2000 2200 2400
P, kW 17691  140.25 121.68 11321  107.54 101.5 99.35 97.83 96.66
v, m/s 7.25 5.21 3.97 3.07 247 1.69 1.36 1.09 0.9
T, kNm 3.46 3.81 4.34 6.63 6.18 10.78 13.1 16.12 19.31
Loi, m 279.6  309.73 32799 33834 352.24 35859 36494 370.78 374.73
L,3,m 45229 44535 44096  438.37 43480 433.03 43137 429.79 4287
L,5, m 45229 44535 44096 43837 434.89 433.03 43137 429.79 4287
L,7, m 45229 44535 44096 43837 434.80 433.03 43137 429.79 4287
Lo9, m 45229 44535 44096 43837 434.89 433.03 43137 429.79 4287
Lo 11, m 412.94 41057 409.87 4103 4099 41141  411.7 412,18 41259
o;, rad 391 3.56 3.71 4.16 3.19 3.62 4.19 4.02 3.42
lp, m 2 2 1.72 2 1 1.7 1.42 1.19 1.06
Iy, m 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.36
Fry, kN 25.72 38.78 43.76 69.72 37.56 108.31  110.24  113.57  122.56
kn, KN/m 321.57 345.08 34244 418.72 321.56 49897 50133 519.04 546.56
B, mm 900 1050 1200 1350 1500 1800 2000 2200 2400
D,, mm 194 133 102 89 63 63 63 63 63
D,, mm 194 133 102 89 63 63 63 63 63
d,, mm 25 25 25 30 25 35 35 40 40
dy, mm 25 25 25 25 30 35 30 30 30
Dyyj, mm 315 315 315 400 315 400 400 400 400
Acnergy, x1000 USD/year 918.35 728.01 631.64 587.67 55824 526.87 515772 507.84 501.74
Aperr, x1000 USD/year 17.83 21 23.97 27.82 29.72 38.35 42.65 47.27 52.17
Apmotor, 1000 USD/year 9.16 7.28 6.32 5.89 5.6 5.29 5.18 5.1 5.04
Agear, X1000 USD/year 7.94 8.39 9.07 12.09 11.49 17.77 21.03 25.34 29.96
Acarryidier» X 1000 USD/year 9.04 52 5.27 5.59 9.54 9.03 11.94 17.24 20.95
Ayeturnidier» x 1000 USD/year 2.44 1.4 1.11 1.05 1.2 1.54 1.33 1.39 1.48
Aconveyor, X 1000 USD/year 964.76  771.28 677.38  640.1 61579 598.85 597.86 604.16 611.35
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CHAPTER 6 DISCUSSION

6.1 CHAPTER OVERVIEW

This chapter presents a discussion on the simulation results introduced in Chapter [5] with the objective

of addressing the economic research questions presented in Section[I.3]
6.2 PROFILE OF THE MINIMUM CONVEYOR COSTS

Figure[6.1] displays the evolution of the equivalent annual cost of conveyors under fixed inflation rate
at 5.6% as a function of the conveyor speed and the number of intermediate drive stations fitted. The
case with N = 0 refers to the single drive technology. This figure indicates that, in general, single drive
technology will be regarded as the most economic option at high conveyor speed, while the multi-drive
technology will only gain in profitability with the decrease of the conveyor speed. Furthermore, at a
high conveyor speed, the greater the number of intermediate drive stations, the poorer the economic
performance of the multi-drive conveyor system will be. The variation of the conveyor speed finally
appears to have a larger impact on the performance of the multiple drive technology compared to the

single drive alternative.
6.3 COST-EFFECTIVE BELT CONVEYOR FRONT

The conveyor costs of the cheapest designs with respect to the number of intermediate drive stations
installed are summarized in Figure [6.2] along with the respective operating and capital costs. This
figure shows that, subject to the assumptions made, the manufacturers supplied information and the

optimizer used, the multi-drive belt conveyor fitted with three intermediate drive stations and operated
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Figure 6.1. Cheapest belt conveyor cost vs belt speed vs intermediate drives

at 1.69 m/s represents the most cost-effective conveyor design with an equivalent annual cost evaluated
at $609 010 (USD) per annum. By adopting the cheapest single drive belt conveyor as reference design,
the cost saving induced by the most economic conveyor is estimated at $63 131 (USD) per annum over
20 years of the project duration. The focus on the profiles of the capital and operating costs shows that
the reduction in costs results primarily from the decrease in energy consumption. With the increase in
the number of drive stations, the reduction in power demand becomes less and less significant because
of the additional secondary resistance brought in by each intermediate drive station added. Moreover,
beyond a single intermediate drive station, the capital cost of belt conveyors also shows an increasing
tendency. These two behaviors explain together the shape of the conveyor cost curve. It is finally noted
that the optimal speed of conveyors is subject to a progressive decrease as more drive stations are

envisaged. This supports the preliminary analysis given in Section [6.2]

