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ABSTRACT

Due to the helical nature of steel wire ropes they generate
a torque when subjected to a tensile force. Langs lay,
triangular strand ropes are particularly prone to this
phenomena which is known as the torque-tension rotation
characteristics of the rope. The objective of this project
is to derive an experimental model which can accurately
predict the torque-tension rotation behaviour of 48 mm
diameter triangular strand rope operating in vertical shafts
of different depths. Such a model already exists but it does
not correlate with the rope torque-tension behaviour in the
shaft. Torque-tension rotation tests were conducted on a set
of triangular strand Langs lay ‘ropes at the CSIR Mine
Hoisting Technology laboratories. Twists of up to 267°/m and
down to -267°/m were applied to the specimens during
testing. Using the test results and in shaft lay length
measurements three methods of predicting rope rotation are
presented. The models do not predict the rotation of the
rope accurately. However, the processes required to obtain
an accurate rotation model have been understood and
identified. Considerable recommendations have therefore been
made as to the nature of further work required in this

field.
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1. INTRODUCTION

Triangular strand steel wire ropes are widely used by the
South African mining industry. The torque-tension rotation
properties of these rope are however not clearly understood.
To date, there is no accurate empirical or analytic
mathematical model to describe this characteristic. The
torque-tension rotation behaviour is the reason why even
wear is found to occur around the rope circumference. If a
better understanding of rope degradation is required then it

is vital to first understand the processes involved.

This project looks at the static torque-tension rotation
behaviour of a 48 mm triangular strand steel wire rope. Only
when the statics are fully understood and described can the
dynamic aspects of this rope characteristic be considered.

1.1 DEFINITIONS

There are some terms that will be used in this report which
may be unclear to persons not familiar with the mining
industry. For this reason the terms are defined below. In
some cases the definitions are specifically related to the
context of the report. The terms are arranged in a logical
order.

Triangular strand steel wire rope : A rope consisting of
six strands, the cross-section of each strand approximates
an equilateral triangle with rounded edges. This type of
rope is highly resistant to crushing due to its compact
formation, and also to abrasion due to the increased outer

wearing surface as compared with round strand ropes.

Langs lay steel wire rope : A rope construction where the
wires in a strand and the strands in a rope are wound in the



same direction.

Double drum winder : Shaft winding system where two rope
drums are connected and rotate simultaneously winding either
two conveyances or one conveyance and a counter weight up
and down a vertical shaft.

Underlay rope : On a double drum winder this is the rope
which is coiled around the one drum from the underside.

Overlay rope : On a double drum winder, this is the rope
which is coiled around one drum from the top side. With this
underlay and overlay configuration, when the two drums
rotate in a direction then the underlay rope is wound in and

the overlay rope is wound out or visa-versa.

Sheave wheel : Grooved wheel supported in the headgear over
which the hoist rope passes from the winding house down the
shaft.

Skip : A steel structure, suspended in the shaft on the end
of a steel wire, in which rock is conveyed from the loading
station at shaft bottom to the headgear. A skip can also be
called a conveyance.

Lay length : The distance, measured along the axis of a
rope, which a single strand takes to do one full revolution
around the rope core.

Rope torque : The torsional moment generated by a steel
wire rope when it is placed under a tensile load.

Rope rotation : The rotation of the rope about its own axis
measured in number of turns or in degrees.

Rope twist : Taking the rope rotation and differentiating
it with respect to rope length gives rope twist with units
in degrees per meter. For the purposes of this project, a

negative rope twist means that the rope is being unwound or
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that the lay length is increasing. A positive rope twist
means that the rope is being wound up and the lay length is
decreasing.

In the test situation rope rotation and rope twist are
easily related, i.e twist is ( end rotation / specimen
length ). This assumes that the rate of change of rotation
across the length is constant.

In the shaft the rate of change of rotation with respect to
rope length is not a constant therefore twist and rotation
are not simply related.

Torque factor : For as constant rope rotation or twist, the
Torque factor is the ratio between the torque in the rope
and the tensile load in the rope. The units are Nm/kN or
Nm/N. Torque factor is often termed the C factor. The Torque
factor is a function of rope load and rope rotation or
twist.

Torsional stiffness For a constant rope force, the
Torsional stiffness is the ratio between the torque in the
rope and the twist. The units are Nm/ (deg/m) and the
Torsional stiffness is often referred to as the T factor.
Torsional stiffness is a function of rope load and rope
rotation or twist.




1.2 BACKGROUND

The helical structure of triangular strand steel wire rope
cause the rope to generate a torque when it is loaded in
tension. Generally the torque increases with increasing
tensile load.

Triangular strand ropes (TSR) generate high values of torque
when used in deep shafts. According to Borello (1993) these
values can be as high as 2000 Nm to 3000 Nm. Figure 1.1
below shows a typical TSR cross section and side view. In
the side view it can be seen that strands and rope are wound
in the same direction. This method of construction is known

as Langs lay.

Figure 1.1 - Langs lay triangular strand rope,
(6x32(14/12/6a) /F). From Haggie Rand (1987).

When a rope is installed on a drum winder, both ends of the
rope are prevented from rotating. The front (bottom) end is
fixed in the rope termination at the conveyance. The back
(top) end is assumed to be fixed at the sheave wheel. Rope
to sheave contact pressures of between 3 and 6 MPa result in
high contact friction forces between the rope and the sheave

groove, thereby preventing any rotation. Haggie Rand 1987.

If the rope hangs vertically in the shaft, the tension at
the front end of the rope is lower than the tension at the



back end. The front end is at the conveyance termination and
the back end is at the headgear sheave wheel. The linear
change in tension in the vertical rope 1is due to the
considerable mass per unit length of the rope. For a 48mm
TSR, with which this project is concerned, the value is
9.813 kg/m. Haggie Rand (1987).

Now if the tension is higher at the back end than at the
front end, then so must the torque at the back end be higher
than the torque at the front end. This is not physically
possible. Simple mechanics dictates that the torque must be
constant throughout the rope considering that there is no
external loads applied along the rope length. The rope
therefore adjusts for this torque imbalance by rotating.
This rotation causes an increases in lay length at the back
end and a decrease in lay length at front end.

The greater the lay length of a rope section, the less helix
it will have and will therefore generate less torque under
the same tensile load. So, the increased lay length at the
back end will result in a torque reduction to some
equilibrium value. The decreased lay length at the front end
will result in a torque increase to the same equilibrium
value.

The extent to which the rope rotates is determined by the
torque-tension characteristics of the rope construction. The
details of this phenomena will be discussed in the section
on EXISTING THEORY.

1.3 GENERAL SHAFT AND WINDER
LAYOUT

In order that there is no ambiguity as to how the various
components of the shaft system are arranged a schematic
diagram of such a layout has been included.



Figure 1.2 below shows a typical drum winding system and

shaft layouts as used in many of the vertical mine shafts in
South Africa.
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1.4 LITERATURE REVIEW

In the past the majority of research into torque-tension
rotation properties was done on non-spin and spin resistant
ropes. These include multi-strand ropes and ordinary lay
ropes. The reason for this is that these type of ropes are
specifically constructed so that they do not generate high
torques or exhibit high rotations upon application of a
tensile load. This makes their torque-tension behaviour of
particular interest.

In a multi-strand rope an additional layer of strands is
wound in the opposite direction around a single layer rope.
This gives a torque balance upon load application and
prevents the rope from rotating. In spin resistant ropes the
strands are wound in the opposite direction to the rope.
This also leads to a lower torque being generated and less
rope rotation upon load application. Haggie Rand (1987).

Both the CSIR and Haggie Rand were approached for literature
on torque-tension rotation properties of TSR’s with little
success. From discussions with staff at these two
organizations it became apparent that TSR torque-tension is
not a problem in shafts of depth up to about 2500 m, but it
is certainly a problem at depths greater than this. With the
increase in the number of deep level shafts in South Africa
more attention is being given to the torque-tension rotation
behaviour of TSR'’s.

A literature search was conducted at the Rand Afrikaans
University. The computerised version of the Engineering
Index, CompEndix was accessed for any literature on torque-
tension rotation properties of steel wire rope. In
particular, triangular strand ropes. Over 100 different
keyword searches were entered but no useful references were
found. This was an indication of the lack of literature on
this topic.




The literature search conducted on the Haggie Rand Product
Development Department base revealed a number of papers on
the torque tension rotation properties of steel wire ropes.
Most of the literature were either conference papers or CSIR
contract reports. There was however no specific work on the
triangular strand torque tension rotation properties which
would be useful for this project.

The CSIR was able to supply some relevant literature.
Borello (1993), in unpublished work, investigated the
derivation of torque-tension rotation equations for a rope
based on the Torque factor and Torsional stiffness method.
A worked example is also given for the rotation behaviour of
a rope for full and empty skip loading states.

Van Zyl (1993) discusses torque-tension rotation equations
derived from tests don on a 48 mm triangular strand drum
winder rope. A different, more direct approach is used to
the C and T factor method.

Kollross (1976) derives mathematical equations for torque in
terms of load and twist. Tests were also conducted on Langs
lay and ordinary lay ropes which showed that for a constant
end rotation the Langs lay ropes generate higher values of
torque than the ordinary lay ropes. Kollross also identified
the fanning out of the lines, of constant rotation, as the
load was increased. These torque tension lines were also
shifted vertically depending on the end rotation of the
specimen. The maximum twists used by Kollross were + and -
5°/m.

Yiassoumis (1992) investigates the torsional rotational
behaviour of headgear mounted Koepe winder rdpes. Although
some of the experimentation is the same as in this work the
ropes tested were of the non-spin type. The results of the
analysis are therefore not entirely applicable to the topic
of this project.

In a two part paper by Feyrer and Schiffner (1986) the
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torque and torsional stiffness of wire rope are discussed.
Emphasis is placed on predicting the torque in the rope for
a given load and twist. Tests of up to 220°/m were conducted
on a variety of rope constructions all in the 16 to 20 mm
diameter range. Similar characteristic torque-tension
rotation curves were obtained. On the Langs lay specimen the
lines of torque versus force for constant twist were found
Lo become curved at higher angles of twist.

McKenzie (1987) states that the torsional properties of
steel wire ropes are often of significance to their in-shaft
performance. Various methods and equipment for determining
torque-tension rotation behaviour of ropes are described.
One of these is the method of testing and test equipment as
used in this work. Mathematical equations describing the
rope torque twist and force are explained but the rotation
of the rope,in the shaft, under different loading conditions
is not dealt with. The accuracy of the CSIR test machine is
noted as well as its ability to produce meaningful results
for the torque-tension rotation characteristics of steel
wire ropes.

According to Haggie Rand (1987) the reason why TSR’S are so
widely used is that they are highly resistant to crushing
due to their compact construction. They also exhibit high
resistance to abrasion due to the greatly increased wearing

surface as compared with round strand ropes.

The two torque-tension rotation models, Borello (1993b) and
Van Zyl (1993b), which are considered by the CSIR as the
most accurate to date are described in the section on
EXISTING THEORY.



2. OBJECTIVE AND PURPOSE OF
PROJECT

The objective of this project is to derive an experimental
model which can accurately predict the torque-tension
rotation behaviour of 48mm diameter TSR operating in
vertical shafts of different depths. The model must
preferable be computer based and must, in its derivation,
take into account actual rope behaviour as measured in a
working shaft.

When complete this model could be useful in determining the
maximum depth at which a single TSR could be used. According
to Van 2Zyl (1993a) the maximum estimated depth is
approximately 2500 m. However, it is not clear to what
extent the high torque wvalues will affect the rope
performance. With an accurate torque-tension rotation model,
more confident predictions of in service rope behaviour can
be made.

From the accurate rotation behaviour of the rope a better
understanding of the modes of rope degradation may be
gained. At present it known that TSR show an even wear
pattern around their circumference. This is because of the
torque-tension rotation properties of the rope. The
variation in applied load as well as dynamic effects cause
the rope to rotate differently in each cycle. This results
in it passing over the sheave wheel and winding drum with
different contact points.

A cross-section of the rope passing over the sheave wheel is
shown in the figure below. Knowing that the rope exhibits an
even wear pattern, it can be assumed that the position of a
single outer wire varies randomly every time the rope passes
over the sheave. For example the position of a wire during
ten hoisting cycles could be as indicated by the numbers 1
to 10 in the figure.

10



Figure 2.1 - Rope contact on the sheave wheel.

If the rope rotation is properly understood and modeled then
it may be possible to predict the rope degradation more
precisely. This is however far beyond the scope of the
present project but it allows ample room for further work.

The CSIR in conjunction with external consultants conducted
a feasibility study into the possibility of developing a
steel wire rope testing machine. It is intended that the
machine would accurately simulate rope behaviour in the
shaft. In the design of such a machine it would be vital to
include the torque-tension rotation effects which a rope
experiences in service. To simulate these effects an
accurate model of the behaviour is required.

It is important to note that such torque-tension models as
described above do already exist, but they do not accurately
predict the rotational behaviour of the rope under different
loading conditions. Also, when they were derived they did

not take into account actual maximum and minimum lay length

11




variations as found in the shaft.
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3. OVERVIEW OF EXISTING THEORY

3.1 TORQUE-TENSION ROTATION

Typical torque-tension rotation characteristics of a TSR are
shown in Figure 3.1 below. These curves resulted from tests
conducted on 44 mm diameter TSR. The torque—tension machine
at the CSIR laboratory was used to do the testing. It can be
seen from the curves that there is an approximately linear
relationship between torque and tension. There is a slight
vertical shift in the lines, depending on the end rotation
of the specimen and the lines tend to fan out at higher
values of torque and tension. The fanning out is believed to
be due to the rope being more resistant to twisting at high
values of rope tension. This could be as a result of the

rope acting more like a unit or solid under higher tension.

2300 . ,
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End rotation
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Loading ———— Unloading

Figure 3.1 - Torque-tension curves of a 44 mm TSR. Taken
from Yiassoumis (1992).

Now in order to determine the rope rotation from these
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curves, there are two approaches. The first approach
involves fitting an equation directly to the torque-tension
rotation curves and then by manipulation of that equation,
obtaining the rope rotation.

The second requires the calculation of C and T factors from
the raw data which then can be manipulated to give an
equation for rotation.

Overviews of these two methods are given below. It is
intended that both methods will be applied to the results
obtained from the tests conducted in this project.

3.1.1 DIRECT DATA FIT METHOD

From torque-tension curves, like the ones illustrated in
Figure 3.1 above, it is possible to determine a mathematical
model which describes the rope behaviour. 1In deriving a
model there are three components to consider

i. The approximately linear relationship between torque
and tension.

ii. The vertical shift of the 1lines, depending on the
initial rope rotation before testing.

iii. The fanning out of the lines at higher values of torque
and tension.

