solids
handling

Volume 11, No. 4, November 1991

The Channar 20 km Overiand

A Flagship of Modern Belt Conveyor Technology

L.K. Nordell, USA

Summary

The 20 km Channar overland belt con-
veyor system in Western Australia set
new standards for low rclling resistance.
The conveyor circuit consists of one 10.3
km overland with a 9 km horizontal curve
radius extending over a 4 km arc, as pre-
sented in Fig. 1, and one 10.1 km
straight overland conveyor. Extensive
testing was allowed during commission-
ing to verify many design aspects of in-
terest. Extremely low power consump-
tion was measured. A DIN friction factor
f=0.0098 [6] was recorded on the
straight conveyor, and f = 0.0110 on the
horizontally curved conveyor. These val-
ues challenged the basis of the existing
standards which govern the design crite-
ria of modem conveyors. This paper pre-
sents the argument for change, from
present standards ([4], [5], [6]) to a power
equation based on viscoelastic and vis-
coplastic theory for systems where the
difference has a significant impact on the
capital and operating costs. The paper
further compares the calculated results
of dynamic tuning with field measure-
ments, and of other points of interest im-
plemented in the Channar design.

1. Introduction

Channar is the name given a-Western
Australian iron ore body by the joint ven-
ture between the wholly owned subsidi-
ary of Hamersley Holdings Ltd. and the
Chinese Metallurgical Import and Export
Corporation [1]. The mine is located in
the Pilbara regicn, about 20 km east of
Hamersley lron's mine in Paraburdoo. It
will supply high grade iron ore to China
over the next twenty years. The ore is
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transported from the Channar Mine to
the Paraburdoo Plant along a 20.4 km
overland conveyor system over hily
desert terrain. The routing is illustrated in
Fig. 2. The Channar Joint Venture (CMS)
commissioned Minenco Pty Ltd. of Aus-
tralia to engineer the project. The author
was hired by Minenco for the feasibility
phase in 1987 and, after project approv-
al, as design Consultant for two years
through commissioning in 1989. The re-
sponsibilities included providing the tech-
nology- base of Conveyor Dynamics, Inc.
(CDI): overland conveyor experience and
mechanical component design expertise,
starting and stopping control methods,
dynamic analysis technology, horizontal
curve engineering, idler optimization
methods, belt splice technology, and our
equipment specifications library.

Fig. 1:
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2. Conveyor Basic
Specifications

Two conveyors are designated CV654
and CV555. The conveyors are identical
except for terrain and the @ km horizontal
curve of CV554 shown in Fig. 1. The fol-
lowing specifications are applicable to
both conveyors.

Length 10.4 km (CV554);
10.1 km {CV555)

Tonnage 2,200 t/h

Speed 4.1 m/s

Belt Width 1,050 mm

Belt Strength  ST-3000 N/mm
(oreaking)

Belt Service 5:0:1

Rating {600 N/mim - operating)

Owerland conveyor CV554 al 9 km horizontal curve radius
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Fig. 2: Channar 20 km overland conveyor system - general project layout

Take-up Gravity (double reeved formed sheet metal stringer illustrated in 6.  Idler eccentric rotation pulsing, loads
tower); 25 m travel allow- Fig. 4. stringer in strong bending axis
ance ) (channel cross-section) and not in

gg,e design offers a number of advantag- the weak torsional axis of conven-

Temperature i . : tional frames. This minimizes sympa-

Range 0° to 45°C 1. Sections are light and easy to thetic resonance between belt flap

Power 700 KW x 3 DC-SCR handle for faster installation. frequency, idler spin frequency, and
motors 2. Low profile provides lower idler support modal frequencies.
1400 kW Primary pulley; wind resistance. Operators cannot alter idler axial
700 kW Secondary 1,000 . N alignment to belt, thereby eliminating
RPM; 190 second accel- 3. Qr?&ﬁgzrrfgwglﬁefnlgrr]elsattractive alignment errors. Methods were in-
eration ramp preceded by Y ) cluded to alter the alignment if major
a 20 second low speed 4. Stronger and lighter than settlement occurred.
dwellto e-Stab“Sh steady- conventional design. Instrumentation cabling runs inside
state strain . ’