Figure [6.3]shows the individual contributions of the bulk material, belt and idler rolls in the overall
power consumption of the cost-effective belt conveyors. The variation of their respective percentages
suggests that every intermediate drive station added to a conveyor system can assist to achieve higher
energy efficiency in transportation. This is because of the steady increase of the proportion of power
dedicated to the payload. Taking into account (3.13) and (3:28)), higher conveyor cost savings can

therefore be expected for systems that operate over longer transport distances.

The breakdown of the capital cost of conveyors by component displayed in Figure [6.4]indicates that
the belt will generally form the largest proportion, followed by the group of gear reducers. For these

two equipment, beyond a single intermediate drive station, the cost savings achieved through the use
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Figure 6.2. Cheapest belt conveyors with respect to the number of intermediate stations
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Figure 6.3. Power consumption per conveyor load component

of lighter belts are annihilated by the need for a wider belt due to the decrease of the optimal conveyor

speed. Regarding the motors, the trend in this figure implies that their overall cost is fairly stable,

irrespective of the conveyor technology and the number of drive stations fitted. Lastly, the analysis

of the costs of idler rolls in Figure [6.4] shows that the cost of carry idler rolls is more sensitive to the

variation of belt width in comparison with the return idler rolls.
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Figure 6.4. Detailed capital cost per belt conveyor component

6.4 INFLATION SENSITIVITY ANALYSIS

The superiority of the multi-drive belt conveyor fitted with three intermediate drive stations and operated
at 1.69 m/s as established in Figure [6.2]assumes a general inflation rate fixed at 5.6% per annum over
20 years of the project duration. In practice, however, the inflation is more likely to be slightly different
from one year to the next. This sensitivity study aims therefore to verify the robustness of this conveyor
design against limited variations of the inflation rate. Besides the above-fixed inflation rate scenario,

the following two inflation rate case studies have been presented in Chapter [4

* stochastic fluctuation of the inflation rate between 4.8% and 5.8 with an average equal to 5.2%

* stochastic fluctuation of the inflation rate between 5.4% and 6.4 with an average equal to 5.8%

The former intends to evaluate the impact of an inflation rate lower than initially expected, the latter
aims to investigate the opposite situation. The annual inflation rates and the equivalent annual cost

coefficients under these scenarios are detailed in Sections and4.4.3]

Department of Electrical, Electronic and Computer Engineering 84
University of Pretoria

© University of Pretoria



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
&

“ UNIVERSITEIT VAN PRETORIA

A 4

CHAPTER 6

DISCUSSION

92 USD - 3.07 m/s f

680 B
650 B
. SD - 2.47 mis
_ RN 634USD -169mS  g5usD-169m/s 628USD-137m/s 629 USD - 1.37 mis).
@ *>. BIBUUSD - 2.47 mis I
g O m 614USD-169m/s  6oguUSD-169m/s  611USD-137m/s g10USD - 1.37 mis
S e e B £ £
o R N
S 6001 B03USD - 247Mm/s 601 USD - 160 m/s  tagiran gnoio Tz DA s <
3 : SLO9Mms - 597USD-T69m/s  598USD-1.37m/s 598 USD - 1.37 m/s
3
@]
¢)
550 B
-©-5.2% inflation rate
-8-5.6% inflation rate|
-©-5.8% inflation rate
500 : * : ;
0 1 2 3 4 5

Intermediate drive stations

Figure 6.5. Variation of the cost-effective belt conveyors with the inflation rates

Based on the simulation results given in Tables [5.1] to [5.12] Figure [6.5] displays the fronts of the
cost-effective belt conveyor designs under the three inflation scenarios envisaged. It is preliminary
observed that unlike the single drive conveyor, the optimal conveyor speed of all the multi-drive
conveyor designs remains fixed, irrespective of the scenario considered. Moreover, the multi-drive belt
conveyor consisted of three intermediate drive stations and operated at 1.69 m/s realizes the lowest

conveyor cost under the three inflation scenarios.

The design and cost information of the most cost-effective conveyors under the inflation scenarios are
summarized in Table It is shown that, except for o, ky, Fry and [, and [, the optimal values of

the rest of the design parameters remain fairly constant under the different inflation scenarios.