It was found by Van Zyl (1993) that these characteristics of
the rope behaviour could be accounted for by an equation of

the form
M = a.F + b.R.F + c.R (1)
where M = rope torque in Nm
F = rope tension in N
R = rope twist in °/m

The values of the constants a, b and c¢ depend on the rope

14



diameter and the rope construction. The values of these
constants for a 48mm TSR are given below. Note that these
constants were obtained by fitting equation (1) to the
results of torque-tension rotation test conducted on a 48mm
Langs lay TSR specimen.

a = 5.37 x 107 m
b = 5.20 x 10°¢ m/ (°/m)
c = 2.64 Nm/ (°/m)

Examining equation (1) it can be seen that the first term
results in the linear relationship between torque and
tension. The second term causes the torque-tension curves to
fan out at higher values of torque and tension. The third
term shifts the lines vertically depending on the initial
rope rotation angle.

Using equation (1) it is possible to calculate and plot the
approximate torque-tension rotation curves for a 48mm rope.
Table 3.1 below shows the torque values for different rope
tensions and twists. Actual tests have only be done up to a
maximum of 75°/m but for purposes of illustration it has
been assumed that equation (1) holds true for 100°/m and
larger angles too.

AR 3368.0 32285 3001.0 20538 28160 28785 25410

Table 3.1 - Torque-tension rotation table for a 48mm
TSR.

a= S37E-03m TORQUE M (Nm)

b= 5.20E—08 m/(°%m)

o= 2.84 Nmy/(°/m) _ M=aF+bRAF+cRh

TENSION TWIST A (*/m)
[ -a "Q .n =100

ﬂﬂ% Agug 186.0 1328 88.0 0.0 ~860] -1320] —1980] —264.0
_5o| 5585 488.0 4138 3410 288 196.0 1238 510 -218
100 8530 7740 898.0 818.0 537.0 _458.0 a0 300.0 221.0
150 1147.5| 10620 9785 8910 805.5 720.0 8343 5400 463.5
200 14420| 19%00| 12580] 11880 10740 982.0 890.0 7960 708.0
20 1736.3 1838.0 15395 14410 13428 12440 11458 10470 948.3
3008 20310! 19280| 18210| 17160 1611.0 15060] _ 1401.0| 12980 1191.0
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400 20200 25020| 23640| 22080 21480| 20300| 19120! 17940 1678.0
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Some of the values in Table 3.1 are plotted in Figure 3.2.

In order to demonstrate the nature of the torque-tension

rotation characteristics of the rope an example has been

plotted on the torque-tension curves. The values assumed in

the example are

Conveyance weight empty = 96 kN

Conveyance weight full = 211 kN
Rope length = 2204 m
Rope weight / metre = 96 N/m
Rope torque empty = 1055 Nm
Rope torque full = 1675 Nm

The various abbreviations on Figure 3.2 are detailed in the

key below

F fe -
F ff -
F be -
F bf -
Te -
TE -
R fe -
R ff -
R be -
R bf -

Rope
Rope
Rope
Rope
Rope
Rope
Rope
Rope
Rope
Rope

When the conveyance

tension front end empty.
tension front end full.
tension back end empty.
tension back end full.
torque empty.

torque full.

twist front end empty.
twist front end full.
twist back end empty.
twist back end full.

is at shaft bottom and is empty it can

be seen, from Figure 3.2, that the front end of the rope

must wind up from 0°/m to 172°/m. The back end must unwind

from 0°/m to -140°/m. The winding up of the front end and

the unwinding of the back end will result in them reaching

the torque equilibrium value Te. These rotations are shown

by the single arrows in Figure 3.2.
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Similarly when the conveyance is loaded the front end must
reach an equilibrium twist of 145°/m and the back end
—122.6°/m. This will result in the front and back end of the
rope both having an equilibrium torque of Tf. The loaded
twists are shown by the double arrows in Figure 3.2.

This rope twist results in considerable changes in lay
length. For TSR’s operating in deep level shafts, lay
lengths of up to 100% longer than the manufactured lay at
the back end and 30% shorter at the front end have been
observed, McKenzie (1990). For the 48mm TSR with which this
project is concerned, the as manufactured lay length would
be 361 mm and the lay length should change to approximately
300 mm at the front end and 510 mm at the back end. This is
based on data measured on the rope while it was operating in
the shaft.

How the values of rope twist were determined will be
discussed hereafter. At this point it is however interesting
to note that the rope rotates in one direction when
installed in the shaft and then when the conveyance 1is
loaded, it rotates in the other direction. This does not
seem logical but it occurs. This reverse rotation upon
loading is a result of the fanning out of the torque-tension
curves. If the curves were parallel then the rope would not
rotate at all when the conveyance was loaded.

It can be seen that the reverse rotation occurs by comparing
the values of front and back end twist for the empty and
loaded skip conditions. In both cases the "empty" twist are
larger than the "full" twists.

From equation (1) it is possible to write an equation for
the rope twist R in °/m. This has the form

- a.(qg.z + P) (2)
+ b.(g.z + P)

R = M
c

where q = weight per unit length of rope
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weight of the mass attached to the end of
the rope

N
1]

rope length measured from skip

By integrating equation (2) with respect to ng;nd then
writing the result for torque M it is possible tducalculate
the values of Te and Tf given in the previous section. Since
R is do/ *_, integrating R with respect to z gives the
rotation é. Knowing that & = 0 at z=0 and z=total length
gives Te and Tf. Dividing ¢ by 360 gives the number of turns
which the rope makes in terms of distance from the skip, =z.

Curves can be plotted which will predict the twist of the
rope at different distances from the conveyance located at
shaft bottom. Figure 3.3 shows these curves. The point of 0
twist is located slightly off centre at 1051 m from the
conveyance. The exact centre position is 1102 m from the
conveyance. The maximum values of twist at the two ends of
the rope are determined from equation (2).

The maximum level of twist, +75°/m per meter, to which TSR
specimens have been tested are indicated in Figure 3.3. It
can be seen from the graph that these values do not cover
the whole length of the rope. Only the middle 1247 m of the
rope falls into the test limits.

The rope twist curves are not completely linear. This is due

to the fanning out of the torque-tension rotation curves

shown in Figure 3.1.
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Note that the rope twist, in the empty and full skip states,
is larger at the front end than at the back end. This is
associated with the spacing between the torque-tension
rotation curves due to the fanning effect. If one examines
Figure 3.2 it is apparent that a 10 mm vertical shift in the
lower tension range, implies more rotation than the same
shift in the higher tension range. As was stated previously
the rope tends to act more as a solid unit under higher
tension. Therefore its resistance to rotation increase with
tension.

Figure 3.4 shows the rope rotation (#/360) as a function of

distance from the skip. The difference in rotation between
empty and full skip conditions is also indicated.
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3.1.2 C AND T FACTOR METHOD

The rope and load layout as used in this approach is shown
below

+ )—Sheave wheel

a
N
H

-

Figure 3.5 - C and T factor rope and load layout.

In this method, the test torque-tension rotation values are
used to determine C and T factors where

A Torgue

€= A Force (3)
_ A Torqgue
T ATwist (4)

According to Borello (1993b) the torque factor, C, is a
function of rope force. The torsional stiffness, T, is a
function of twist. So, C and T can be described by
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C:ac'i'bc.?Z— (5)
T=a,+b..F (6)
=P+ z.q

The constants a., b.,, a, and b, are determined from C and T
factor plots for the rope concerned. As in the Direct Data
Fit method, the tests were only conducted up to values of +
and - 75°/m.

The torque in the rope is given by

M=C.F+ T.d—(I> (7)
dz

M is a constant torque depending on the end load. If
equations (5) and (6) are substituted into equation (7) then
an equation for d%/dz can be obtained

do M-a,. (P+ q.2)

dz‘_ (b, + b,) . (P + q.2z)+a, (8)

Integrating equation (8) with respect to z and applying the

boundary conditions &=0 at z=0 and z=total rope length !

yields the constant of integration and the constant torque,
M. All the other constants are known. P varies depending on
whether the skip is full or empty.

M- P.a,
q. (b, + b,)

An(B + z) -

——jﬂl——.(z.ln(z+B)—((z + B).ln(z + B)-(z+ B))) + C
b. + b,

P.(b, + b,) + a,

Where B =
g. (b, + b,)

24
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The integral of equation (8) with respect to z gives
equation (9), the rotation of the rope in degrees. Dividing
this rotation by 360° gives the number of turns the rope
makes in terms of distance from the skip, z.

3.3 VALIDITY OF THEORY

The most obvious problem with the both methods outlined in
the above two sections is that they only considers the
middle section of the rope. Tests that have been conducted
to +75°/m twist do not take into consideration the effects
of the front and back ends of the rope. These are however
the most critical areas since they show the highest values
of twist along the rope length. Also, the front and back
ends are where the minimum and maximum lay length variations
occur.

In the preceding discussions it was assumed that equation
(1) and (7) hold true for all angles of twist. In fact
beyond +75°/m it is not known whether the equations model
the rope torque-tension behaviour at all.

There is a definite need to conduct torque-tension tests
which will include twist angles as high as say 200°/m to
300°/m. From the results of these tests it will be possible
to comment on whether equation (1) holds true for higher
values of twist. If it does not hold true then a new torque-
tension rotation model can be derived which will cover the
full range of twists.

A measurement has been done on a 48mm TSR in service which
showed that the rope rotated by -12.5 turns, at 600 m from
the conveyance, upon loading of the conveyance. The present
model based on the direct data fit predicts that the rope
should have rotated -28 turns at this point. The C and T
factor model predicts that the should have rotated -43
turns. '
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After discussion with Borello and Van Zyl it is believed
that this high error between the actual and predicted

rotation has connection to the inadequate testing which was
done in deriving the model.

26



4. EXPERIMENTATION

The steel wire rope, torque-tension rotation testing
facility used for the purpose of this project is located at
the CSIR Mine Hoisting Technology laboratories in Cottesloe
Johannesburg.

4.1 EXPERIMENTAL EQUIPMENT

The test apparatus can be categorised into three components
namely, the mechanical system, electrical data acquisition
and control system the control software.

4.1.1 MECHANICAL SYSTEM

The torque-tension machine consists of a steel frame bolted
to the laboratory floor. A general arrangement diagram of
the machine is shown in Figure 4.1 below.

Scissors

mechanisa Actuator Bearing
\ bf&cks

Swivel Reduction
anchor gearbox
AN

\
T Al ] \ AN 1

By TN A

Loadcell Rope specimen

Hydraulic
motor

Anchor

Figure 4.1 - General arrangement of torque-tension
machine. Taken from Yiassoumis (1992).
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Figure 4.2 - CSIR Rope torque-tension machine.

The machine can accommodate rope specimens of length 2750 mm
and 4050 mm. For this project 4050 mm specimens were used.
Conical type grips on either end of the machine secure the
rope specimen.

The one grip is attached to a reduction gearbox powered by
a hydraulic motor. This allows it to be rotated in both
directions. A clamp type friction brake is fitted to the
output shaft of the motor. Once a rotation has been set the
brake is tightened preventing any rotational movement of the
conical grip during testing. The following photograph shows
the hydraulic motor, friction brake, reduction gearbox and
the swivel anchor at the rotation end of the machine.
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Figure 4.3 - Test machine rotation components.

A rotation gauge is fitted to the rope-side shaft of the
reduction gearbox. This indicates to within 0,5° the rope
rotation over the specimen length. The rotation gauge
arrangement is shown in Figure 4.4.
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Figure 4.4 - Rope rotation gauge.

On the loading end the second grip is bolted in series with
a torque-tension load-cell to a hydraulic cylinder. This end
cannot rotate. Rotation is prevented by a scissor mechanism
attached to the rear side of the hydraulic cylinder and
fixed to a anchor also bolted to the laboratory floor.

The strain gauge load-cell has a 500 kN / 3000 Nm capacity.
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Figure 4.5 - Scissor mechanism and hydraulic cylinder.

Figure 4.6 - Load-cell and loading end grips.

Both the hydraulic tensioning cylinder and the rotation
motor are powered the hydraulic unit located at the rotation
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end of the machine. Hydraulic fluid is passed through a
water heat exchanger which is connected to a Sulzer cooling
tower located outside the laboratory. Figure 4.7 shows the
unit and the electrical control panel. Hydraulic circuit
diagrams for the tensioning cylinder and for the rotation
motor are included in APPENDIX A.

Figure 4.7 - Test machine hydraulic unit.

An telescoping extensometer bar is attached across the
length of the rope specimen. This bar enables the elongation
between the two conical grips to be measured. A Linear
Variable Differential Transformer (LVDT) is clamped onto the
outer tube of the extensometer bar. The LVDT nib rests
against a small plate screwed onto the inner tube of the
extensometer. When the inner and outer tubes move relative
to one another the LVDT senses the change.
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Figure 4.8 - Extensometer bar between loading and

rotation end conical grips.

A diameter measuring bracket is connected to the rope in the
centre between the two grips. The bracket consists of two
sets of flat plates at 90° to each other. The rope passes in
between these sets of plates. In each set the one plate is
fixed and the other movable. The moveable plates are pushed
onto the rope by four sets of springs. Each plate has two
Linear Variable Differential Transformers which sense any
change in diameter. In Figure 4.9 the whole bracket and a
detail of one set of plates is shown.
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Figure 4.9 - Diameter measuring bracket.

It is also necessary to accurately measure the diameter of
the rope before testing commences. The measurement is taken
with a rope vernier as detailed in Figure 4.10.
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Figure 4.10 - Rope vernier.
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4.1.2 ELECTRICAL DATA ACQUISITION AND CONTROL SYSTEM

All the test data acquisition and control of the testing is

processed by a Hewlett Packard (HP) 86 computer.

Figure 4.11 - Test control table.

For data output and storage during testing the HP 86 is
equipped with a HP pen plotter, a dot matrix printer and a
floppy disk drive. The output voltages of the four diameter
LVDT’s and the extensometer LVDT are fed directly into five
HP 3478 digital multimeters (DVM).

36



Figure 4.12 - Strain gauge amplifies, floppy disk drive,
DVM’s and Data Acquisition/Control Unit.

The voltage outputs from the torque and force strain gauge
bridges are first fed through two Kyowa stain gauge
amplifies and then into two HP 3478A DVM'’s.

These DVM’s are capable of direct interfacing with the HP 86
computer via an HP-IB (Interface Bus) card. In this manner
the computer can access each DVM individually and read the
voltage at any instant during a test.

All seven DVM’s are connected in series with a Data
Acquisition and Control Unit to the HP-IB card inserted into
one of the four external card slots at the rear of the
computer. Access to each of the DVM’s is made possible by an

addressing system using DIP switches on the rear of each
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DVM. In this way an unique address can be set to enable the
computer to identify the DVM’s.

Calibration accuracy of the measurement instruments was
insured by the fact that they had been calibrated by the
manufactures four months prior to the testing.

The Data Acquisition and Control Unit houses the digital to
analog card for communication with the proportional valve
control card at the hydraulic unit. The D/A card receives a
digital signal via the HP-IB and converts it to a analog
signal acceptable to the valve control card. This set up
allows the computer accurate control of the three position
solenoid operated proportional valve.