5. Low mass and high modulus stringer flange envelope, fully pro-

Idlers 178 mm diameter carry yield low vibration. tected.
side, 152 mm diameter
return side; 35 degree Fig. 3:  Gonveyor GV¥554 profile and drive arrangement
3-equal roll carry, 2-roll
Vee return: spacing 1.75 Legend: No.- BSTAT PT. ¢ HEAD (42) 0 DRIVE (43, 44, 50)

m carry side straight sec- s
tions; 3.5 m return side L ~ BELTSTAT QUTPUT PROFILE -

Brake Located after take-up; : ‘ :
rated 55 KN-m

Profile The routing profile of

CV554 is shown in Fig. 3.

3. Idlers and Support
Assembly

The idlers are supported with a unique
stringer arrangement. Instead of the con-
ventional method, the carry rolls are fas-
tened to a pipe.

The pipe is curved to the shape of the id-
ler trough and is fastened to a light cold
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Fig. 4. Overland conveyor general arrangement —
idler support structure and cover

9. The carry side idlers can be easily
accessed from underneath the hood
cover (i.e., no hood cover removal is
required). :

The strong stringer design saves on idler
life and on power by minimizing structu-
ral vibrations. A number of major convey-
or installations have approached some of
the attributes that make this an elegant
design, such as Kennecott's Bingham
Canyon 9 km overland system, which
the author consulted on, and the Prosper
Haniel (Prosper II) ST-7500 N/mm mine
slope belt, David Beckley, a design con-
sultant to Minenco, who worked with the
author over the two year period, is chiefly
responsible for the Channar conveyor
stringer and hood cover arrangement.

3.1 Idler Optimization

The idler selection was optimized using a
CDI Net Present Value (NPV) computer
program and the given knowledge of:
bearing loading and life, equioment capi-
tal cost, replacement cost, future man-
power and costs, escalation, taxation,
depreciation and the value of money.
Anet present value analysis was made
for the 20 year mine life with the above
attributes included. The idler diameter
and spacing were varied for a given idler
bearing size. The conveyor power and
belt design were optimized for each con-
figuration. With each bearing and idler di-
ameter selection, a cost analysis was
made versus the change in idler space.
This resulted in a NPV function versus id-
ler spacing as illustrated in Fig. 5. The
plot shown is for a specific idler roll
diameter and bearing set. In the design
stage, we obtained representative prices
for the alternatives under study. The
results clearly showed that a 178 mm di-
ameter carry side idler was superior to a
152 mm diameter. The 178 mm diame-
ter selected reduced the power, belt

IDLER SPACING

strength requirements, and other sympa-
thetic associated penalties. Theoretical
analysis showed an 8% reduction in
power and belt strength by using the
178 mm roll diameter. Two separate
methods of calculating power based on
idler roll diameter ([3], [8]), are in agree-
ment. The bearing life, load rating, spac-
ing, and their cost factors also pointed to
a best bearing size. The carry side center
roll bearing was equipped with a 6306
series ball bearing, the wing rolls with a
6305 series ball bearing. The idler spac-
ing, as shown in Fig. 5, is not unigue or
single valued. For Channar, the carry
side spacing selection was acceptable in
arange from 1.50 m to about 1.8 m. Be-
low 1.5 m the capital costs were too
high. Above 1.8 m spacing, the operat-
ing costs of power and idler replacement
became unacceptable. The author is
confident that greater economy would
have been realized with the use of a
greater idler spacing if a more accurate
power eguation had been used.

4. Power Equation

4.1 Introduction

The conveyors were engineered with the
power equations developed at the Uni-
versity of Hannover, Germany in the mid
1960s. The work of Behrends [2] and
Schwarz [3] had been adopted and
modified by Conveyor Dynamics, Inc.
These equations account for differences
in idler roll diameter, belt top and bottom
cover thickness and rubber hardness,
trough shape, belt speed, material load-
ing, and belt tension. Many of these fac-
tors are non-linear. The equations are
empirical. They are derived from experi-
mental work. This method had proved to
be more accurate than CEMA [4], ISO
[5], or DIN [6] standards cn many of the