Further simulation tests focused on ¢; showed that no impact on the economic performance is incurred
by using wrapping angles superior to those of the best conveyor designs under fixed inflation rate
at 5.6% and fluctuating inflation rate at 5.2% of average. Such a modification will only positively
affect the design condition on the minimum slack side tension to ensure the proper transmission
of force between drive pulley and belt. Secondly, the individual comparison of ky under 5.2% and
5.8% of average inflation rate with the optimal value under fixed inflation rate scenario indicates a
reduction of, respectively, 7.81% and 8.76% in this parameter in case the presumed fluctuations are

experienced during the project. Still with respect to the best conveyor design under fixed inflation rate,
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the inspection of the spacings between idler rolls shows a decline of /, by 19.01% and 21.13% and

an increase of /,, by 15.38% and 15.38% under the 5.2% and 5.8% of average inflation rate scenarios,

respectively.

This suggests that the additional costs caused by the use of the initial belt (greater ky) and the initial

return idler spacing (lower /,) in case the inflation rate fluctuates following the envisaged scenarios

will be partially offset by the cost savings due to the lower quantity of carry idler rolls installed (greater

l,). In view of the above, it is concluded that the original most cost-effective belt conveyor obtained

under a fixed inflation rate is fairly robust to remain highly competitive in case of limited variations in

the inflation rate.

Table 6.1. Cost-effective belt conveyor designs under different inflation trends

Average inflation rate

Parameter

52% 5.6% 5.8%
N 3 3 3
P, kW 151.05 | 151.09 | 151.08
v, m/s 1.69 1.69 1.69
T;, KNm 16.05 | 16.05 | 16.05
Lo1, m 574.63 | 572.98 | 574.77
L,3, m 649.14 | 649.7 | 649.1
L,s5, m 649.14 | 649.7 | 649.1
L,7, m 628.41 | 628.94 | 628.35
o, rad 3.32 3.8 4.19
ly, m 1.15 1.42 1.12
I, m 4.5 39 4.5
Fry, kN 67.67 | 86.95 | 65.26
kn, KN/m 526.68 | 571.28 | 521.22
B, mm 1800 1800 1800
D,, mm 63 63 63
D,, mm 63 63 63
dy, mm 30 25 30
dy,, mm 30 25 30
D, mm 400 400 400
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Table 6.1. Cost-effective belt conveyor designs under different inflation trends (continued)

Average inflation rate

Parameter

5.2% 5.6% 5.8%
Acnergy, X 1000 USD/year 556.16 | 535.79 | 522.84
Aperr, X 1000 USD/year 39.02 | 39.83 | 38.66
Aporor, x1000 USD/year 4.82 5.04 5.22
Agear, x 1000 USD/year 15.51 16.24 | 16.82
Acarryidler> 1000 USD/year | 11.56 10.9 12.05
Aveturnidier» X1000 USD/year | 1.27 1.19 1.28
Aconveyor, X 1000 USD/year 628.34 | 609.01 | 596.88
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CHAPTER 7 CONCLUSION

7.1 SUMMARY

The present dissertation has reported on a study that aimed at developing a cost-effective design
approach for multiple drive belt conveyors. The basic system consisted of a typical uphill multi-
drive belt conveyor with trippers distributed along the upper stretch.To search for the lowest cost of
transportation over the duration of a project, a nonlinear optimization model combining continuous
and discrete design parameters was formulated for a multi-drive belt conveyor including a number
of intermediate drive stations specified by the conveyor designer. In this respect, the model intends
to optimally set a specified group of design parameters in order to achieve the minimum equivalent
annual cost, whilst satisfying the user defined transportation requirements and the various design
conditions derived from the DIN 22101 and SANS 1313 standards. To fairly evaluate the effectiveness
of the proposed design model, a similar optimization model was constructed for the single drive belt

conveyors with the unique drive pulley situated at the head.

Both formulated as MINLPs, the developed optimization problems were solved using the MIDACO
solver embedded in the MATLAB platform. Through the simulation results, good capabilities of the
proposed design approach in leading to cost-effective conveyor system given a number of drive stations
were observed. Following a step-by-step simulation strategy, by manually setting the number of drive
stations, the possibility to identify the most cost-effective belt conveyor, also taking into account
the single drive technology was also established. The robustness of the cheapest conveyor system
against limited fluctuations of the inflation rate during the project was lastly verified through sensitivity

analysis.