Manual control of the machine is made possible by a hand
control box. This allows the tightening and slacking of the
rope during the setting up procedure. Rope rotation can also
be adjusted. The bottom two switches enable on/off and

directional control of the hydraulic motor.
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Figure 4.13 - Manual control box.
Two end of stroke indicator lights on the right of the box

light up when the hydraulic cylinder contacts one of the two
limit switches located at the physical limits of its stroke.
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4.1.3 CONTROL SOFTWARE

The program "T_T_TEST", is used by the HP computer to run
the torque-tension rotation tests. From the start of a test
the user is informed by the program as to what actions to
take to successfully complete the tests.

First the rope and test information as well as the file name
for the test results are entered. Two data files are
created, one for general test information and one for the
test results. LVDT and load-cell calibration instructions
are then given and the calibrations are automatically read
by the computer. General test information is printed out and
a Torque verses Tension graph frame is plotted.

The user is also prompted for the speed at which the test
must be conducted. At this point the actual testing can
commence. The program runs two optional bedding in cycles on
the rope specimen before the actual test. Here the maximum
load is 10% of the rope breaking force. The actual test runs
up to 30% of the rope breaking force or 500 kN which ever is
smaller. But the torque has a limit of 3000 Nm so if this
level is reached before the tensile load limit is reached
the load is decreased again.

"T_T _TEST" can run up to ten curves or cycles without re-
calibration of the equipment. At the end of each cycle the
torque verses tension in the rope for the cycle is plotted
and the test results stored on disk. The user is then

prompted to change and enter a new rope end rotation
whereafter the next bedding cycles and test commence.

A more detailed description of "T T TEST" is contained in
APPENDIX B. Due to the confidential nature of the program a
complete listing has not been included. The first page of
the program is given so that the program structure can be
shown. "T T TEST" was not written completely by the author.
It is modified version of a less advanced control program
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"Test C&T", originally developed by the CSIR. The
modifications made in order to adapt the original software
for the purposes of this project are also explained in

APPENDIX B.
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4.2 EXPERIMENTAL PROCEDURE

4.2.1 PREPARATION

Six specimens of discarded 48mm 6x32(14/12/6a)/F rope were
supplied by the CSIR. The specimens were originally cut from
two ropes, an underlay rope and an overlay rope at the
front, middle and back ends. They were cut to a length of
4490 mm. Two white metal collars were then cast onto the
specimen ends so as to define a gauge length of 4050 mm.

At this point the ends were unlaid, cleaned and then white
metal conical end caps were cast onto them. This resulted in
a specimen as shown in Figure 4.14.

Figure 4.14 - Rope test specimen (length 4050 mm) .
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The following six specimens were prepared as above and were
ready for testing

- Underlay and Overlay back
- Underlay and Overlay front
- Underlay and Overlay middle

The conical end grips of the testing machine were then
opened up and the first rope’s end caps were each placed in
a grip. With the rope in the slack position, the grips were
closed and tightened completely.

Using the manual control box the rope was pulled tight so
that the white metal collars protruded from the grips. The
grub screws on top of the grips were then tightened so as to

prevent the end caps from rotating inside the grips.

Once the rope was installed the middle section of the rope
was cleaned on the surface so that the diameters and lay
lengths could be accurately measured. The diameter measuring
bracket was attached to the cleaned section of rope.

The telescoping extensometer bar was clamped onto the two
protruding white metal <collars. When clamping the
extensometer LVDT onto the bar care had to be taken to allow
for at least 35 mm travel of the LVDT nib so that the
extension calibration could be done.

4.2.2 TESTING

When the rope had been installed and all the equipment
attached to the rope, the test program "T T TEST" was run.
The following steps were taken to complete a set of test

curves on a rope

1. It was ensured that the rope was at 0° rotation or at
the required starting point and that the friction brake

was oI.
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11.

12.

The rope was made completely slack and the strain gauge
bridges were balanced.

A preload of +10% of the rope braking force was placed
on the rope and the diameter DVM voltages were set in
the range -4 to -4.5 V. This was done by physically
adjusting the diameter LVDT’s.

The file name under which the test data and information
was to be stored was entered.

If the maximum calculated force was above 500 kN then
the new required test force was entered.

The rope was made completely slack to allow the reading
of the zero force and torque references.

The load-cell calibration switches were switched on.
This placed parallel resistors of known value across
one arm of each strain gauge bridge. The strain gauge
amplifier gains were then set to values automatically
determined by the program. This ensured precise
calibration of the load-cell to match predetermined
accurate values.

A 30 mm calibration block for the extensometer LVDT and
2 mm calibration plates for the diameter LVDT’s were
inserted so that the program could determine their
calibration values.

The required test speed was entered, between 2 and 8,
and the first set of bedding in cycles were started.
For all the tests a speed of 6 was used.

The bedding in cycles were automatically followed by
the actual test which was allowed to run to completion.
Once the test was complete the torque-tension curve was
plotted.

At this point the rope specimen lay length was measured
and recorded.

The friction brake was then unlocked, a new rotation
was set and the brake locked again. The new rotation

was entered and the next bedding in cycles started.

Steps 10 and 12 were repeated until the desired number of

curves had been run or until the tenth curve was run

whereafter the program stopped.
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4.2.3 ROPE SPECIMEN END ROTATION

One of the main requirements of the testing was to simulate
rope lay length changes as found in a working shaft. In
fact, lay length is the only parameter which can relate test
conditions to in shaft conditions.

Measurements conducted by the CSIR showed that the maximum
lay length of the ropes while in the shaft occurred at the
back end of the underlay rope, 503 mm. The minimum lay
length occurred at the front end of the overlay rope,
303 mm. These measurements were taken approximately every
month over the two year working life of the ropes.

For the back underlay specimen a pre-test lay length of
427 mm was measured. This translated to 9,485 lays over a
gauge length of 4050 mm. As a rough estimate, the following
calculation was used to determine the rotation required to
obtain a lay length of 600 mm, which is sufficient to cover
any in-service lay length change.

4050/600 = 6,75 lays.
Required rotation = (6,75-9,485)x360 = -985°

The program "T T TEST" can handle 10 curves so it was
decided to use steps of -120° resulting in a final rotation
of —1080°.

The back end of a triangular strand Langs lay rope always
unwinds and the front end always winds up. It was therefore
decided to only unwind the back end specimens from 0° to -
1080° and to only wind up the front end specimens from 0° to
1080°.

On the middle sections a rotation range from -600° to 480°
was deemed adequate since the middle sees less severe lay
length changes in-service. Also the middle section of the

in-shaft rope experiences both positive and negative twists
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SO it is necessary for the same during testing.

For the purposes of consistency increments of +120° were

used in all cases.

4.2.4 TEST LIMITATIONS

During the course of the testing certain limitations were

encountered with the equipment. These are outlined below

- On unwinding the back end section of rope the actual
gauge length of the specimen becomes greater. It was
found that at high angles of rotation (-840° to -1080°)
the extensometer ran out of stroke. With one specimen
the hydraulic cylinder also ran out of stroke at -
1080¢°.

The solution to this would be to use an extensometer
LVDT with a larger stroke and to have slightly shorter
specimens of say 4000 mm gauge length.

- On winding up the front end specimen the gauge length,
at high angles of rotation (840° to 1080°), became so
short that the telescoping extensometer rod ran out of
stroke. The extensometer could therefore not be used
for these high angle tests.

The extensometer rod would have to be modified if
further tests were to be done to high angles of
rotation.

- On the front end specimen, at end rotations of above
240° the measured torque went beyond 3000 Nm at which
point the program started to decrease the load on the
rope. Results could therefore not be obtained in this
region. It may be considered to increase the
torsional capacity of the 1load-cell in order to
accommodate torques up to say 4000 Nm.
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- During some of the torque tension tests it was found
that the hydraulic cylinder was not able to tension the
rope specimen to the required 500 kN. There was no
apparent explanation for this and no pattern. The only
fact that was noted was that the components in the
hydraulic circuitry were getting particularly hot.
Temperature measurements found the outer surface
temperatures to be in the range 45 to 55°C.

According to the valve specifications the maximum fluid
operating temperature is 70°C. With an outer surface
temperature of 45 to 55°C it is quite likely that the
fluid temperature is near the operating limit. This
could cause the valve to stick and limit the operation
of the hydraulic cylinder.

The high temperature of the fluid was caused by one
cooling tower being shared with another hydraulic unit
in the laboratory. It is also suspected that the heat
exchanger of test machine hydraulic unit could be
dirty. This would worsen the overheating. Figure 4.15
shows the effect which the overheating had on test
results.

At the start of the project, it was intended that all six
rope specimens would be tested to give results for front,
middle and back ends of an underlay and overlay rope. The
problems with the overheating of the hydraulic unit started
during the test on the middle underlay specimen.
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It was fortunate that this test could be completed
successfully thereby giving a full set of results for the

underlay rope.

However the overheating problem worsened with the test on
the first overlay rope. Due to the time constraints of the
project it was decided to stop the testing since it would
take too long to service the hydraulic unit heat exchanger.
The other hydraulic unit using the cooling tower could also
not be switched off due to CSIR fatigue test contract

commitments.

It was felt that the decision to stop testing would not
negatively affect the project result because a full set of
results for one rope had already been obtained. The results
for the overlay rope would have been used for purposes of
comparison. It is unlikely that there would be a great
difference in torque-tension rotation properties of used

underlay and overlay ropes.

49



5. TORQUE-TENSION TEST RESULTS
AND ANALYSIS

5.1 GENERAL TEST INFORMATION
AND CALIBRATION DATA

For each test the control program printed out the general
information that was entered for the test as well as the
instrumentation calibration data as determined during the
calibration procedures.

The printouts for the three tests are contained in APPENDIX
C. The original CSIR rope test certificate for the underlay
rope is also included.

5.2 LAY LENGTH MEASUREMENTS

After each curve of a test had been completed the rope lay
length was measured. These measurements are shown, with
their corresponding end rotations and twist values, in the
following three tables.

Table 5.1 - Back underlay test lay lengths.
BCKUL
CURVE No.|END ROTATION TWIST | LAY LENGTH
(deg) (deg/m) (mm)
1 0 0 427
2 -120 —830 445
3 —240 —-59 470
4 -360 -89 490
5 -480 —-118 500
6 - 600 —~148 525
7 -720 -178 558
8 -840 -207 580
9 —960 —237 810
10 —1080 -267 660
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According to the in-shaft measurements supplied by the CSIR,
the underlay back end lay lengths varied from 451 mm to
503 mm. These actual lay lengths clearly fall into the test
lay length range of 427 mm to 660 mm.

Table 5.2 - Middle underlay test lay lengths.
MIDUL
CURVE No.|END ROTATION TWIST| LAY LENGTH
(deg) (deg/m) (mm)
1 -600 -~ 148 510
2 - 480 -119 480
3 -860 -89 470
4 —-240 -59 460
5 -120 -30 440
6 4) o 405
7 120 30 385
8 240 59 370
9 360 89 388
10 480 119 345

The in-shaft measurements for the middle section of the rope
showed lay length variations of between 380 mm and 408 mm.
Once again the test lay lengths more than adequately covered
this range.
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Table 5.3 - Front underlay test lay lengths.

FNTUL
CURVE No.| END ROTATION TWIST | LAY LENGTH
(deg) (deg/m) (mm)
1 0 0 385
2 120 30 378
3 240 59 354
4 360 89 34s
5 480 119 330
6 600 148 315
7 720 178 310
8 840 207 308
9 960 237 295
10 1080 267 290

The in-shaft front end lay lengths were between 308 mm and
336 mm. The test lay lengths covered this range

In all of the above tests it is clear that lay length
decreases with positive rotation or twist and increases with

negative rotation or twist.

It should be noted that the 0° lay length of the specimens
are not all the same. Considering a nominal or as
manufactured lay length of 361 mm the back and middle have
permanent sets above this wvalue. The front end has a
permanent set below 361 mm. This as a result of the
permanent negative and positive twist conditions which the
rope experiences in the shaft.

5.3 TEST DATA MANIPULATION

The program "T_T TEST" created three data files during the
testing period. The files BCKUL, MIDUL and FNTUL contained

all the measurements taken for the three specimens.

Data in these files are actual values of tension (kN),
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torque (Nm), elongation (mm) and the four diameter changes
(mm) .

The program "T_T_PLOT" was run which read in the test data,
one file at a time. Where necessary the data was manipulated
by "T_T PLOT" to produce the five output plots namely

- Torque versus load

- Elongation versus load

- Diameter versus load

- Torque factor versus load

- Torsional stiffness versus load

In all the plots, the curves for different rotations within
that test are displayed on the same graph. As with the
control program "T T_TEST", "T_T_PLOT" was not written
completely by the author. It is a modification of a program
"Plot C&T" originally developed by the CSIR.

"T_T_PLOT" can process a set of ten curves per test. A
description of "T T PLOT" is contained in APPENDIX D. Due to
the confidential nature of the program a complete listing
has not been included. The first page of the program is
given so that the program structure can be shown. The
modifications made in order to adapt the original software
for the purposes of this project are also explained in
APPENDIX D.

Prior to running "T T PLOT" the data files created by
"T_T TEST" had to be made smaller. The reason for this was
the limited memory facilities of the HP 87 computer on which
"T_T_ PLOT" was run. The conversion program "FSMALL" was used
for this purpose.

"FSMALL" reads the data file into an array and then rewrites

the file using every fourth set of data in the array. A
listing of this program is contained in APPENDIX E.
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5.4 TORQUE-TENSION ROTATION
CURVES

For all three torque-tension rotation curves the torque
increases in the negative direction. This is purely as a
result of the test instrumentation set up.

The negative torque also results in negative Torque factors
and negative Torsional stiffnesses. As with the torque
value, it is the magnitude of the values and not the sign
which is important.

5.4.1 BACK UNDERLAY

Figure 5.1 shows the torque-tension rotation curves for the
back underlay specimen. For each curve the end rotation is
indicated on the right hand side of the graph. Examining
these curves the following is apparent

- The lines strongly resemble previous test done on TSR
with the typical linear relationship between torque and
force. The fanning out effect of the lines at higher
values of load is also clear.

- With increasing negative rotations the spacing between
the lines decreases. This is due to the rope having a
decreasing tendency to generate torque at higher values
of negative twist or rotation. The spacing between the
lines is larger than in previous tests on the same type
of rope. The reason for this is that the step changes
in rotation (-120°) is larger than any previous steps
used.

- The calibration for this test was done at 0°. This is

confirmed by the fact that the 0° curve, when extended,

would pass through the 0 torque and force origin.
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- The hysteresis of the curves between 1loading and
unloading decreases with increasing negative angles of
rotation. At -1080° the hysteresis is almost negligible
where at 0° it is much more pronounced. It is not known
exactly what the cause of the hysteresis is however it
could be a result of inter-wire contact forces in the
rope. When the rope is unwound, these contact forces
decrease. Therefore the inter-wire friction also
decreases and the hysteresis effect is reduced.

It may also be considered that the hysteresis in the
results is as a result of the behaviour of the strain
gauge torque tension load cell. It may not be a
characteristic of the rope.