Fig. 5:  Net present value (NPV) vs. idler spacing

overlands we had worked on. During the
early phase of engineering in 1988, the
author informed Minenco of an alterna-
tive approach that CDI had been study-
ing. This power equation is dependent
on the rheology of rubber based on the
work of Spaans [7] and Jonkers [8]. No
meaningful benchmark work was known
at the time to support its use. Results of
Behrends and Schwarz were discussed,
and it was concluded that this was the
best method available. After commis-
sioning the conveyors in December
1989, it was apparent that something
was seriously wrong with the present
method. The values were far below any
published data or known operating con-
veyors from the experience of any of the
engineers or consultants. The Behrends
and Schwarz power analysis method
resulted in a DIN friction factor of
f=0.0164 at the lowest temperature and
full tonnage. The power was calculated
to be 570 kW per motor. Other Consul-
tants, who audited the work, recom-
mended 700 kW per motor, with a high-
er DIN f value based on their knowledge
or experience. The larger 700 kW motor
sizes and corresponding belt selection
was then adopted.

The Channar overland straight conveyor
Cv555 draws less than 330 kW per
motor with a DIN f = 0.0098, at an ambi-
ent temperature of 25°C, and slightly
higher on the horizontally curved convey-
or CV554 with a DIN f = 0.0110. Based
on these findings, the Spaans / Jonkers
viscoelastic model was thoroughly devel-
oped.

4.2 Historical Background

In 1959, May, Marris and Atack [9] pub-
lished a work entitled "Rolling Friction of
a Hard Cylinder over a Viscoelastic Mate-
rial'. The "rolling friction" is the energy
loss from the cylinder (idler) rolling on a
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Fig. 6:

viscoelastic material (belt). The model
was based on the "relaxation time" of
viscoelastic material.

Many published works followed on cylin-
ders roling on viscoelastic surfaces.
These works assumed cylinders of inde-
terminable length rolling on a viscoelastic
body of infinite thickness. These works
neglected the critical boundary con-
straints imposed by the idler and belt re-
lationship, with its limited viscoelastic
thickness and length, until Spaarns [7], in
1978, published his viscoelastic studies
dating from 1975. He related the loss
work in the belt to its internal hysteresis
from belt bending flexure on and be-
tween idlers and idler tc belt rubber in-
dentations. Jonkers later refined the
work with his publication in 1980 [8].
Limberg [11], in 1988, and Greune [12],
in 1989, submitted engineering doctoral
dissertations on the viscoelastic theory of
rolling resistance. They both made field
measurements to verify the theoretical
analyses. Their work is comprehensive
but requires inclusion of further condi-
tions as noted.

Fig. 7:  Viscoelastic modulus —

storage (dynamic), loss (viscous) modulus, and phase lag angle (8)

E' DYNAMIC MODULUS
(ELASTIC)

Idler roll indention into belt cover — viscoelastic compression cycle and strain phase lag

4.3 Overview of Present Method
All aspects of rolling resistance can now
be defined using viscoelastic and visco-
plastic constitutive equations. The resis-
tance to rolling can be guantified for the
ideal conditions as well as cperating in-
fluences such as: misalignment of the id-
ler system through settlement or errors in
installation, belt aging, belt cover wear,
differences in rubber compounds and
non-rubber compounds, differences in
belt carcass construction, material build-
up on the idlers or belt, impregnation of
the belt covers with solvents, or ore par-
ticles, polymeric covers on idler rolls, dif-
ferential wear of idler surfaces, and more.
The following model is developed arcund
the work of Spaans and Jonkers. It has
been further refined as noted. Spaans
evaluated the indention loss.from model-
ling the full thickness of belt. The present
theory has the compressive stress-strain
zone over a smaller rubber thickness.
The size of the compression or deforma-
tion zone is dependent on: a) belt rubber
cover thickness and properties, b) idler
diameter, ¢) belt flexural rigidity, d) idler

Fig. &

trough shape, e) idler spacing, f) belt ten-
sion, g) belt speed, h) idler roll cover ma-
terial, and h) special external forces due
to idler alignment and vertical and hori-
zontal curve influences.

Rubber compounds for surface con-
veyors have improved the rolling resis-
tance over the earlier materials of the
1960s. Underground conveyors, with
flame retardant properties, may require
substantially more power due to their
higher viscoelastic losses. This becomes
more pronounced when the operating
temperature falls below 10°C and the
rubber enters its "glass transition" zone.
This is the region where the molecular
structure of the rubber begins to crystal-
lize.