Although the economic potential of this type of belt conveyor is acknowledged for several decades,
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the survey of the literature showed that no previous research work on the methodology to the design
cheapest multi-drive belt conveyors was reported. This study is therefore regarded by the author as the

very first contribution to this research topic.

7.2 FUTURE WORKS

The study presented in this master’s dissertation can be extended as follows:

1. Comprehensive capital costs. The cost of the supporting structure usually represents the largest
capital cost item of belt conveyors [35]]. Other capital cost items, including the drive, head, tail
and other idler pulleys, take-up devices, transfer chutes, transfer stations, walkways and civil
works are also significant within the overall costs of a conveyor system. The development of a
comprehensive capital cost model will, therefore, lead to the design of cost-effective multi-drive

belt conveyors with a larger scope.

2. Advanced frictional resistance models. In practice, the magnitude of primary resistance in a belt
section is influenced by several factors, including the belt tension, diameter of idler rolls, belt
speed, and ambient temperature. Accordingly, the assumption made of a constant hypothetical
frictional resistance involves a certain risk of deviation between the theoretical performances

and the actual performances in case of implementation.

3. Dynamic belt tension due to belt vibrations and non-stationary operating conditions. In steady
operating condition, the belt is also subject to additional dynamic solicitations due to transverse
and longitudinal vibrations. Other dynamic constraints on the belt take place during the accel-
eration and deceleration of the conveyor system. The introduction of complementary design
conditions that account for these dynamic components will allow for the determining of more
accurate minimum strength characteristics of the belt in order to ensure the longevity of the

system.
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ADDENDUM A FORMULATION OF THE
EQUIVALENT ANNUAL COST
COEFFICIENTS

This section describes the procedure to be followed in order to determine the equivalent annual cost
coefficients in case the annual escalation rate of energy and the general inflation rate can vary from
year to year. It constitutes an extension and also a summary of the basic calculation approach presented

in the literature [35) 144]].

A.l CALCULATION OF THE EQUIVALENT ANNUAL ENERGY COST COEFFI-
CIENT

In case the annual escalation rate of energy r, and the general inflation rate » can vary from year to

year, the equivalent annual energy cost coefficient is calculated by:

i
.
P/)z4

VA
1=

l'f i
(?) [T0+r. (A1)

1=

i9 ir

where (%) " denotes the capital recovery factor of the project, (?) denotes the present equivalent
z i

cost factor over i-year period of time, r, ; denotes the annual escalation rate of energy during the year

Jj of the project, and Z denotes the project lifetime. The capital recovery factor is obtained by:
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( >:f(1+f) o

a
b Z
P)z (1 + ig.) 1

where the time value of money when all cash flows are converted from inflated value to constant year

zero value, noted by i(}, is given by:

(1 — t) rdid —FYdtavg
1+ 7avg

i = +(1=ry) . (A.3)
In this relation, ¢ denotes the income tax rate, r; denotes the proportion of debt capital maintained
constant by the company, iy denotes the interest rate on debt, r,,, denotes the average inflation rate
over the project duration, and i, denotes the after-tax return required on equity funds with zero inflation
rate. Since the inflation rate is assumed to be variable throughout the project, the present equivalent

cost factor over i-year period of time is determined by:

iy
(Gt
IO+

~
I
—

where iy ; denotes inflation modified rate of return of the year j of the project, which is given by:

ij=(L=t)rgig+(L—rg) [(1+7r;) (14i) —1]. (A.5)

Here, r; denotes the general inflation rate during the year j of the project.

The substitution of (A.2) and (A.4) into (A.I)), taking into account (A.3)) and (A.5), allows to obtain

the general expression of k.
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A.2 CALCULATION OF THE EQUIVALENT ANNUAL COST OF EQUIPMENT

Taking into account the project lifetime and the expected lifetime of an equipment; one or more items
of it can be necessary in order to achieve the project duration. In the rest of this section, the concept
“equipment” is therefore associated with the set of items purchased and operated throughout the project.

As indicated in equation [3.2] the equivalent annual cost of any equipment is expressed by:

Acy = kegCoq -

This cost is also obtained by multiplying the present equivalent of the capital costs PEC,, of the

equipment by the capital recovery factor of the project:

a

Ty
Aeg = <> PEC,,. (A.6)
PJz

Considering the first item and the replacement items purchased during the project lifetime, the present

equivalent of the capital costs of an equipment is expressed by:

PEF,, — PEV,,—tPED,,

PEC,, = —

(A7)

where PEF,, denotes the overall present equivalent of the first costs of the equipment, PEV,, denotes
the overall present equivalent of the salvage values of the equipment, and PED,,, denotes the overall

present equivalent of depreciations of the equipment.