- The starting points of the curves are shifted up and
down depending on the end rotation. Increasing negative
rotation decreases the value of the starting torque.

5.4.2 MIDDLE UNDERLAY

Figure 5.2 shows the torque-tension rotation curves for the
middle underlay specimen. From the curves the following

features are apparent

- The lines do not all reach the 500 kN limit. This is
partly due to the malfunctioning of the hydraulic
system because of the overheating problems mentioned
earlier. Also when the magnitude of the torque exceeds
3000 Nm the computer decreases the load. Measurements
beyond 3000 Nm are therefore not possible.

- The lines fan out at higher values of load.

- The spacing between the lines increases with an
increase in positive rotation.

- The hysteresis effect increases with increasing
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rotation

- The calibration for this set of curve was done at -
600¢°.

- The torque value at the start of each curve increases
with increasing rotation and decreases with decreasing
rotation.

- The curves for 360° and 480° show a slight curvature at
loads below 100 kN.

5.4.3 FRONT UNDERLAY

Figure 5.3 shows the torque-tension rotation curves for the
front underlay specimen. These set of curves have the same
basic characteristics as the previous two. There are some
points which should be noted

- The hysterésis effect is exaggerated at high positive
angles of rotation. The torque value at the end of the
unloading does however compare with the value at the
start of loading.

- As the positive angle of rotation increases the
curvature at low loads becomes more obvious. In fact
from around 720° onward the loading lines become curved
along their whole lengths. It is therefore fair to say
that at high angles of rotation the relationship
between force and torque is no longer linear.
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5.5 ELONGATION AND DIAMETER
CHANGES

Although the elongation of the test specimen and the changes
in diameter are not required for determining the torque-
tension rotation properties of the rope they were measured
and are included for completeness.

5.5.1 BACK UNDERLAY

Figure 5.4 shows the elongation versus load curves for the
back underlay specimen. For each curve the end rotation is
indicated on the right hand side of the graph.

The curves all have basically the same shape and are evenly
spaced except for the last curve (720°) where the
extensometer ran out of stoke. It is believed that the
spacing decreased between the lines because the extensometer
LVDT output linearity is affected at the end of stroke.

The hysteresis is also apparent in these curves. It does not
appear as if the degree hysteresis is related to the rope
end rotation.

As the rope is unwound the starting point of the curves
increase. This indicates that the specimen increases in

length with an increase in negative rotation.

The diameter changes for four of the ten curves are shown in
Figure 5.5. The mean diameter value, 47,45 mm was determined
at the start of the test by measuring the rope diameter in
perpendicular plains and taking the average. These readings
are reflected in the general test information printouts
contained in APPENDIX C.

The end rotation of the specimen is indicated on the left
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hand side of the graph.

As the negative rotation increases the starting value of the
diameter also increases. This 1is confirmed by the
observation that unwinding the rope at low loads tends to
open up the strands in the rope.

When the tension in the rope is increased the diameter drops
to what seem a constant value which is only slightly
dependant on rotation.

5.5.2 MIDDLE UNDERLAY

Figure 5.6 shows the elongation versus load curves for the
middle underlay specimen. These curves have the same basic
characteristics as those of the back underlay except that
the rope specimen gets shorter with increasing positive

rotation.

Figure 5.7 shows the diameter changes versus load for the
middle underlay rope. The mean diameter value at the start
of this test was 48,49 mm. As the rope is wound up the
starting point of the diameter curves decreases until 0° is
reached and then increases again.

When the tension in the rope is increased the diameter
curves seem to converge to constant value which is only
slightly dependant on rotation. Hysteresis is also present
in the diameter readings. The extent of the hysteresis does
not appear to depend on the amount of end rotation.

In both the elongation and diameter curves the lines which

do not reach 500 kN are associated with the overheating of
the hydraulic unit and the 3000 Nm test torque limit.
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5.5.3 FRONT UNDERLAY

Figure 5.8 shows the elongation versus load curves for the
front underlay specimen. These curves have the same basic
characteristics as those of the back and middle underlay.

Figure 5.9 shows the diameter changes versus load for the
front underlay rope. The mean diameter value at the start of
this test was 47,2 mm. As the rope is wound up the starting
point of the diameter curves increase.

When the tension in the rope is increased the diameter
curves seem to converge to constant value which is only
slightly dependant on rotation. Except for the 1080° curve.

Hysteresis is also present in these diameter readings.

It is interesting to note the inconsistency in behaviour of
the diameter curves. Consider the following

- Unwinding the rope increases the starting point of the
diameter curves for the back underlay specimen.

- Winding up the rope decreases the starting point of the
diameter curves for the middle underlay specimen until
0° is reached. Then the starting point increases with
increasing rotation.

- Winding up the rope increases the starting point of the
diameter curves for the front underlay specimen.

Therefore, if the rope is unwound from 0° the starting
diameter increases. If the rope is wound up from 0° the
starting diameter also increases. However, if the rope is
wound up from an initial negative rotation (say -600°) then
the starting diameter decreases till 0° is reached where
after it increases.

More testing would have to be done to determine whether this

is just random behaviour or whether it is a repeatable
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phenomena.
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5.6 TORQUE FACTOR - C

The program "T_T_PLOT was set up to automatically generate
the Torque factor curves from the raw test data. However,
only every second curve for each specimen is plotted. Torque
factor is only calculated with the loading values of torque
and force.

As was mentioned earlier the Torque factor is the ratio
between torque and force for a constant end rotation.

5.6.1 BACK UNDERLAY

Figure 5.10 shows. the Torque factor curves for the back
underlay rope. The peaks at the start of the curves can be
ignored. Considering that the a 48 mm TSR sees a minimum
load of around 70 kN when installed in the shaft the
behaviour of the C factor before this point can be ignored.
(With a rope capacity factor of 10 and a skip factor 40% of
capacity factor gives, 1730 x 0,1 x 0,4 ~ 70 kN.)

The C factor lines are approximately evenly spaced and are
reasonably constant with increasing force. It would be fare
to say that for negative rotations the Torque factor is a
function of rotation only.

From the curves it is apparent that Torque factor decreases
with increasing negative rotation.
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5.6.2 MIDDLE UNDERLAY

The Torque factor curves for the middle underlay rope are
shown in Figure 5.12. These have similar characteristics to
those of the back underlay.

There is an increase of the torque factor with increasing
positive rotation. The lines tend to become more curved in
the low load regions with increasing positive rotation.

The spikes at the end of the -360°, -120° and 360° curves
occurred for no apparent reason.

5.6.3 FRONT UNDERLAY

Figure 5.11 shows the Torque factor curves for the front
underlay rope specimen. There is a clear difference between
this set of curves and those of the middle and back
underlay.

The distinct curvature of the of the lines at low load
values is observed. From around 200 kN onwards the lines
become approximately parallel. Therefore, for positive
rotations the Torque factor becomes a function of rotation
and force.

The Torque factor also increases with increasing positive
rotation.
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5.7 TORSIONAL STIFFNESS - T

Torsional stiffness values are also calculated automatically
by "T_T_PLOT" and for loading values of torque only. Every
second curve in a set of curves is plotted except for the
first curve.

T factor is determined, at a constant force, by dividing the
change in torque between the curve of interest and the first

curve by the change in twist between those two curves.

The first curve is not plotted since the torsional stiffness
for that curve is undefined in terms of the above
definition.

5.7.1 BACK UNDERLAY

Figure 5.13 shows the torsional stiffness versus load curves
for the back underlay specimen. From the plot it can be seen
that T factor varies 1linearly with load. The curves are
shifted vertically depending on the end rotation.

An increase in negative end rotation decreases the torsional
stiffness of the rope specimen. This is because the change
in twist is increasing faster than the change in torque.

It is apparent that Torsional stiffness is a function of
both force and end rotation.

5.7.2 MIDDLE UNDERLAY

In Figure 5.14 the T factor variation with load for the
middle underlay section is shown. Here the T factor

decreases with an increasing positive rotation. Otherwise it
has the same characteristics as the back underlay curves.
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5.7.3 FRONT UNDERLAY

The front underlay curves as shown in Figure 5.15 are
noticeably different to those of the other two specimens.
Once again the change comes in the low load region. The
lines exhibit a definite curvature whereafter they become
straight as before.

It is interesting to note that the Torsional stiffness
decreases to a point with increasing rotation and then
increases again. The 720° line is below the 960° line. The
rate of change of torque must have been greater than the
rate of change of twist for this to occur. That is on the
960° line.

Once again the Torsional stiffness is clearly a function of
force and rotation or twist.
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6. COMPUTER MODEL

The Dbasic purpose of the computer model is to enable
calculation of rope rotation in the shaft. Variables such as
rope length, empty and full skip masses and rope mass per
metre must be taken into account when calculating the
rotation.

At this point it should be noted that in the shaft it is
practically impossible to measure total rope rotation.
However, it 1is possible to measure the difference in
rotation of the rope for an increase or decrease in end
load. With this in mind, the computer models should, as a
final result, give a curve showing the difference in
rotation of the rope for empty and full skip loads. With
this result, the accuracy of the models can be commented on
by comparing the predictions with in-shaft rotation
measurements.

In this section a basic model of rotation derived from in
shaft lay 1length measurements and test lay length
measurements is discussed. Then the Direct Data fit method
and the C and T factor methods are applied to the test data.

The numeric computation software package, MATLAB, was used
as the main data manipulation and analysis tool throughout
this section. Where applicable the MATLAB programs used are
appended. Extensive use is made of least squares polynomial
fits for describing the data to be manipulated. The general
form of an n-th order polynomial in terms of a variable

x is
p(x) = a,.x" + a,.x"* + ... + a,

The number of coefficients for the polynomial is d = n+l.
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6.1 ROPE ROTATION IN TERMS OF
LENGTH, AN APPROXIMATION

Rope lay length measurements taken in the shaft give a set
of values for lay length versus distance from the skip. The
lay lengths for the underlay rope, Jjust before it was
discarded are shown in the following table.

Table 6.1 - Lay length as a function of rope length.
Lay length (mm) Distance from skip (m)

335 0

345 275
370 549
408 1098
448 _ 1647
478 1922
503 2196

Using MATLAB a third order least squares polynomial

Lay length = £, (Length) (10)

is easily obtained. The data in the above table and the
fitted curve are plotted in Figure 6.1.

Data is also available from the torque-tension testing which

gives lay lengths for different rope twist values. These are
reflected in Table 6.2.
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Table 6.2 - Twist as a function of lay length.

BCKUL + MIDUL + FNTUL

GAUGE LENGTH = 4050 mm

END ROTATION TWIST| LAY LENGTH| LAY LENGTH| LAY LENGTH| LAY LENGTH
(deg) (deg/m) BCKUL MIDUL FNTUL COMBINED
(mm) (mm) (mm) (mm)

—1080 -267 660 660.0
- 960 -237 610 610.0
-840 -207 580 $80.0
-720 -178 555 585.0
—-600 -148 525 510 517.5
—480 -119 500 480 490.0
~360 -89 490 470 480.0
—240 -59 470 460 465.0
-120 -30 445 440 442.5
o} o] 427 405 385 408.7
120 30 385 378 381.5
240 59 370 354 362.0
360 89 355 345 350.0
480 119 345 330 337.5
600 148 315 315.0
720 178 310 310.0
840 207 308 305.0
960 237 295 295.0
1080 267 290 290.0

Here a fourth order least squares polynomial is fitted to
the twist and combined lay 1length data to obtain the
equation

Twist = f,(Lay length) (11)
The data in Table 6.2 as well as the 1least squares

‘polynomial for that data are shown graphically in Figure

6.2. With the two preceding equations a third equation can
be written as follows

~Twist = £, ( £,(Length) ) (12)

From this equation the plot in Figure 6.3 was obtained.
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Integrating equation (12) with respect to length gives a
formula for rope rotation in terms of length. Applying the
boundary condition that rotation = 0 at length = 0 solves
for the constant of integration. The resulting function is

Rotation = f,(Length) (13)

Where rotation is in degrees. Dividing the above equation by
360° gives an equation for rotation (no. of turns) in terms
of rope length. The predicted rotation over the rope length
is shown in Figure 6.4.

A MATLAB program which does all of the above data
manipulation and generates the necessary graphs is contained
in APPENDIX F.

It should be noted that this prediction of rope rotation is
end load independent, whereas the other two methods take
into account the load on the rope, i.e. full and empty skip
loads.

There is however a possibility of expanding this method to
include rope end load. This could be done as follows

- Measure two sets of lay lengths in the shaft, one when
the skip is empty and one when the skip is full.

- On the torque-tension machine, measure the lay lengths
for a constant load. An average load can be used, say
corresponding to the tension in the rope half way up
the shaft plus the average between the full and empty
skip loads. For the 4050 mm test specimen lay length is
varies much more with a change in end rotation than
with a change in tension.

- From the measurements described above, it will be
possible to formulate the following equations

Lay length = f (Length) [empty skip]
Lay length = f (Length) [full skip]
Twist = f(Lay length) [constant load]
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Combining and integrating will gives

Rotation f (Length) [empty skip]

f (Length) [full skipl]

Rotation

Dividing by 360° will yield the number of turns the rope
makes, for an empty and full skip, along the rope length.
These two values can be subtracted and the difference

compared to in shaft rotation measurements.
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6.2 DIRECT DATA FIT METHOD

This approach is based on the work by Van 2yl (1993Db).
Torque-tension rotation data can be taken directly off the
test result curves, Figures 5.1 and 5.3. Values of torque
for rotations from -1080° to 1080° (-267°/m to 267°/m) with
forces from 0 to 500 kN are recorded. These values are
shown graphically in Figure 6.5 which is basically a
combination of Figures 5.1 and 5.3.

The 0° line data is taken as an average between the back and
front 0° lines. Only the loading values of torque are used.

From this data it is possible to determine equations for
torque in terms of force and rotation. This involves fitting
third order least squares polynomials to all 19 curves. Then
fitting four forth order polynomials to the 4 sets of 19
coefficients of the 19 third order polynomials. This results
in one equation of the following form

Torque M =p,(R).F® + p,(R).F? + p,(R).F + p,(R) (14)
with F in (kN) and R in (deg/m) gives M in (Nm).
P.: P., P; and p, are fourth order polynomials in terms of R.

Note that F varies linearly with the distance from the skip,

Z.

This is now the same type of equation as Van Zyl had except
that it more accurately represents the torque-tension
rotation curves. The MATLAB program to determine this
equation exactly is contained in APPENDIX G.

The next step in Van Zyl'’s method is to write equation (14)
in the form

R = f(MIF(z))

Considering the complexity of equation (14) this is not
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easily achieved. However, since the raw data is available,
it is just as feasible to find an equation R = f(M,F(z)) as
it is to find equation (14) which is in the form
M= £(R,F(2)).

The data used to generate Figure 6.5 can also be used to
plot twist versus torque for lines of constant force. Figure
6.6 shows these curves.

A MATLAB program using the curves in Figure 6.6 was written
to determine the following equation for rotation.