4.4 Viscoelastic Theory

Rubber materials, like all polymers, store
energy when deformed, and then as the
force applied tc deform the rubber is
removed, the rubber recovers to its origi-
nal shape. But, it will not maintain the
same pressure or force on the recovery
cycle as the deformation is relaxed. A
stress-strain phase lag or hysteresis will
occur. The principle, as it applies to belt
conveyors, is illustrated in Fig. 8. The roll-
er indents the belt's bottom cover from
the weight of the load. The indention or
deformation is proportional to the local-
ized compression force which varies
across the idler face. As the belt moves
forward, the deformation relaxes as the
belt leaves the idler surface. Due to the
latent time delay in the recovery action of
the rubber, the strain pattern lags the
stress. The lag indicates a hysteresis or
energy loss. This results in torgue to tum
the idler roll. The amount of torque is de-
termined by the imbalance in the sym-
metry of the compression forces about
the idler's vertical axis. Various Laws can
model this principle (Equilibrium, Energy,
etc.). The concept can be observed with
the analogy presented in Fig. 7.

Idler roll indention into belt cover —
shear viscoslastic cycle

E~ LOSS MODULUS
(VISCOUS)
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4.4.1 Definition of Rubber Elastic
Dynamic Modulus and Loss

Modulus

Rubber viscoelastic properties are divid-
ed into the three elementary actions: E7,
the complex modulus, E', the dynamic or
storage modulus, and E", the viscous or
loss modulus. When the rubber -is de-
formed in compression, or extended in
tension, we observe the complex modu-
lus action coupling the pure spring or
Hookean response E', with the energy
dissipated in the belt with the viscous
dashpot £". The viscoslastic stress-strain
cycle are related through the phase lag
angle 8. The phase angle 8, as shown in
Fig. 7, couples E' and E" through
d=tan'(E"/E"). By convention, £', E"
and E* are considered in the linear vis-
coelastic range. They represent the fre-
quency dependent domain of stress and
strain response to a compressive or ten-
sile loading. The idler compressive strain
range is normally below 5%. With higher
strain values, the rubber stress-strain
characteristics may become non-linear,
and the frequency dependent analogy
may not provide an accurate result. A
constitutive model based on relaxation
time or strain rate (€) accounts for non-
linearity effects but is mathematically dif-
ficult to implement. At present, the linear
viscoelastic frequency model is being
used. Further research is being conduct-
ed on improvements in the viscoelastic
model accuracy, dependent on higher
speeds and other factors. The present E
model correlates between predicted and
measured at higher than 95% for
conventional systems.

4.4.2 Belt Viscoelastic Idler
Indentation Losses

The viscoelastic model can presently
predict the behavior of a rubber belt and
rubber roller in combined deformation

Total power change (%) vs. % variation in dynamic modulus E'

% VARIATION IN E*

IT-— CONSTANT E'

with reasonably accurate results. When
analyzing two rubber bodies in roling
contact, the shear stress-strain deforma-
tion cycle at the idler belt interface may
become significant requiring shear vis-
coelastic properties, G' and G" (shear
dynamic modulus; loss modulus), espe-
cially if the roll surface has a variable di-
ameter. The shear viscoelastic analogy is
shown in Fig. 8. In approximate terms,
the E', E" compressive cycle will alter the
power by the following: The pressure or
load (F) on the idler will alter the rolling
resistance by (F)*°. A change in E' (resil-
ience) will alter the rolling resistance and
power in the inverse proportion (£)'?, as
shown in Fig. 9, and the viscous or loss
modulus will alter the rolling resistance
and total power by the linear proportion
(E") as shown in Fig. 10.

Rubber indention loss is one of the many
types of losses to be accounted for. It is
usually the main loss, except for gravity
forces. Some additional losses are: belt
flexure hysteresis, material trampling hys-
teresis, idler alignment loss, belt axial
tensile loss, and parasitic losses (idler
bearings, seals, pulley bearings, scrapers
and skirts, etc.).