Denote M the expected lifetime of the given equipment, the total number of items to be purchased over

the Z years of the project lifetime, noted by R, is given by:
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The year X; of the purchase of the i-th item (i = 1,. .., R) should correspond to the end of service life

of the previous item:

Xi=(i—1)M.

In case the inflation-modified rate of return and the annual cost escalation rate r,, of the equipment

can vary from year to year, PEF,, is given by:

R X
i Xi
PEFeq:Ceq.,0<1+Z<?> H(1+req,j)>. (A.8)

i=2 7 Kij=1

Note that the sum in parenthesis will vanish if a unique item operates over the entire project dura-

tion.

On the determination of the salvage of the equipment, denote g the estimated percentage remaining
value of the first costs of the equipment after it operates over the expected lifetime. Assuming the
value of the equipment decreases linearly with time, the remaining value g; of the i-th item purchased
(i=1,...,R) after it operates over its actual lifetime in relation to both the project duration and its

expected lifetime is determined by:

1—
gi = 1—7‘”min(M,Z—M(i— 1),

The year ¥; of the decommissioning of the i-th item corresponds to the minimum between the year of

the purchase of the next item (if any) or the project end:

Y, =min(iM,Z), withi=1,...,R.

Considering all the items to be purchased during the project lifetime and the annual increase in the first

costs, the present equivalent of the salvage value of the equipment is determined by:
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ADDENDUM A FORMULATION OF THE EQUIVALENT ANNUAL COST COEFFICIENTS

. R . X:
lf lf i
PEVeq—Ceq10<<?>y q1 + E (?)yqil |(1+req7j)>. (A.9)
! i=2 =1

i

Note that the sum in parenthesis will vanish if a unique item operates over the entire project dura-

tion.

In order to formulate the present equivalent of depreciation under varying inflation-modified rate of

i . L
return, let (5) denote the series compound amount factor, which is given by:
7Xi

" -
(a)M,X[ - +ZH(1 i)

=2 J=i

This factor intends to convert a uniform series of annual depreciation to a future value for an item
purchased at the year X; of the project and operated over M years. The present equivalent of depreciation
of an equipment is therefore obtained by totaling the present equivalents of the future values of the
annual depreciation of all the items, taking into account the annual cost escalation rate of the equipment.
Adopting the straight-line depreciation method and writing off the depreciations remaining at the end

of the project, this results in:

R—1 y . . s . .
C. ’ " L o AN
rema= G (L0 (3),, (2), Tl (8) (1)

i=1J=1 Xi+M MX:  j=1 V4 Z—Sr,Sk
Sk D i
sz Junp (%)),
j=1 )z

(A.10)

In case a unique item operates over the entire project duration, thatis R = 1, PED,, is simplified as

follows

 Cug0 p if f iy p iy
PEDe ="y <<f>z(a>z,o+“”‘z> (f)> (A1D
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Keeping C,, o factorized, the substitution of (A.8), (A.9) and (A.10) or (A.TT) into (A.7), and of (A7)

into (A.6) allows to obtained k., as mentioned in (3.2).
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ADDENDUM B DERIVATION OF IDLER ROLL MASS
MODELS

B.1 CARRY IDLER ROLLS

Table shows the actual mass of the rotating parts of carry idler rolls, noted by mg ,, with respect of
D,, B and d,. Based on the author’s work, the best regression model fitted to the price data indicated

in Table [B.T]is given by:

g = 136.39D)-72B"0% 1.80.51d,), (B.1)
where i1 , denotes the predicted mass of the rotating part of carry idler rolls. With a R? equal to 0.973,
this regression model is acceptable to predict mpg , as a function of D,,, B and d,,. The different values

of riig , relating to the fitting data are given in Table

Table B.1. Mass of the rotating parts of carry idlers roll with respect to design parameter

Do [mm] B[mm} d() [mm] MR.o [kg] fnR,o [kg]

89 650 25 2.6 34
89 800 25 3.2 3.7
89 1000 25 35 4.1
89 1200 25 4.1 4.6
89 1400 25 4.5 5

ITransroll: "Catalogue rollers for belt conveyors" (6300 bearing series). Available at: http://www.transroll.

cz/obrazky-soubory/katalog-valecku-57802.pdf
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Table B.1. Mass of the rotating parts of carry idlers roll with respect to design parameters (continued)