R = ¢, (F).M + ¢,(F) .M + c,(F).M + c,(F) (15)

with M in (Nm) and F in (kN) gives R in (deg/m).

Ci» C;y C; and ¢, are fifth order polynomials in terms of F.
M is a constant which changes depending on the rope end load
P.

The program to generate equation (15) is contained in
APPENDIX G.

All that has to be done to determine the actual rotation of
rope in number of turns is to integrate equation 15 with
respect to z and divide the result by 360°. It must be
remembered that equation (15) has four fifth order
polynomials in terms of F. Where

F = (P + q.z) (16)

A third MATLAB program was written which determines
R = f(M,z) in the form

R = d,(z) .M + d,(z) .M* + d,(z).M + d,(z) (16)

with M in (Nm) and z in (m) gives R in (deg/m).
d,, 4,, d; and 4, are fifth order polynomials in terms of z.

M is a constant which changes depending on the rope end load
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P. APPENDIX G also contains a listing of this program.

From equation (16), for twist, the rotation of the rope, &,
can be determined (R = d$/dz). For the integration, M is a
constant so only the polynomials d,, d,, d, and d, need to be
integrated with respect to z. This will result in four sixth
order polynomials containing four unknown constants of
integration.

The boundary conditions for the integration are
i. =0 at z =0

ii. =0 at z total length.

]

By making the four constants of integration 0 the first
boundary condition is satisfied and the following equation
results

R = e, (z) .M + e,(z) .M + e,(z).M + e,(2) (17)

with M in (Nm) and z in (m) gives R in (deg/m).
€&, &, €& and e, are sixth order polynomials in terms of z.
The seventh coefficient (= 0) of the four sixth order
polynomials is the constant that arose when polynomials d,,
d,, d, and d, were integrated with respect to z.

Now the only unknown in the equation is the rope torque M.
If the correct value of M is chosen the boundary condition
ii will be satisfied. Alternatively M can be found by
applying boundary condition ii.

With the structure of the MATLAB program it was found to be
more suitable to enter a torque and check whether the
boundary condition is satisfied. If not the torque is
adjusted until it is satisfied.

This process of iteration resulted in the following final
torque values
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Me
ME

I

1025 Nm (Empty skip)
1619 Nm (Full skip)

Once the correct values of M are determined the rope twist
and rotation versus length can be plotted. Equation (16) is
plotted, for z = 0 to 2200, in Figure 6.7. Curves for both
an empty and full skip are shown. Equation (17) / 360° is
plotted in Figure 6.8.

At 600 m from the skip the difference between empty and full
rotations is 58 turns.
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6.3 C AND T FACTOR METHOD

The work by Borello (1993b) is used as the basis for this
method. Using the C and T factor curves, Figures 5.10 to
5.15, equations can be written which describe the shape of
these curves for different values of twist and force.

The difference is that this method takes into account the
fact that both Torque factor and Torsional stiffness are
functions of force and twist. At this point it is important
to note that the positive domain is being used for this
method, i.e positive torque, C factors and T factors.

Torque factor C =a. + b..R (18)
where b. = £(F) = £(P + q.z) (19)
Torsional T=a, + b.,.(P + g.2) + c..R (20)

stiffness

a. = 5,25 (Nm/kN) from Figure 5.10 and 5.12. C value at
0°.

b, = fifth order polynomial in terms of F (Nm/kN/(°/m)) see
APPENDIX H for MATLAB fit program. Spacing between C
factor curves.

a, = 2,05 (Nm/ (°/m)) from Figure 5.13. Intercept at
theoretical 0° line.

b, = 5,90.10° (Nm/ (°/m) /kN) from Figure 5.13. Slope of
lines.

c. = 1,70.107 (Nm/(°/m)/(°/m)) from Figure 5.13 spacing
between lines of constant rotation.

Torque in rope M=C.(P +qg.z) + T.R (21)

Substituting (18), (20) into (21) gives

M= c..R? + [b..(P+q.z) + a, + b, (P+g.z)].R + a_. (P+q.z) (23)
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Now let A = c,

B = b..(P+q.z) + a, + b.(P+q.z)

C = a,.(P+g.z) - M
Then A.R2 + BB.R + C =0 (24)
or R=1[-B+V(B2-4.,A.C) ] / 2.A (25)

Equation (25) has two answers. One will be a meaningful
twist and the other can be discarded. This 1is easily
determined using the MATLAB root finder on equation (24).

Now from equation (25) it is possible to determine the rope
twist for é chosen M and a range of z values. With a set of
data, twist versus z, a third order polynomial can be
determined which gives d®/dz = R = f£(z). This polynomial is
easily integrated with respect to z resulting in a rotation
equation, & = f£(z). This is in the form of a forth order
polynomial.

There is a constant of integration which can be solved by
applying the boundary conditions

i. & = 0 at z
ii. & = 0 at z

0
total rope length

Boundary condition 1 is satisfied if the constant of
integration is 0. Boundary condition ii is only satisfied if
the correct torque was selected.

A MATLAB program was written to process all of the above
equations for full and empty skip loads. The program is
contained in APPENDIX H. When the program is run it asks for
estimates of the rope torque corresponding to the empty and
full skip states. From this point on it automatically
adjusts the value of the torque until the boundary condition
ii is satisfied.

For the constants as detailed above, the program returned
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the following final torque values.

Me
Mf

1013 kN (Empty skip)
1629 kN (Full skip)

Once the program has determined the correct values of rope
torque the rope twist and rope rotation curves can be
plotted. Figure 6.9 and 6.10 show these two plots. The
difference between the empty and full rope rotations at
600 m from the skip is 44 turns.

In Figure 6.11 the actual C factors as used in the in the
calculations of rope twist are shown. The solid and the
dashed line represent the C factor variation along the rope
with an empty skip and the rope with a full skip. Rope force
can be related directly to rope length i.e. F = P + g.z or
z = (F - P)/q.

The C factor curves as described by equations (18) and (19)
are plotted for constant rotations or twists. The rotations
indicated on the right can be converted to twists by
dividing by 4,05. The dotted lines compare favourably to the
C factor curves in Figures 5.10 and 5.12. Only in the region
marked by the lines ’a’ are the curves not representative.
However this is not serious since, for the masses and length
of rope used in this project, negative rotations are not
experienced below loads of 180 kN.

Figure 6.12 shows the actual Torsional stiffness values as
used in the calculation of rope twist. The solid and the
dashed line represent the T factor variation along the rope
length with an empty skip and the rope with a full skip.

The T factor curves as described by equation (20) are shown
for constant rotations (dotted lines). These rotations can
be converted to twist by dividing by 4.05. The T factor
curves do not compare very well with those in Figures 5.13
and 5.15. This is because of the decision made to make T

factor increase with positive rotation and decrease with
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negative rotation. Rather than increase with both, and then
sometimes decrease. Refer back to Section 5.7 for discussion
on this.

Finally, in Figure 6.13 the torque curves as described by
equation (21) are plotted as dotted lines. These compare
reasonably to those in Figures 5.1 and 5.3 however they do
not show the same curvature at higher angles of rotation.
The accuracy of this method could be improved upon.

The empty and full torque lines are also indicated in Figure
6.13. Referring back to the explanation for Figure 3.2 it
can be seen that these lines are in the correct position

relative to one another.
The reason why these plots were labelled with degrees is

that they could be easily compared with the corresponding
lines in the plots of Section 5.
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6.3.1 ADDITIONAL NOTE

The C and T factor method presented above was not the first
attempt at applying this method. The author and his co-
worker developed a HP 87 computer based model to predict the
rope rotation as a function of length using the C and T
factor approach. It was however realised within the final
week of the project that this model was wrong from the point
of view of its derivation. The following error was made :

Given : M=C.(P +g.z) + T.R

Therefore : dé/dz =R = [ M - C.(P + qg.z) 1 /T
Integrating : ® = (M-C.P)/T.2 + (C.q)/(T.2).z2 + const
® =0 at z =0 therefore const = 0

Now : ® = (M-C.P)/T.z + (C.q)/(T.2).z2

This is totally incorrect because both C and T are functions
of F which is a function of rope length z. So when
integrating, these functions of z must be taken into
account. With this error the entire model becomes inherently
incorrect.

Much time was spent in developing the HP computer program,
"T_T_CURVE", for the prediction of rope rotation. Some of
the equations in the program may be incorrect but the
structure is correct and meaningful. It may even be useful
to any further development in this field. For these reasons
it has been included in APPENDIX I. A basic description of
the operation of the program is also included as well as
some of the output plots.
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CONCLUSIONS

At the start of the project it was intended to do
torque-tension rotation tests on six used rope
specimens. A back middle and front end section of an
underlay and an overlay drum winder rope.

Overheating problems with the hydraulic equipment
resulted in considerable time delays and it was
therefore decided to stop the testing after the three
underlay specimens had been tested. It was felt that
this would not negatively affect the results of the
project.

The torque tension tests, for the first time, took into
account actual lay length changes as experienced by the
rope in the shaft. Maximum and minimum angles of
rotation of 1080° and -1080° were applied to the
4050 mm long test specimens. The back end was unwound
from 0° to -1080°, the middle wound up from -600° to
480° and the front end wound up from 0° to 1080°. Steps
of 120° were used in all cases.

From the data manipulation conducted on the test
results it was found that the Torque factor and
Torsional stiffness both depend on the rope twist and
rope force. This is contrary to previous indications
that Torque factor depended only on twist and the
Torsional stiffness only on force. It is believed that
this came to light because of the high angles of
rotation used during the testing. Rope force is linear
function of the suspended rope length so the C and T
are also functions of length.

The results for the back and front underlay specimens
were easily combined since the calibrations for the
tests were both done with the rope specimens at 0° end

rotation. The middle underlay test calibration was done
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at -600° so it was not possible to relate the results
to the results of the other two tests.

The traditional C and T factor method of determining
rope rotation is not the only method that can be used.
There is the Direct Data Fit method where an equation
is fitted to the torque-tension rotation curves
yielding twist R = £(M,F) = £(M,z). Integrating this
equation with respect to z gives the rope rotation & =
£(M,z).

There is another method where the 1lay length
measurements along the length of the rope in the shaft,
the test lay lengths and test twists are combined to
result in an equation for twist in terms of length.
This equation is the integrated with respect to z to
yield rotation.

At the start of the project it was planned to base the
model of rope rotation on an HP 86 or HP 87 computer.
A model was developed in this form but at a late stage
it was realised that the assumptions made in
determining the model was incorrect. From that point on
extensive use was made of the numeric computation
software package MATLAB for all three methods of
predicting rope rotation. It was found to be extremely
useful and powerful and far more suitable to the
modelling than the HP computers.

In the modelling of the rope rotation much use was made
of the least squares polynomial fit approach. This was
found to be very accurate since the majority of data
curves are near straight lines or lines with slight
curvature.

Whenever a curve was fitted to data the fit was plotted
with the raw data to check for accuracy of fit. The
optimum order of polynomials used in the models was
determined in this way.
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10.

11.

This entire project was conducted from a static point
of view. The dynamic behaviour of the rope was not
taken into account. A MATLAB based model would however
simplify the incorporation dynamic effects into the
model at a later stage.

The main result from the models is the prediction of
the difference in rope rotation between the full and
empty skip end load conditions. The following results
are available. Delta & is taken at 600 m from the

conveyance.
Table 7.1 - Rope torques and rotations for
different
models.
Method Me Mf Me/Mf delta
(Nm) (Nm) ®/360
Direct Data 1055 1675 | 0.630 28
Fit
( Van Zyl )
Direct Data 1025 1619 | 0.633 58
Fit
( Rebel )
C and T N/A N/A N/A 43
factor
( Borello )
C and T 1013 1629 | 0.622 44
factor
( Rebel )

The actual rotation of the rope as counted in the shaft
was 12,5 rotations at 600 m. This is the only value
that the models can be judged by. Based on this one in-
shaft reading the models are not adequate.

If the one in shaft measurement is assumed to be a good
indication of the rotational behaviour of the rope then
there are a number of areas in the modelling process
where errors could have occurred. Reading the data
manually of the curves generated by "T T PLOT" is
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12.

13.

14.

15.

definitely inaccurate.

Also, the rope twist values for the testing were always
determined by dividing the end rotation by 4.050 m.
This is in fact not correct since the gauge length
changes with rotation. Each twist value should be
calculated using the actual gauge length associated
with that rotation..

It appears as if there is an almost constant ratio
between the full and empty rope torques for the three
of the models in Table 7.1. There may be some
significance to this. Possibly for a rope with a
certain length and empty to full load ratio there may
be a set and predictable ratio between the empty and
full rope torques.

In terms of the objective of the project, an accurate
model of the in-shaft rotation of the rope has not been
achieved. However, the wvalidity of this remark is
dependant on the validity of the one in-shaft rotation
reading.

The models presented in this report can easily be
altered to take into account different shaft depths and
rope end loads.

A Dbetter overall understanding of the processes
required to accurately predict the rotational behaviour
of the rope has definitely been achieved. This is

reflected in the extensive recommendations which
follow.
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8. RECOMMENDATIONS FOR FUTURE
WORK

There many aspects which have to be considered in accurately
solving the torque-tension rotation behaviour of
a triangular strand steel wire rope. In the author’s
opinion, the solution does not lie in a purely mathematical
approach. Rather in an extensive in-shaft measurement and
laboratory testing program followed by accurate data
manipulation and analysis to describe the measured rope
behaviour. Below are some points to consider

1. Many more in shaft rope rotation measurements are
required so that the accuracy of later models can be
commented on. It 1is not feasible to judge a model’s

accuracy on one measurement.

2. Thought should be given to the measurement of in-shaft
rope torque and tension. This could be achieved by
attaching a torque tension load cell in between say the
rope thimble and the Humble Hook. A conveyance mounted
data recorder could then be used to record torque and
tension fluctuations in the rope for different
conditions during a winding cycle. This would lead to
a better understanding of the relationship between in-

shaft rope torque and tension.

3. The empirical method of predicting rotation as
described in Section 6.1. should be investigated in
more detail.

4. For the laboratory testing, new lubricated rope
specimens should be used. These will have a neutral lay
length unlike the specimens used in this project which
showed certain amounts of permanent set. The control
program should be modified to process a total of 19
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curves so that one rope specimen can be tested from say
-1080° to 1080° with steps of 120°. The tests can also
be done from 1080° to -1080° for purposes of
comparison.

This type of testing will give a full combined set of
torque tension rotation data for the rope with a single

test calibration procedure.

If tests are done on different rope specimens the
calibration should always be done at the same end
rotation so that the results can later be related and
combined.

Accurate data processing requires increased computer
hardware facilities above that of the HP 86 and HP 87
computers. The HP 86 computer which controls the test
machine is sufficient. From here on it is recommended
that the test data be converted to a IBM PC based
format. Once this is achieved, MATLAB or an equivalent
numeric computation software package could be used for
all the computational requirements.

This will eliminate the errors in manually transferring
data from the test result curves.