4.4.3 Belt Flexural Loss

Flexural losses are caused by the cyclic
reshaping of the belt as it passes from
the idler contact through the unsupport-
ed span between idlers (Behrends [2]
and Spaans [10]). The belt must conform
to the idler position along its path as it
moves from one idler to the next. Be-
tween idlers the belt sags like a clothes
line. In the process, the belt is flexed
back and forth convexing over the idlers
and concaving in shape between them.
On each change of shape, the rubber
and steel cords or fabric tensile mem-
bers are undergoing a hysteresis loss.
The belt's bending stiffness, through its

Fig. 10: Total power change (%) vs. % variation in loss modulus £

thickness, governs the degree of viscoe-
lastic hysteresis (E") due to flexure. The
bending stiffness also has a direct influ-
ence on the idler roll indention loss. Fab-
ric belts have a lower bending stiffness
than steel cord belts of the same
strength rating. This produces a greater
conformance of the belt to the idler sur-
face, and thus a greater contact zone of
rubber under deformation. The increased
indentation hysteresis is reduced by the
lower belt mass. Therefore, fabric belts,
except straight warp Kevlar, usually will
require a little more power and results in
higher tensicns in horizontal runs. This
effect can be significant with thin low ply
fabric belts.

4.4.4 Material Tramping Loss

Material trampling loss is best illustrated
by Fig. 11. The belt's flexural motion alsc
applies to the material. The material loss
will be viscoplastic, as lllustrated by the
dashpot analogy. Once the material has
taken a shape, work is required to
change it. The constant compressing of
material back into the idler shape after it
is relaxed to a new shape between the
idlers, as it travels from idler to idler,
causes a loss in compression and in re-
laxation. Some materials may consoli-
date or compact (strain-harden) with
continued working or disturbance, there-
by altering the dashpot properties. Tram-
pling losses become more severe when
the belt tension is relatively low, allowing
for high belt sag between rolis. It is ad-
visable, on overland systems, to keep
belt sag below 1% to minimize excessive
losses from trampling and dependent
higher compression and flexural losses.

4.4.5 Idler Alignment Loss

Idler alignment loss can be a significant
loss. The installation contractor's align-
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ment criterion usually is: does it run? If it
runs without touching the steel or belt
side travel switches, it's O.K. Ideal idler
alignment generates a uniform pressure
distribution or rubber deformation zone
on the idler roll to belt contact region, as
llustrated in Fig. 12. Alterations to the
alignment through idler lateral offset, as
ilustrated in Fig. 13, rotation, vertical off-
set, forward skewing, etc. produce local
increases in pressure or deformation.
The rolling resistance is the summation
or integration of the deformation region.
Recaling that fo F*°, the net
fo l,dFN*e is for all i, as F({i) varies
across the idler face. Any variation in the
ideal pressure distribution will increase
the rolling resistance. Skewing of the
idler set or forward tilting of the wing rolls
produces additional rolling resistances as
previously noted. Fig. 14 shows a typical
skew angle o, and Fig. 15 illustrates the
potential motor power increase as a
function of skew angle, and roller cover-
ing. The graph represents a 1,800 mm
belt transporting 9,000 t/h. The concept
and magnitudes are typical for other
operating conditions. Garland idlers

develop higher losses running empty due
to their natural 3° forward tilt.

4.4.6 Belt Axial Tensile Loss

As the belt is elongated, the rubber body
and tensile members undergo a graduat-
ed hysteresis loss in proportion to the
tension and deformation differential.
When the belt tension around the drive
pulley drops, this loss is localized over a
small section of belt. This makes up an-
other part of the force balance mecha-
nism.

4.5 Measuring Rubber

Viscoelastic Properties

The viscoelastic properties £', £" and G,
G" cannot be measured directly with any
instrument. Based upon the phase angle
(8) theory, the dynamic and loss modulus
are derived from the complex tensile
compression modulus £* and the com-
plex shear modulus G*. A very special,
and sensitive, machine is required to
measure the complex modulus and