D, [mm] B[mm] d, [mm] mg, [kg] g, [kg]

89 1600 25 4.9 54
102 650 25 3.1 3.7
102 800 25 3.9 4.1
102 1000 25 4.2 4.7
102 1200 25 4.9 5.2
102 1400 25 53 5.8
102 1600 25 6.1 6.3
108 650 25 34 39
108 800 25 4 4.4
108 1000 25 4.6 5

108 1200 25 54 5.6
108 1400 25 6 6.2
108 1600 25 6.6 6.8
127 800 25 5 5.1
127 1000 25 5.8 59
127 1200 25 6.8 6.7
127 1400 25 7.6 7.5
127 1600 25 8.4 8.3
133 800 25 53 54
133 1000 25 6.1 6.2
133 1200 25 7.2 7.1
133 1400 25 8.1 8

133 1600 25 9 8.9
133 1800 25 9.8 9.7
133 800 30 6.1 5.8
133 1000 30 7 6.6
133 1200 30 8 7.5
133 1400 30 8.8 8.4
133 1600 30 9.7 9.3
133 1800 30 10.6 10.1
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Table B.1. Mass of the rotating parts of carry idlers roll with respect to design parameters (continued)

D, [mm] B[mm] d, [mm] mg, [kg] g, [kg]

152 1000 25 7.3 7.3
152 1200 25 8.6 8.4
152 1400 25 9.7 9.5
152 1600 25 10.8 10.6
152 1800 25 11.8 11.7
152 1000 30 8.5 7.7
152 1200 30 9.9 8.8
152 1400 30 10.9 9.9
152 1600 30 12.1 11
152 1800 30 13.2 12.1
152 1000 40 8 8.5
152 1200 40 9.4 9.6
152 1400 40 104 10.7
152 1600 40 11.6 11.8
152 1800 40 12.7 12.9
152 2000 40 14 14
159 1000 25 7.3 7.8
159 1200 25 8.6 8.9
159 1400 25 9.6 10.1
159 1600 25 11 11.3
159 1800 25 11.8 12.5
159 1000 30 7.1 8.2
159 1200 30 8.4 9.3
159 1400 30 9.4 10.5
159 1600 30 10.5 11.7
159 1800 30 11.3 12.9
159 1000 40 10 9
159 1200 40 11.5 10.1
159 1400 40 12.6 11.3
159 1600 40 13.8 12.5
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Table B.1. Mass of the rotating parts of carry idlers roll with respect to design parameters (continued)

D, [mm] B[mm] d, [mm] mg, [kg] g, [kg]

159 1800 40 15 13.7
159 2000 40 16.4 14.9
194 1400 40 14.8 14.6
194 1600 40 16.3 16.3
194 1800 40 17.8 18

194 2000 40 19.4 19.7
194 2200 40 20.3 214

B.2 RETURN IDLER ROLLS

Table @ shows actual mass mp , of the rotating parts of return idler rolls with respect of D,,, B and

d,. Based on the author’s work, the best regression model fitted to the price data in Table is given
by:

gy = 172D B+ 124.994,, (B.2)
where g, denotes the predicted mass of the rotating part of return idler rolls. With a R? equal to
0.964, this regression model is acceptable to predict mg , as a function of Dy, B and d,,. The different
values of 7iig , relating to the fitting data are given in Table B.2]
On the basis of (B.T)) and (B.2)), the mass my of the rotating part of any idler roll is therefore modelled
by:

mg =21D%B% +z4d, (B.3)

where z; to z4 denote the model coefficients, D denotes the shell diameter of the idler roll and d denotes

the shaft diameter of the idler roll.
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Table B.2. Mass of the rotating parts of return idler rolls with respect to design parameter

D, [mm] B[mm] d,[mm] mg, [kg] g, [ke]

89 650 25 5.8 8.1

89 800 25 7.2 9.2
89 1000 25 8.4 10.8
89 1200 25 9.9 12.3
89 1400 25 11.3 13.8
89 1600 25 12.5 15.3
102 650 25 7.4 9

102 800 25 9.1 10.4
102 1000 25 10.8 12.2
102 1200 25 12.1 14.1
102 1400 25 14.6 15.9
102 1600 25 16.3 17.7
108 650 25 7.9 9.5
108 800 25 9.7 11

108 1000 25 11.5 12.9
108 1200 25 13.8 14.9
108 1400 25 15.6 16.8
108 1600 25 17.4 18.8
127 650 25 10.3 11

127 800 25 12.7 12.8
127 1000 25 15.1 15.2
127 1200 25 18.1 17.6
127 1400 25 20.6 20