The hysteresis in the torque-tension rotation curves
should be investigated to determine whether it is a
rope characteristic or whether it is caused by the

instrumentation.

It may also be considered to modify the torque-tension
test machine so that it would be capable of maintaining
a constant torque in the rope for varying tensile
loads. The idea being that the torque, of the rope in
the shaft, for a certain end load wound be entered into
the control computer. The computer would then increase
the load on the rope till it equalled the front end
load in the shaft.
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At this point the end rotation would be automatically
adjusted until the torque in the rope equalled the in-
shaft torque. By increasing the tension and constantly
changing and measuring the end rotation it would be
possible to determine curves of force versus rotation
for lines of constant torque. Since a load range can be
directly related to in-shaft rope length, equations for
rope twist in terms of rope length will result from
these tests.

Once equations for twist in terms of length are found

it is possible to find rope rotation by integration.
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APPENDIX A

Test machine hydraulic circuits.
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APPENDIX B

Description of control program "T T TEST".
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The previous page shows the first section of the torque-
tension test machine control program "T T TEST". The listing
details the order of the subroutines which make up the
program. Below is a description of the operations executed
by each of the subroutines.

Title : Displays the start screen and requests the user to
follow instructions carefully. The program is written in
such a way as to guide the user step by step so that the
tests can be completed safely and correctly.

Prepare rope : Prompts the user to ensure that the rope
rotation is at 0° and that the friction brake is on.

Zero_rotation : Specifies that the rotation is 0°.

Amplifiers : Prompts the user to set the calibration level
of the strain gauge amplifiers at 3000, to make the rope
slack and to check that the bridges are balanced. Also, the
user is prompted to physically adjust the diameter LVDT’s so
that the voltage readings on the diameter DVM’s lie between
-4.5 V to -4 V. This is done with a preload on the rope
specimen.

Dimensions : Arrays and string variables used by the
program are dimensioned.

Initialize_instruments : Allocates addresses to all the
computer peripheral devices. This includes all the DVM’s and
the plotter. The user is prompted to check that the devices
addresses agree with those set physically by the DIP

switches on each unit.

General info : The user is prompted for general information
regarding the test. This includes the rope diameters, lay
lengths and specimen gauge length. The rope braking force as
determined by a destructive test is also asked for. The
entered data 1is then displayed on the screen for
verification.
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Create file : The user is asked whether the results must be
stored. If so then the relevant file name is entered. An
empty file is created on a disk which has sufficient space
for all ten sets of test data.

Set plotter : If the user so requests, an empty graph frame
is plotted by the HP pen plotter connected to the computer.
This frame is later used for the plotting of the torque
versus tension curves.

Max force : If 30% of the rope braking force, entered under
the general information section, is greater than 500 kN then
the user is prompted to enter the required maximum test
force. This value must be less than 500 kN. In such a case
the user is also prompted to enter a new value for the
maximum bedding in cycle force. This is usually taken as
10 % of the rope braking force.

Zero_force : The user is prompted to slacken the rope so
that the zero torque and force reference voltages can be
read. The computer reads these voltages by direct
interfacing with the HP 3478A DVM'’s.

Calibration : Prompts the user to switch the torque tension
load-cell calibration switches on. The computer then
instructs the user to adjust the attenuation and gain button
on the strain gauge amplifiers so that the readings on the
torque and force DVM’s are at certain values. These values
were calculated by the computer so that the calibration of
the load-cell will be within +1% of the exact predetermined
calibration values. The computer then displays the actual
and exact calibrations for the user’s approval.

Elong diam cal : The user is instructed to set the tension
in the rope to a certain value. The computer automatically
specifies a voltage range for the force DVM which will
correspond to this specific force. Once this is done, the
zero diameter and elongation voltages are read and the user

is prompted to insert calibration plates of known size at
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the five LVDT’s. The calibration values are calculated and
displayed on the screen for approval.

Print_info / Print cal : The general test information and
calibration data are printed out. Examples of these
printouts are contained in APPENDIX C.

Speed : The user is given a choice of the test speed.
Values between 2 and 8 can be selected. The bedding in
cycles are automatically run at a speed three higher than
that selected for the actual test.

Next curve : Tells the user the curve number and prompts
whether that curve must be run. After ten curves the user is
informed that no more curves can be run.

Set_rotation : The current rotation and twist of the rope is
displayed on screen and the user is given an opportunity to
physically alter the rotation and the enter the new value.

Bedding : The bedding in cycles are then run. The user has
the option not to run them. Bedding cycle two follows
automatically after cycle one.

Control parametersl / Initialize array / Start screen :
These procedures are called in preparation for the actual
test.

First point : Reads and records the starting values of all
the test parameters.

Cycle up / Top_hold / Cycle_down : Control the tension
generated by the hydraulic cylinder. Continuous readings of
test parameters are taken and recorded. The force and torque
values are monitored to ensure that they do not exceed 500
kN or 3000 Nm. The test parameter measurements are
displayed on screen so that the user can monitor the actual
testing.
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Store_results : All the data collected during the test is
written to the file which was created earlier in the

program.

Plot_results : The torque versus tension curve is plotted
on the graph frame already created.

Print results : The user is given the option to print out
all the test parameter measurements.

Store_info : Stores the general test information, required
by the plotting program "T T PLOT", in a file, Inform. This
includes the maximum and minimum forces attained during the
testing.

PROGRAM MODIFICATIONS

The original control program "Test C&T" was not able to run
independently. It relied on data created by another testing
program "Test ASm" which is a 50 cycle test control program
usually run before "Test C&T". The necessary changes were
made to "Test C&T" so that it could run independently and it
was renamed "T T TEST".

The overall program was made more user friendly and more
informative. For this nearly every subroutine had to be

altered and in some cases more subroutines added.

The trial and error method of calibrating the load-cell was
replaced by an exact instruction from the computer as to the
setting required for an exact calibration.

Also the load setting for the diameter and elongation
calibration was made more exact by the computer specifying
the required DVM reading.

It would be tedious to specify all the changes made to the
program. The main point to be made is that "T T TEST" it is
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a definite improvement on the program "Test C&T".
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APPENDIX C

General test information, calibration data and
CSIR rope test certificate.
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GENERA TION
File name
Test date z
HAD number :
Construction 3 ETiSF
Froduct code H
Lay direction :
Tencsile grade : [MFa
Breaking force : TlMD
Mominal diameter : Emim
Actual diameter at 1+2 : Cinml
Actual diamster at Z+4 : Lmml
Mean diamester H Lmm]
Nominal lay length 2 Cmin ]
Actual lay length : Cmm3
Gauge length : Emmd
Maximum test +force : CENG
Maximum bedding in force RIS
Minimum test +orce H & ChkM3
Mumber of bedding cycles @ 2

TEST =TION DATA
File name » BCEUL

Test Date

(13

W/0 Number 5 124

lero Force = L 25732
Zerc Torgue = —.012147
Zero Elong = LG14142
Zerao Diami = —4,6021E

Zero Diaml =
Zero DiamZ = -
Zero Diamd = -
Faorce Cal =
Torque Cal =
tlong Cal =
Diaml Cal =
Diamz C&al =
DiamZ Cal =
Diamd Cal =

52157

f.-ix»

J_|
1:.uu)*
W 220790

DRNTINSADE

ol S

L 1E5A0LT

29 SEF 1993
PT1 (00T}

=

4

"“1/
i

5t 4

04

-—_b

=y

L LTORROES

CkEN/Voltd
TMNm/Voltl
Cmm/Voltl]
Tmm/Voltl
Cmm/Voltl
me/VDTt’

mmANVoltd
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GEMERAL TEST INFORMATION
File name z MIDUL
Test date : 4 DT 1997
W0 number : 124331 (002
Construction : HERT214 /127643 TY /F
Product code 3 N/
Lay direction : RH

Tensile grade
Breaking force

Mominal diameter
fctual diametesr
Actual diamster
Mean diameter

at
at

Mominal lay length
Actual lay length
Gauge lenath

Maximum test force
Maximum bedding in
Minimum test +force
Mumber of bedding

FLET

48
143
44

261

L] o
od il

SO0
172

q

force

e

tJ

cycles

TEST

CALIBRATION

1800

173Z0

48, 44
48,54
43, 4%

LO50

. bEL

DATA

OCT 199=

L0022

[Volt
[Volt

[Volt
IValt
[Volt
IVolt

411, 129917054
0048017

17.1778748817
. 221895449418
. 2204488TIB26

Lo R

L 1E6T00&FTIESE

File name » MIDUL
Tzst Date : 4

WO Mumber 1 124931
Zero Force = Q297
Zerc Torgus = L2261
Zerc Elong = -4.03485
Zero Diaml = —4 54756
Zero Diaml = =4 452371
Zero DiamZ = —=4,562414
Zero Diam4g = —4,4848%2
Ferce Cal =

Targue Cal = 2082,
Elong Cal =

Diami Cal =

Diamz Czal ==

DiamZ? Czl =

Diamd Dal =

LATLITERETENE

3
]

CNVoltd

]
1
3

TEMN/Volt 3
Cm/ Volx

[mm/Voltl
Cmm VMoltld
Imm NVoltd
[mm Voltl
Dimm/NMoltl

30

CMEald
[kN1

Emml
Cmml
Lmml
Cmm3i

Cmmd
Lmml
Cmml

CkND
LkN3J
CkNT



Lay di

Tensile grade
Breaking force

Mominal diameter
Actual diameter at
Actual diameter at
Mean diametesr

Mominal lav length
Actual lay length
Gauge length

et

Maximum test force
Maximum bedding in

Mimimum test force

Mumber of bedding cycles

&r  e;  En ww

1800

T30

=2 ze

48
47.4
47
47.2

1+2
T4

I61
385

4050

e ag aex

Q)
force 7

o o
™ ;

k) Q3 e (0

TEST

CALIBRATION DATA

1993
(02}

fVolt]

410, 68T34LT127

ERCIEPIRIFET

File name : FNTUL
Test Date : 1 0OC7
W/ Number : 124971
Zero Force = LOEE24
Zero Torgue = -, 01697
Zerog Elong = —-4,4411%3
Zerc Diaml = -4,373844
Zero DiamZz = =3.97304
Zero Diams = =4, E046E
Zera Diamd = =4_47447
Force Cal =

Torgque Cal = 2081012
Elong Cal = 1z,
Diaml Cal = 222139
DiamzZ Tal = LR R
Diam? Cal = . 1646548

171462178

8781101734

[Voltl
[Voltl
EValt]
[Voltl
fVoltl
[Voltl]

AF0NG46

EmlTl /“‘-"C:l L7
Lmwm/ Vol
Lmin/
[mm/ Vo

= [=
SEEP0

v
[ R e e

td dod L2

477827

DLE

131

[MPal
TkM1

Cmm]
Cmm3
Cmmd
Lmml

[Lmml
Cmind
[mml

LMD
LN
CRNI



Materials
Science and

UNDERLAY ROPE Technelosy
A ,//
/// / 1 CSIR
Mine Hoisting Technology
Private Bag X28 & 3-213128A fd National (011) Delivery Address: -

726-7100 Cor. Menton Road and Frost Avenue

Cottesloe 2092 Johannesburg

Auckland Park
2006 South Africa

International + 27 11
Fax: (011) 726-6418

4 Navorsmin
Auckland Park

Application received: 89.06.21 Centificate No: 166756
Rope recenved: 89.06.20 Date of Test: 89.06.23
CERTIFICATE OF TEST CONDUCTED ON WINDING ROPE
Particulars supplied by Applicant:

Name of mine {if applicable}
Name of manufacturer Haggie Rand Limited Date of manufacture 89.06.15
Name of shaft Type of shaft
Name of compartment Length of wind {m)
Winding plant cent. no Date rope puton
Coil no. of rope 124931/002 W/0 124931 (002)
Nom. diameter of rope {mm) 48 ,0 Length of rope (m) 2 600
Construction ol rope Compound Triangular Strand Mass per tength (xg m) 9,81

6x32(14/12/6+3T)/F Typeoilay RHL
Number of strands 6 Nom. length of lay {mm) 361
Lubricant
Type of heart of rope Fibre
Number of wires in strand 32(14/12/6+3T)
Diameter of wires (mmj: 3 ,10 2 24 1 92 1 , b4
Type of strand core Plaited
Tensile grade of steel 1 800 MPa  Wire finish Ungalvanized
Breaking force of new rope kN
Breaxing force of previous test kN Length of specimen supplied (m) 3,50
Minimum allowable brea¥ing force kN Date cut

RESULTS OF TEST AND EXAMINATION
Breaking force of rope 1730 kN Gauge length of test specimen (m) 2,75
Least dimension of outer wire (mm) Length of lay {mm) 408
Diameter of rope {mm) 50,4 49,3
Corrosion None
Condition of lubrication Good
Appearance of wires at fracture Ductile
Number of strands broken Three
Position of fracture Centre
Remarks The fibre core fluffed over the full test length
Cottesioe, the 89.06.23
Tasting Officer: Programme Manager: Mine Horsting Technoiogy CW :
Gacsi 46HQT"

132



LOAD-kN

STRAIN ENERGY TO FAILURE= 1895.6 kJ
PLASTIC FRACTION OF ENERGY= 140.7 kJ
PLASTIC FRACTION OF ELONG.= 86.3 mm

SLOPE= 27.2 kN/mm

1730

LOAD-ELONGATION DIAGRAM

Certificate No.: 166756
Date of test: 89.06.23
Coil No.: 124931/002 WO 12497
Rope Dia (mm): 50,4 : 49,3
Applicant:

HAGGIE RAND LIMITED

Scales:
=10 mm je=—
1
100 kN
T
ELONGATION — mm Gauge Length: 2 750 mm
APPROV

Division of Materials Science and Technology
CSIR

MINE HOISTING TECHNOLOGY
PRIVATE BAG X28 AUCKLAND PARK 2006

PROGRAMME MANAGER

1(002)

MINE HOISTING TECHNOLOGY
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APPENDIX D

Description of data manipulation program "T T PLOT".
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1000
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[RRIiR]
LOZ0
LD40
1050
LDA0
LO70

L 080

L0
L1000
L1110
L1220
L1E0
1140
1180
t1aD

ook kokkokokaiokok ke ks CUT MACHINE FLOTTING

1é

1
CLEAR
GOSUER
GOSUR

FROGRAM MAaME

0

CTORER 1993

TO BE USED WITH FROGRAM "T_T_TEST"

Title
Dimensions

GOSUR Bring_data

GOSUE
GOSUR

DISF
DIgF

DISF &

7 DISF

DIgF
DIsF
DIGF
DISPF
DISF
FAUSE
RETUR

i

N

Information

Form mabtris

Frogram to plot torgue tension elongat

phtained during a torgue tension test
DIgsF

Thie program runs with "T_T_TEST® and

T LN

L dop

Moditied by B.REBEL and E.SALZIMANN, "
& October 1993¢

DIsF

Flease press <CONT®
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The previous page shows the first section of the torque-
tension test data manipulation program "T T PLOT". The
listing details the order of the subroutines which make up
the program. Below is a description of the operations
executed by each of the subroutines.