phase angle (8) relationship between
stress and strain. The machines are
called Dynamic Mechanical Analyzers
(DMA) or. Rheometric Solids Analyzers
(RSA). Rheometrics Inc., a USA-based
manufacturer of rheological test equip-
ment has trademarked the RSA term.
The photographs in Fig. 16 illustrate the
RSAIl machine, and the dual cantilever
jig used by CDI to measure the viscoe-
lastic tensile / compression properties
(E', £"). The machine runs on frictionless
air bearings, controls a cryogenic cham-
ber for large temperature sweeps, and
can control strain and frequency with ex-
treme precision. The machine vibrates a
small sample of polymer in the jig. A Fast
Fourier Transform (FFT) analysis is per-
formed on the load cell measurement at-
tached to the static side of the jig. It pro-
duced the graph shown in Fig. 17 of £,
E" and tan (), the tangent of the phase
angle for a temperature sweep of the op-
erating range anticipated. A series of
analyses are made at different strain val-
ues and frequencies. A generalized
equation is then formulated for a poly-
meric compound. Noting that the
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BELT SHAPE AT
IDLER TROUGH

8 i
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MATERIAL TRAMPLING HYSTERESIS

¢ TROUGH
LATERAL OFFSET

Fig. 11: Material trampling loss - viscoplastic analogy

Fig. 12: Ideal rubber pressure or deformation distribution

across idler face with perfect idler alignment

Fig. 13: Rubber pressure distribution across idler face —
* lateral idler offset increases local pressures

Fig. 14: Idler roll assembly skewad angle (o) from ideal alignment
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frequency represents the rate at which
the polymer is deformed (i.e., belt speed
dependent parameter). The £/E" are the
principal power coefficients for rolling
friction. The G'/G" become important
when shear has an influsnce, such as
with rubber idler rolls.

Rheometric measurements will play an
important part in studying pulley rubber
lagging under the high stresses and heat
loading of large drive systems. The high
shear forces and surface working of belt
and lagging produce heat from the vis-
cous loss effects as with the belt.

The machines may be able to predict the
properties of rubber fatigue and duress,
such as: wear mechanics, splice dynam-
ic efficiency associated with rubber strain
and strain rate damage.

Commercial machines, such as the
RSAll, are relatively new to the industry.
New techniques, fixtures, software, and
constitutive laws are expanding their use
into virtually all areas where viscoelastics,
viscoplastics and fluid or solid materials
are used.

Viscoelastic roling resistance analysis
techniques will provide the means to as-
sess improvements in rubber com-
pounds. This may become significant
when manufacturers provide a belt top
cover for good abrasion and gouging re-
sistance and a bottom cover for good
rolling resistance characteristics, as not-
ed by Hager [13].

4.6 Comparison of Viscoelastic
Prediction with Standards
and Field Measurements

The author assisted in the design and
commissioning of a number of large con-
veyor systems in the 1980s and through
the present. Accurate field instrumenta-
tion and data acquisition eguipment has

comparing steel and rubber covered rollers

been developed by CDI to verify the per-
formance and/or trouble shoot many
conveyors over the last ten years. The
historical data has been reviewed in light
of the Channar findings. When all field
parameters are known, and are appro-
priately structured, the viscoelastic mod-
el accuracy is shown to be better than
95%, while typical standards can be in
error by more than 80%.

Two conveyors are provided for compar-
isons with the present design standards:
Channar and Kennecott's Bingham Can-
yon overland system. The author assist-
ed in the design and commissioning, and
field data acguisition, of both systems.
From the field data, the DIN rolling resis-
tance (f) was calculated at known materi-
al loading, power reading, speed and
temperature. Table 1 (overleaf) shows

Fig. 17: Viscoelastic measurements - £', E" and tan & vs. temperature using modified dual cantilever jig

Fig. 18a: Viscoelastic measurement equipment:
rheometrics solid analyzer RSAIl machinery

Fig. 16b: Viscoelastic measurement equipment:
dual cantilever jig measuring E', E"

the comparison between measured DIN
f, CDI's viscoelastic prediction, and the
values developed from CEMA and DIN
22101. Note, the same idler bearing and
seal values were held for all cases.
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The Channar overiand Conveyor
DIN 22101 Equivalent Friction (f)
|
Project Actual CDI % CEMA(2) | % DIN(@B) | %
9,100 t/h 0.0144 0.0145 1 0.0176 22 0.0210 | 46
2,080 m long
1,829 mm wide
4.7 m/s
3-roll trough
copper ore
11°C |
2,200 t/h 0.0109 0.0105 4 0.0179 | 77 0.0179 | 77
1,060 mm wide (curve)
41 m/s 10.3 km
3-roll trough
| iron ore 0.0098 0.0098 0 0.0179 83 0.0179 = 83
25°C (straight)
10.1 km

Table 1. Comparative rolling friction factors

5. Dynamic Tuning

The individual conveyors were dynami-
cally analyzed using the BELTFLEX [14]
computer program. The elastic response
during starting and stopping was engi-
neered to be compatible with the low
belt service factor (Belt Safety Factor) of
5:1.