127 1600 25 23 22.4
133 650 25 10.8 11.5
133 800 25 134 134
133 1000 25 16 15.9
133 1200 25 19.1 18.5

2Transroll: "Catalogue rollers for belt conveyors" (6300 bearing series). Available at: http://www.transroll.,

cz/obrazky-soubory/katalog-valecku-57802.pdf
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Table B.2. Mass of the rotating parts of return idler rolls with respect to design parameters (continued)

D, [mm] B[mm] d,[mm] mg, [kg] g, [ke]

133 1400 25 21.7 21.1
133 1600 25 242 23.6
133 800 30 14.2 14

133 1000 30 16.7 16.6
133 1200 30 19.9 19.1
133 1400 30 224 21.7
133 1600 30 25 243
152 650 25 12.8 13

152 800 25 16 15.3
152 1000 25 19.1 18.3
152 1200 25 23 214
152 1400 25 26 244
152 1600 25 29 27.5
152 800 30 17.8 15.9
152 1000 30 21.1 19

152 1200 30 25.2 22

152 1400 30 28.4 25.1
152 1600 30 31.7 28.1
152 1000 40 20.6 20.2
152 1200 40 24.7 233
152 1400 40 27.9 26.3
152 1600 40 31.2 29.3
159 650 25 13 13.6
159 800 25 16 16

159 1000 25 19 19.2
159 1200 25 23 225
159 1400 25 26 25.7
159 1600 25 29.1 28.9
159 650 30 12.8 14.2
159 800 30 16.9 16.6
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ADDENDUM B DERIVATION OF IDLER ROLL MASS MODELS

Table B.2. Mass of the rotating parts of return idler rolls with respect to design parameters (continued)

D, [mm] B[mm] d,[mm] mg, [kg] g, [ke]

159 1000 30 19.8 19.9
159 1200 30 22.8 23.1
159 1400 30 259 26.3
159 1600 30 29 29.5
159 1000 40 233 21.1
159 1200 40 27.6 243
159 1400 40 31 27.6
159 1600 40 345 30.8
194 1000 40 27.8 25.8
194 1200 40 329 30

194 1400 40 37.1 34.2
194 1600 40 41.3 383
194 1600 45 32.8 39

194 1800 45 354 43.1
194 2000 45 39.2 47.3
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ADDENDUM C DERIVATION OF BELT PARAMETER
MODELS

Table shows Y,e;; and dgy of a series of steelcord conveyor belt in relation to their ky. Fig. and
Fig.|C.2]displays the graphs of these data along with the regression models fitted. The equations of the

regression models are given by:

Toetr = 13.823 4+ 8.174 - 10~ kn{'} )

dgx =1.002-1073 +0.012- 1073371 (C2)

where e, and cfak denote, respectively, the predicted specific mass of the belt in kg/m? and the
predicted diameter of tensile members of the belt in m. With R? equal to, respectively, 0.985 and 0.996,

the regression models (C.1) and (C.2) proposed to predict, respectively, ¥ and dg  on the basis of

ky are therefore acceptable.

Table C.1. Specific mass and diameter of tensile members vs rated tensile strength of steelcord belt

kn [KN/m] oerr [kg/m*]  dgy [mm]

500 18.7 2.7
630 16.5 2.8
800 17.6 3.1
1000 26.6 3.7

3Metso Minerals: "Conveyor solutions. Trellex®classic steelcord conveyor belts". Available at: |http: //www.metso.
com/miningandconstruction/MaTobox7.nsf/DocsByID/3D167D0421CB6020C225768D004328E6/

SFile/2343-Trellex Steelcord Belts_PT.pdf
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ADDENDUM C DERIVATION OF BELT PARAMETER MODELS

Table C.1. Specific mass and diameter of tensile members vs rated tensile strength of steelcord belts

(continued)
kn [KN/m]  Yperr [ke/m*]  dgx [mm]
1250 23 4.2
1400 25.2 4.4
1600 29 4.7
1800 30.2 5.1
2000 315 55
2250 32.3 5.7
2500 339 6.8
2800 36 7.3
3150 39.8 7.6
3500 41.8 8
4000 45.5 8.6
4500 46.7 9.1
5000 54 10.5
5400 55.7 10.8
5800 62.2 11.5
6300 67.5 12
6700 70.6 12.7
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ADDENDUM C DERIVATION OF BELT PARAMETER MODELS
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Figure C.1. Belt weight versus nominal breaking strength of the belt related to belt width
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Figure C.2. Longitudinal tension member thickness versus nominal breaking strength of the belt

related to belt width
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ADDENDUM D DERIVATION OF IDLER ROLL
PRICING MODELS

D.1 CARRY IDLER ROLLS

Table presents the manufacturer supplied price pcarryidier Of carry idler rolls as a function of

parameters B, D, and d,. Note that the lengths are expressed in mm for convenience only.
Based on the author’s work, the best regression model fitted to the price data in Table [D.]is given
by:

Pearryidier = —10.553 +389.63d9%! 1+ 189.37D! 7% 4-2.407B" 7 (D.1)

where pearryiaier the predicted priced of the idler roll.