Title : Displays starting screen of program.

Dimensions : Arrays and string variables used by the
program are dimensioned.

Bring data : Loads the data which was created by the
program "T T TEST" into memory. Also reads the relevant
general test information from the file "Inform".

Information : Asks the user to confirm whether the
information read from "Inform" is correct. If not then the

user is given an opportunity to change this information.

Form matrix : Generates one matrix with all the raw test
results for the ten curves.

C_factor_cal / T _factor cal : The Torque factor and
Torsional stiffness is calculated for all ten tests and

stored in the relevant matrices.

Select_option : Once all the calculations have been done the
user is able to view any of the curves found in Figures 5.1
to 5.15. The curves can be displayed on screen or can be

plotted by the HP pen plotter. The user also has an option
to zoom in on any portion of the curves.

PROGRAM MODIFICATIONS

The original program "Plot C&T" was only able to process
seven curves per test. The program was modified so that the
ten curves run by "T_T TEST" could be processed. Also, the
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end rotation associated with each curve was automatically
included next to each line. This was done to make subsequent
interpretation of the results more precise.
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APPENDIX E

File conversion program "FSMALL".
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i
!
t
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i
1
'
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l

l

FROR RO R OO R R R R Rk

FROGRAGM NAME "FaMaLL™

FROGRAM TO MAKE "T_T_

TEST"

"FEMALLY READES THE DATA FILES OF T 7
FORMAT ACCEFTABLE TO "T_T_FPLOT®

FUN THIS FROGRAM AFTER "T_7T_ AND

WRITTEN BY G.REBEL / F.S&L7MANN

AR AR O R R R KRR R R O R ROk R R R R Rk R

CLEAR
OFTION BASE i

SHORT C1{4&0,7) ,C2(460,7)

SHORT CE{460,7
SHORT DI{11S,7)

SHORT
DIigF
DIsr

LCT(460,7),0
LCT(A60,7), CLO(4460,7)
LD2(115,7) D31

15,7),D4

D8(11447) DZ(115
"FUT TEST DQTQ
B DIGF

e -
7Y.Di00115,7)

DISC IM DRIVE

FAUSE
CAT

DISF
DISF
INFUT
ASSIGNS 1
READ#
READ# 1
READ# 1
RE&DE 1,
READE 1,
FREADH 1,6&
REGD#® 1,7
REED# 1,8
READH 1,9
READ# 1,1
ASSIGNSE 1

DISE
TINFUT THE
FILES
TGO FILE®

Ci0y,Angleil)

y G20, Angle ()

,3 : CZ20O),Angle ()
4 3 C47 ﬂwnglef4\
5 Angle{d)
 Angle (&)
Angle (7

s CBO ,Angle ()

1 L0, Angle(?)
0o C100) JAngle (103
TS X

FILE NaME"

151

y E50),
: G600,
y G740,

IGN

CLE&R

DISF

"CONVERTING ...

I=1

J=
FOR =1

0
TGO 7

y=CL LT+, D
: IiJ 9]

D14T, kD
|
R )
D4{I,
DEI K
ko

b

‘

i

y=04a I+J )
y)=05(1+ J.

’=C£3(I+J,FI.")
YT LT+ . 15
DE‘I J . kD
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EloaI%L>mC1D{z+JgM)
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D71,

DR o |

VONEXT i
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1471071997

A 4a0,7) , 050460, 7)
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1850 J=2 B
1560 FOR I=32 TO 112

1ET0 FOR

1580 Il i =T, K
1590 ) ‘I % A SN
1600 DELIL,ED=CE(I+], kD)
146140 D#il,%)vr4(?+J,})
1620 DEL,E)=CE(I+J, 1)
14630 Dn(l Y =CEI+T L ED
1640 D7, ED =07 (I+J,E)
1650 DB Y =CB(I+T, k)
1660 DF LT, k)= C?fI+J.l>
18670 Diqu_L)—Clqu+ L B2

1680 NEXT K

1690 J=J+3

1700 MEXT I

1710 CLEAR

1720 DISF "REWRITING FILE = "
1730 PURGE FILE%

1740 FACE

1780 CREATE FILE#®,10,116%7%8
1760 ASSIGNSE | TO FILE$

B

-t
i~
m
+

1770 FRINT# 1,1 ;3 D1O) ,Anglaeil)
1780 FPRINTH# 1,7 3 D2¢),Angle(d)
1750 FRINT# 1,3 3 D3O ,Angle (™
1800 PRINT# 1,4 ; D4 ,Angle(4)
1810 FF’“Th 1,5 5§ DSO),Angle (5)
1820 FRINT# 1,6 ;3 D&O),Angle (&)
1830 PRINT# 1.7 3 D7¢) ,Angle(7)
1840 FRINT# 1,8 : D8O ,Angle (&)
1850 FRINT# 1,9 5 D9 ,Angle(9)
1860 PRINT# 1,10 ; D100 ,Angle (1M

1870 ASSIGN® 1 TO x

1880 CLEAR

1890 END

1900 1!

1910 1 AR ok R Rk ok ok ok ko ok R kR kK R Rk kR

140



APPENDIX F

MATLAB program to determine rotation as
a function of rope length.
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A FROGRAM TO

W WRITTEN

BY L.RERBEL

. T

00 =
wmon
{3 =

wm
L0
[0
v G

v

1

i

]

G ganon
7]
[n N R
-

i
]

u}
-+
-

e I e s S

K4 '_\l (‘:q 1\1)
viay, urob, " ~--

Tanly
fflay length {mm)’

l
1" Fope twist
t

Dauses
Li=0221. 2196:
+1upalyval(pl.LJ):
plot(length.lay,” ——
#label ("Rope length
wlabel ("Lay lenqgth mm’
meta 11+ 1

nause

SR T
fm}

s

in

~1c

~lc

. "y e T 3

iom el LFei 2194,
L74

ITyvalipl, its
oclwvval (o,
it{i.newrot.4);
ITvwvalin. iy

"r_l
plotii,newrot, " —=" i, nF

a
("Dl f?nce +rom
{"Rope twist

it}

{deg/

i

bt s e
23]
WoLroor r+
]
bt pt i

~

pausa
meta AFPXT

clo

o Coolinomial fFor 1ls

DETERMIME

(d@q:n

skip

sngth vs

TWIST

Rl

Fitpll:

it, -7

v
' My Y
% B

2

ROFE

LEMNGTH



% INTEGRATE TWIST wrt LENMGTH TD GET ROTATION

3

pRot=In(: . 1} /8. N /4, n G, D) /3, nte, 4 /2, ni2.5) ., 0l
Fota=polyval (pRot, i}y
%

m:'}

stance from skip (m) ")
(No. of turns)y ™

plot!
#labe
vlabe
pause
meta AFRXE

L7
7
fa

% END OF PROGRAM

L

ot ot
=
8]
'—'-
4]
rr
8]
3

Length =

1. 0e+007

LA RA

[

0. 2745

0. 5490

1. 0980

1.6470

et = viay = 1.9215

2. 1960
H&0., 0000
H10, 0000

IR0, 0000
SED. Q000
5175000
490, 0000
A0, 0000
465, D000
443, 5000
40E, 7000
81,8000
20000
IE0, Q000

29T, 0000

20, 0000

1463
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APPENDIX G

MATLAB programs for the Direct Data Fit method.
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% MATLAR FROGRAM TO DETERMINE TORGQUE i.t.o FORCE AND ROTATION
%

% WRITTEN BY G.REBEL - 24/10/973

%

%

clc

F=[O;25;50;75;100-1du'”nu;_mu-4uu,dnu]

%

T_1080=[-390:-300; ~222;~146:-61:122: 2981671 10373141973
T_960=[-354;-268:;-190; -95: 03 183.?66 7563 11’4 15 43'

T 840—[—’07-~220:7146 ~4G. 49:244 4?9 841 1”44 16Z41;
T _720=[-268B;-176: 98 U 98:904:512.9”7 1”41 1746]-
T_600=[-2203-134: -4y 49 159:378;s d90-1ﬂ"4 14@1 19021
T_480=[~ 171-~8u.0-110.~h0 451 68z 1122;1q61:_000].

T _360=[~-122:-37: 7u.171-"05.577 7q6 12205 16835;21467];

T _240=[-73;24; 122:232.366 610 844 1ZM° 180u._2803.
T_120=[-48; 7?.17":?0;.4”7 694‘941 1451: 1939324391,

%

TO=[0;1~4._q6;384;518;780:1043'1563:2074:2598];

%

T120=[98; 20731 337:1463:610: 8663 1146: 16BI; 2232: 27801
T24D=[207,51”'4”7'461 69q.96 41”44 1B10; 276632927171
T360=[2?3;390_”24_6*4,78H71061,1~41 1927324883 Z037 1
T4B0=[I78;463:580:707:854: 114631439 2049326743244
T6OO=[439 15043 62237563215 1207115153213 Wy 2732333907
T7"U"Cai~.q98;7ﬂ7;829;1000;1293;1610;2244;2866::5?737
T840=[085;659;: 7805023 1073; 13833 1707127541 - 2976336821
TR60=[683;:7468:B78;1000;11713 147631805 2488; 3146538541,
T1080=[793 8q4 967.1H98 1”44 1q73:1902.2610:ff41 40731
%
TORDUE=ET_1080,T_960,T_840,T_720”T_éOO,T“4BO,T_SéO,T*24D,T~120,TO,TIEO,
;T480,T600,T720,T84U,T96U,TIOBUJ; T240, TI60
plot (F, TORGUE)

xlabel ("Tensile load (kKN) )

vliabel ("Rope torgue (Nm)?)

title (RAW DATA™)

pause

print

%

Fi=0:20:500;

Fi=F17";

A

F_1080=polyfit (F,T_1080,3);

fit_1080=polyval (F_1080,F1);

F_Q60=polyfit(F,T_960,3);

fit_F60=polyval (F_9&0,F1);

F_B840=polyfit(F,T_840,3):

fit_840=polyval (F_B840,F1);

P _720=polyfit(F,T_720,3);

fit_720=polyval (F_720,F1);

F_&600=polyfit(F,T_&00,3);

fit_600=polyval (F_&00,F1);

F_480=polvFfit (F,T_4B0,7):

fit_480=polyval (F_480,F1);

F_F60=polyfit(F,T_ ”60q4)

F1t .é,()"polvval(F D60, Fl)

Fm”40*pn1yF1th_TM”JH,ﬁ)f

(S




+it_240=polyval (F_240,F1):

F_120=polyfit (F,T_120,3):

fit_120=polvyval (F_120,F1);

%

FO=palyfit(F,TO,3):

fFitO=polyval (FO,F1);

A

F1O80=polyFfit (F, T1080,3)

Fit10BO=polyval (F1080,F1);

FRLO=polyfit (F,T960,73) ;

Fit960=polyval (FR60,F1);

FR40=polvFit (F, TR40, %) 3

fitB840=polyval (FB40,F1);

P720=polyfit (F, T720,3) 3

Fit720=polyval (F720,F1);

6Q0=polyFit (F, T&00,3)

Fito00=polyval (F&OQ,F1);

*480=polyfit (F,T480.7) ;

Fit4B80=polyval (F4BO,F1);

HEAO=polyfFit (F, T24&0,3)

Fit360=polyval (FI&60,F1);

*240=polvFfit (F, T240Q, %) g

Fit240=polyval (F240,F1):

*120=polyFfit(F, T120,3);

Fit1Z20=polyval (F120,F1);

/4

TORQUE_fit=[Ffit_1080,fit_960,fit_840,Ffit_720, it 600,Fit_480,Fit_T60
120, Flto Fltl_o Flt”4ﬂ F1t"60 F1t480 F1ténn F1t720 F1t840 Fit960
‘

Jlot (F1, TORGUE_Fit) fill bt fat
<label ("Tensile load (kN)?®) * ) *
rlabel {("Rope torqgue (Nm) ™)

title("3rd ORDER FOLYNDMIAL FIT®)

lause

. X

1ot (F, TORQUE,F1, TORBUE _fit)

‘label ("Tensile load (kN)?:

slabel ("Rope torgue (Nm)*)

title (PRAW DATA and FIT™)

ause

f

0T=L-10803:~F&0; —840-—7”n-~6nn-—480-~_5n —2805 1203 O3 120: 240136034803 600
P&0: 108017, -
0T=R0OT/4.050; 7205840

*=EPWIDBD;Pm?&D:PwB4D:PM720;PméDQ;PQ4BO;P_36O;PW24O;PW120;PD;PiED;P24O;
F&OOsF7205FB40;FR60:F1080]; — .
' ’ FI&0:2F480

=P (1, 1)
B=F o, 2) g
YEEF(r, T
‘4=F (1, 4) ;

1ot (ROT,F)

label ("Rope rotation (deg/m) ™)
‘label (" Torque vs Force polyn. consts., ™)
FAUSE

L6




ROT1=~1080:30: 1080,
ROT1=ROT1";
FOTI=ROT1/74. 050:

'/
/

apl=polyfit (ROT.F1,4);
“1fit=polyval(ppl,.ROT);

p2=polyfit (ROT.F2.4);
"2fit=polyval (pp2 . ROT);
I=polyFit(ROT,FPZ.4);

*Ifit=polyval (pp3,R0OT):

pd=polyFit (ROT.F4,.4);

*4fit=polyval (pp4,ROT):

A

2lot(ROT.PL,.ROT.FLIFit)

#label ("Rope rotation (deg/m)")

rlabel ("Torgue vs Force polyn. const.?™)
title(*’Polyn. constant 1 and FIT™)
jause

A

1ot (ROT,P2,ROT,FP2Fit)

+label ("Rope rotation (deg/m}) ™)

slabel (*Torgue vs Force polyn. const. )
title("Polyh. constamt 2 and FIT™)
jause

4

1ot (ROT,FPEZ.ROT,FPEFLIE)

‘label ("Rope rotation (deg/m)7)
slabel (" Torgue vs Force polyn. const.®)
title("Folyn. constant 2 and FIT™)
ause

£

1ot (ROT,P4,ROT.F4FiIL)

(label ("Rope rotation (deg/m)?*)
slabel (" Torque vs Force polyn. const. ™)
itle(PPolyn. constant 4 and FIT")
rause

:le

i

w=lpplippldippisppdl;

:lc

ormat long

Hep T = pl(R).F*Z + p2(R).F™2 + p3(R).F + pa(R)?)

lisp(®7)

ligp("With F in (KN) and R in (deg/m)’)

lisp (™%}

lisp("Where the constants for the 4th order polynomials pl.p2.p2.,p4 are =)
ligp (7))

o

rause

OLY=[F1Fit,P2Fit,.PEFit.F4Fitls

OLYI=FOLY (1,2
OLYZ=POLY (2,23
OLYIZ=FOLY (2, )
OLY4=FPOLY (4,123
OLYS=FOLY (5, 2);
OLY&=FPOLY (&, 20 s

w7



FOLY7=FOLY (7,:):
FOLYB=POLY(8,:):
POLY?=FOLY (9, :);
PDLYiQrPDLY(io,:)
PDLY11=PDLY(11,:)
PDLY12=POLY(12.:)
PDLY13=PDLY(13,:)
FOLY14=FOLY (14,3 ;
FOLY1S5=FDLY (15, 1)
HR -
1)
$);
)