5.1 Starting

The starting sequence was divided into
two control categories: a) steady-state
strain, and b) acceleraticn. The steady-
state. strain Is defined to be the belt's
steady-state or running operation condi-
tion, where the belt tensions have stabi-
lized at a steady belt speed. The convey-
or was brought up to about 5% speed in
10 seconds. The speed was held steady
for 20 seconds. After 30 seconds
elapsed, the acceleration ramp brought
the conveyor to full speed in 190 sec-
onds. This is illustrated in Fig. 18 and
Fig. 19. In Fig. 19, the effect of the dwell
period can be observed. In the first 30
seconds, belt slack is pulled out and all
masses are brought to close to running
conditions. This eliminates overstressing
of the belt that would otherwise be pro-
duced by the large initial error in the pro-
portional-integral-derivative (PID) control
loop [16]. This method is estimated to re-
duce peak belt tension by about 15%.
The theoretical analyses are in gocd
agreement with the field measurements.
A faster acceleration cycle could be used
in light of the reduced power demand,
but this has not been implemented.

5.2 Stopping

During the early phase of the stopping
cycle, with a loaded conveyor, belt gath-
ers (sags) between the idlers along a 4
km zone, starting about one km from the
tail station. The profile is shown in Fig. 3.
The slack belt is drawn from the belt
take-up storage area. A large shock
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impulse is generated by the counter-
weight when the belt slack is eliminated
during the last phase of the stopping cy-
cle. As the belt's forward motion is
stopped, the counterweight gradually
pulls out the slack belt. When sufficient
slack is generated, it allows the counter-
weight and the belt engaged in motion,
between the slack zone and the counter-
weight, to gain momentum before the
sag is reduced to near zero. At near ze-
ro, a larger shock wave is developed, as
shown from the field measurements in
Figs. 20 and 21. The theoretical tension
calculations are in agreement, as shown
in Fig. 22. The illustrated data is after dy-
namic tuning had been applied through
the use of flywheels. Without dynamic
tuning, the belt sag and shock effect
would be much greater. Or worse vyet,
the take-up assembly would travel a
much greater distance, or produce a
high impact force on its structure after
exhaustion of available travel. A sensi-

Fig. 18: Speed vs. time acceleration ramp -

tivity study was made on flywheel sizes,
take-up travel, and their attending trade-
offs, with costs, design complexity, etc.,
including starting conseguences. The
study was performed with the BELTFLEX
program.

5.2.1 Flywheels

Both conveyors were dynamically tuned
with flywheels and brakes. A screening
study was made to determine the most
appropriate flywheel inertia rating. The
flywheel sizes studied were classified in
multiples of the drive's total inertia, The
combined motor and flywheel masses
were evaluated over the range of 1-10
times the basic motor rotor inertia. Con-
veyor CV554 and CV555 were installed
with a drive inertia equal to 10 times the
rotor's singular inertia. Each 700 kW mo-
tor has a flywheel assembly mounted on
a jack shaft and coupled between the
motor and reducer. The flywheels were
cleverly divided into three inertia groups
per assembly. One disk was permanently
mounted on the flywheel shaft, and two
disks were designed to be removed from
service, but left on the shaft. This feature
allowed field tuning. After commission-
ing, the CV554 drive mass inertia of 8
times was selected, and on CV555 a 10
times inertia was selected. This was in
agreement with the final design recom-
mendations.

5.2.2 Brakes

Hydraulic caliper disk brakes were pro-
vided on an adjacent bend pulley after
the take-up assembly The brakes aid in
reducing the belt shock due to excessive

Channar conveyor CV554 with 30 second dwell period and 190 second acceleration ramp
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