With a R? equal to 0.987, this regression model is acceptable to predict Dearryidier @s a function of D,,

B and d,. The prices parryiaer as predicted by (D.I)) are displayed in Table

Table D.1. Carry idler roll manufacturer’s data

B [mm] D, [mm] do [mm] Pcarryidler [USD] ﬁcarryidler [USD]

500 76 25 4.33 3.89
500 89 25 4.3 4.55
500 108 25 5.98 5.65
500 108 30 7.53 7.85
650 76 25 4.72 4.31
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ADDENDUM D DERIVATION OF IDLER ROLL PRICING MODELS

Table D.1. Carry idler roll manufacturer’s data (continued)

B [Il’ll’l’l] D, [mm] do [mm] Pcarryidler [USD] ﬁcarryidler [USD]

650 89 25 4.69 4.96
650 108 25 6.45 6.06
650 108 30 7.92 8.27
800 89 25 52 5.46
800 108 25 7.08 6.56
800 108 30 8.7 8.77
800 133 30 10.45 10.45
800 159 30 11.86 12.47
1000 108 25 7.7 7.33
1000 108 30 9.61 9.54
1000 103 25 6.69 7.03
1000 133 30 11.36 11.23
1000 159 30 12.95 13.25
1200 108 25 8.52 8.24
1200 108 30 10.74 10.45
1200 103 25 7.47 7.93
1200 133 30 12.53 12.13
1200 159 30 14.41 14.15
1400 108 25 9.17 9.26
1400 108 30 11.53 11.47
1400 103 25 8.09 8.96
1400 133 30 13.44 13.15
1400 159 30 15.53 15.17

D.2 RETURN IDLER ROLLS

Table [D.2] shows the manufacturer supplied price preurmidzer Of return idler rolls as function of para-
meters B, D, and d,, as gathered from a manufacturer. Note that the lengths are expressed in mm for

convenience only.
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ADDENDUM D DERIVATION OF IDLER ROLL PRICING MODELS

Based on the author’s works, the best regression model fitted to the price data in Table[D.2]is given
by:

Prewurnidier = —23.157+757.88d} + 153.42D1%! 1-2.808B!, (D.2)

where perurmiater the predicted priced of the idler roll.

With a R? equal to 0.745, this regression model is acceptable to predict presumidier as a function of D,,,

B and d,,. The prices Prerurmiaer as predicted by (D)) are displayed in Table

Table D.2. Return idler roll manufacturer’s data

B [mm] D() [mm] do [mm] Preturnidler [USD] ﬁreturm'dler [USD]

500 76 25 7.58 7.42
500 89 25 7.69 9.26
500 108 25 9.88 11.99
500 108 30 12.55 15.77
650 76 25 8.73 7.84
650 89 25 8.7 9.68
650 108 25 11.3 12.41
650 108 30 14.5 16.2
800 89 25 10.23 10.11
800 108 25 13.52 12.83
800 108 30 17.06 16.62
800 133 30 19.58 20.24
800 159 30 23.02 24.04
1000 108 25 15.47 13.39
1000 108 30 20.06 17.18
1000 103 25 14.19 12.67
1000 133 30 22.38 20.8
1000 159 30 26.45 24.6
1200 108 25 17.88 13.95
1200 108 30 23.33 17.74
1200 103 25 16.5 13.23
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ADDENDUM D DERIVATION OF IDLER ROLL PRICING MODELS

Table D.2. Return idler roll manufacturer’s data (continued)

B [mm] Du [mm] du [Il’ll’l’l] Preturnidler [USD] ﬁreturnidler [USD]

1200 133 30 25.81 21.36
1200 159 30 30.67 25.16
1400 108 25 11.3 14.51
1400 108 30 14.5 18.3
1400 103 25 10.14 13.79
1400 133 30 16.48 21.92
1400 159 30 19.28 25.72
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