CLARCT SRES T JTT TP Py

FOLY16=POLY (16&,
FOLY17=FOLY (17,
FOLY1B=FOLY (18,
FOLY19=FOLY (19
%
Ti=polyval (FOLY1,F1);
T2=polyval (POLYZ,F1):
T3 ~p01yva1(FDLY?,F1);
T4=polyval (FOLY4,F1);
ToS=polyval (FOLYS,F1):
Té=polyval (FOLY&.F1);
T7=polyval (FOLY7.F1):
T8=polyval (FOLY8,F1):
T9=polyval (FOLY9,F1):
T10= polvval(PDLYlG Fi)-
Tll=polyval (FOLY11, Fil)s
TiZ=polyval (FOLY12,F1):
Tia—polyval(PDLYlqui)-
Tl4=polyval (FOLY14, Fi1);:
T15=polyval (FOLY15,F1);
Tié= polvval(PDLY]é,Fl\
T17=polyva1(FDLY17.F1);
T18=polyval (FOLY18,F1);
T19=p01yva1(PDLY1?,F1);
%
TDRDUE_EST=ET1,TE,TZ,T4,T5.Té,T7,T8,T?.TIO,T11.T12,T13,T14,T15,T16,T17,
%
plot (F, TORQUE,F1, TORGUE_EST) T18,T193;
xlabel (* Tensile load CEND) ™)
ylabel( Rope torgue (Nm)™)
title("RAW DATA and FINAL COMFLETE FIT™)
pause
yA

‘X% 3 caw

-8



v MATLAER FROGRAM TO DETERMINE ROTATION i.t.o TORGQUE AND FORCE
%

v WRITTEN RBY G.REREL - 2ALI0SE

7

%

clec

format short

F=[0; 2550 7331003 150 ZO0sZ00r 400 500

%
Tw1080=E~39D;—¢Hq'~2?27~146'—bl 1229298:671510375 14191
T_960=[~-354;-268;-190;-95:0;: 1871 566317565 1134; 1524]'

T_840=[~-307;-220:-146:-49:49; 2444 4"9,841_1”44_16"4]7

T _720=[-26831-1763-98:0398;305:512:927:1341517561;

T _600=[~-220:-134;-493;49; 159;: 2785201 1024514515 19021

T _480=[~1713;-85;0;110;220:451: 685112251561 20001

T 360=[-1221-3737331713305; 537 7561 12205 1683: 214615

T _240=[-733 243 122.232.?66 H10: BS54, 1729 1805 22807

T _120=[- 48:73:173,?05_4”7 695,951.14q1‘19”9;:479]7

%

TO=[03134:256;384:518:780; 1047 1567 207425981

%

TI20=[981207: 3371467610 866; 11463 16835 22323278017

TR40=[207:312: 427 ;561 69q.9&* 1244 1810523662927 1

TZ&O"C”??.Z?H.QM4 6354 780'1Hbll1 t413: 19773 2488; 303713

T480=[378; 46?:580-70 18541146, 14*?.2049.h6”4:w 447;

Ténﬂ“[4*9‘q~4 6:2:7u6 15, 1”“7.J» 213427323 TE207
720—[d12,598,7ﬂ7_8”97100&-1”9“-1610.2:44 28663 3537 1;
TE40=[585; 652 7801 F02; 10733 1387 1707 2T545 2976 36831
T96O=E683;7é8:878;1000;1171,147&v1BHJ.“488:Q146.UBJ4]-
T1080=[792:854: 963 1098 1244 1573 1902326103 33413 40721

%
TORQUE=LT_1080,T_9260,7T_840,T_720.T_600,T_480,7_360,T_240,T_120,T0,T120,
LT480, T600, T720, T840, T260,T10BOT; T24G, T360

v

ROT=L[~1080: ~960: ~840; 7203 —-600; 480 ~3603 ~2403; ~1203 03 1203 2403 36035 4803
,96071080],

ROT=ROT/4.050; 6003 7203840

%

TFO=TORQUE (1,2} "3
TF25=TORBUE (2, :)
TFOO=TORQUE (3, :)°
TF75=TORQUE (4, :)
TF100=TORGQUE (S, =

4 ca M

TR T IRT Y I 2

-

g -a% EM ‘xR B4 -ae

TFISO=TORGUE (&,
TF200=TORQUE (7,
TFZ00=TORQUE (4,
TF400=TORQUE (9,
TFS00= TDROUE(lU..)
~
TF=LTFO,TF25, TFS0, TF7S, TF100, TF150, TF200, TEF300, TF400, TF5001;
pause
i
Dlot(TF RO

wlabel (" Torque (Nm)7)
ylabel(’ﬁope rotation (deg/m}™)
title("RAW DATA ROT vs TOROUE™:
pause
print

']

)
)
)
)
)y

=
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FO=polyFit (TFO,.ROT. 3

PRE=polyFfit (TF25,R0OT. )
FEO=polyfit (TFS0,ROT, )
F78=polyfit (TF7S,ROT,3) ;

F100=palyfit (TF1Q0,.ROT, 5)
F1530=polyfit (TF150,ROT, ™)
FL200=polyfit (TFZ200,R0T, 3
F200=polyfit (TFZ00,R0T, )
FA4Q0=polyfit (TF400,R0OT,3)
FOOO=polyfit (TF300,ROT, 3)

‘zw a3

n% X2 -mm -z

A
F=L[FOsFR5; PEO: P75 F1003PLIS0s PROO: P00 P400 FS00T
%

Fi=F(:,1):
F2=F(:,2);
Fr=F(2,3):
Fa=F{;,4);:
A
ppli=polyfit(F,P1,5):
Fifit=polyval(ppl,F);.
%

ppa=polyFit (F.F2,5):
F2fit=polyval (pp2.F);
ya

ppIi=polyfFit (F,F3,5);
PEfit=polyval (pp3,F);
b4

ppd=polyFit(F,F4,5)
Fa4fit=polvyval (pp4,F);
%
clc

%

pp=Lpplipplipplippdl;

%

clc

format long

disp("R = p1(F). T3 + p2F). T2 + pZ(F).T + p4a(F1?)

disp(®7)

disp("With F in (EN) and T in (Nm)™)

disp(®7)

disp ("Where the constants for the 5th order polynomials pl.p2.p3.p4 are
disp(*?)

2}~

pause

pA

FOLY=IPi1fit,PEFit ,FIFit, P4Ffit];

FOLY1=POLY(1l,2):

FOLY2=FOLY (2,12}

FOLY3I=POLY (3,2

FOLY4=FOLY (4,123

FOLYS=POLY (S,:2)

FOLYS=FOLY (&2 ) 1

FOLY7=FOLY (7,2}

FOLYB=FOLY (8,1}

FOLYI=FPOLY (P, 1)

FOLY1O=POLY (10,12} 3

ia

|50




Ti=polyval (FOLY1,TFO);
T2=polyval (POLYZ2, TF25);
Ti=polyval (FOLYI, TFSO) 3
Tad=polyval (FOLY4,TF75):
TS=polyval (POLYS, TF100);
Té=polyval (FOLY&L, TF150);
T7=polyval (FOLY7.TF200)
T8=polyval (FOLYB, TFZ00)
T9=polyval (FOLYZ, TF400) 3
T10=polyval (FOLY10Q,TFS00);
7 .
ROT_EST=[T1,T2,.T3.T4,T5,.T6,T7.78,T9,T101;
%

plot(TF,ROT.TF,.ROT_EST)

#label ("Rope torgue (Nm)?)

vylabel ("Rope rotation (deg/m)*®)
title("RAW DATA and FINAL COMFLETE FIT™)
pause

%

Is)



%~ MATLAER FPROGRAM TO DETERMINE ROTATION i.t.o TORQUE AND ROFE LENGTH =
./ -
% WRITTEN BY G.REEBEL - 2LS/10/97

%

%

clc

format short

F=L03;25:50; 75; 1nn~1JU-”UU-70ﬁ-4nu;dnﬁJ-

yA

T 1080—[—*90-m"0q~~232fm146'~é1 122:298: 67131037 14191

T_960=[-3 4'“L68'-190'—9d10'1 ;,*66 75963113 4 13 4]-

T 840—E—_U?'—220'—146'—49 493244, 4”9 841 1"44 16Z47:

T 720‘[*”68'*176'~98 18H 98.u05.d1 22927313 41 17561

T_600= [-2205-1Z74; 495 49 1597 78:u?0'10”4 14q1 19021,

T_4BO=[—171'—8 0'11“:220:4q1 68".11_~.1461:2000]'

T 360=[-122:-37: 7?,171:-Hq.u"7 73563 1220'168'.h146]-

T_240=[-77:24; 122:::2:966 610:854; 1*”““1805.228ﬂ3'

T_120=0-48; 7351 7?;?05,4”7_69459q1,14q1‘19"9,24"9]7

%

TO=L03134;256;384:518: 7803 1043 15632074 25981;

Z

T120=[98; 20733273 4675; 6103864631146 16833 22325278017

T240=[207:h12,4”7;q61_69 963:1”44 1810;__55;:9H7]-
T36O=[293;390;524;634:78071H61,1:41_19”7:2488- I0OIT7 1
T4BO=[378;463;58@;707;854;1146;1439;2049;7614:uh44]-
T6OO=[4T9; 524 622575639153 1207 151512134 273T2:33907;

T720=[3512;598; 707:829; 10003 1 ”9?.1&10.¢_44:2866:35’73-

TB40=[585:;659;: 78059023 1073 13833 1707235 297653346831

TR60=[683;768:878; 10003 1171:;1476; 1805.2488:J146.¢8q43-

T1080~E79?.8q4 96?:1098 1”44 1q7771902.2610:??41 4073

A

TORGUE=LT_1080,7T_9%960,T_840,T_720,T_600,T_480,T 360, T_240,T_120,T0,T120,
. 7480, TbOU‘T7ZD.T84O TQ&U TIGBOJq T240, TI60

%

RDT=[-1OBO;~9b0;~840;-720;—&DO;~480;—360;~”40-—120-0-1“0-”40.-6H-480;
1960310807,

ROT=ROT/4.050: 6Q0: 7205 840

%
TFO=TORQUE(1,:)
TF25=TORQUE (2,
TF30=TORQUE (3,
TF75=TORQUE (4, :
TF100=TORQUE (5, :
TF150=TORQUE (&, :
TF200=TORQUE (7, :
TFZ00=TORBUE (8,
TF400=TORQUE (9, :
TFSOO=TORBUE (10,
%

TF=L[TFO, Tth.TFSD,TF75,TFIOO,TFISO.TFEOQ,TFEOO,TF4OD,TFSOOJ;
%

plot(TF,ROT

xlabel (" Torgue (Nm} ")

vlabel ("Rope rotation (deg/m)®)

title ("RAW DATA. ROT vs TORQUE™)

pause

pA

PO=polyfit (TFO,ROT,3)

(1]
a4 g cEw

® oz
B e N s u

°3 "R -2 ‘as

1]
[ R T
[ R TR VY

3 aR cms ‘=3 am -aw

a3

"
b

52,



FaO=polyfit (TF2S5,ROT,3):
FOGO=polyfit (TFS0,ROT.3);
F75=polyfit (TF75,ROT,3);
F1O00=polyfit(TF100,ROT,3)
F150=polyfit (TF1S0,ROT, )
P200=polyfit (TF200,ROT,.3) ;
FI00=polyfit (TFZ00,ROT, )
FA00=polyfit (TF400,R0OT,2)
FI300=polyfit (TFS00,ROT, )
%
F=lPO: P25 POOsF73; F100F1503 F2003 P00 PA0OO; FS00]
%
Fi=P(:,1);

P2=F(:,2):

P3=F(:,.3)3

Fa=F (:,4);

%
ppl=polyfit(F,F1,5);
Filfit=polyval (ppl.F):
%
pp2=polyfit(F,F2,3);
F2fit=polyval (pp2,F);
%

ppi=polyfit (F,F3,5);
Fafit=polyval (pp3.F);
%

ppd4=polyFit (F,F4,5);
Fa4fit=polyval(pp4,.F):
%

clc

'/'- .
5p=tpp1;ppi;pp3:pp4l;
FF1=[0.0926,21117;
FF2=conv(FF1,FF1);
FFZ=conv(FF2,FF1);
FF4=conv(FFZ,FF1);
FFB=conv(FF4,FF1);

%

FE1=[0.096,94&];
FEZ2=conv(FE1,FELl);
FEZ=conv (FE2,FE1);
FE4=conv(FEZ,FE1l);
FES=conv (FE4,FE1) ;

A

pCéE=pp (:, 1) ¥FES;
pCSE=pp (:,2) XFE4;
pC4E=pp (: ,3) XFEZ;
pClE=pp (2 ,4) XFE2;
pCRE=pp (: ,S)YXFEl;
pCIlE=pp(:.6);

%

pC&F=pp (2, 1) ¥FF3;
pCSF=pp (1, 2) ¥FF4;
pCa4F=pp (: , 3) XFF3;
pCEF=pp (:, 4) XFF2;
pCZF=pp (2 ,S)¥FF1;
pCilF=pp{(z2.6):

Is3



%

B=LQz Q0107

“/

pCSE=[E, nCSE];

pC4E=LER.E, pC4E];

pCIE=LE,. B, E,pC3IE];
pC2E=IB, B, B, B.pC2ED;
pClE=[R,B.B.E.E,pC1E]1;

A

pCSF={R,pCSF1]:

pC4F=[R,.B,.pC4F I;

pCiF=[R, B, B.pC3IF];
pC2F=LE, R, B, B, pCZF s
pCiF=IE, B, B, E.B,pC1iFJ;

7%
pPCE=[pC&LE+pCSE+pC4E+pCIE+pCRE+pC1E]
pCF=LpC&6F+pCSF+pC4F+pCIF+pCR2F+pCiF1;

™~

z=0:19: 2204

%

Fl1E=polyval (pCE(1,2),2) 3
F2E=polyval (pCE(2, 1), =)
FIE=polyval (pCE(3,z2),=2)
F4E=polyval (pCE(4,:),2)
%

PlF=polyval (pCF({(l,2).=):
FP2F=polyval (pCF (2 :).z);
FIF=polyval (pCF(Z,:),2)
F4F= leyval(pCF(4 t)e2) s

A

TrgE=1025

TrgF=161%9

e ,

ROT_E=C(FIEXTraE"2) +(F2EXTrqE"2)+ (FIEXTragE) + (F4E) J=

ROT_F=L(FIF*TrgF~3) +(F2FXTrgF ~“2)+ (FPIFXTrgF) + (F4F) 33

%

plot(=,ROT_E,"-",=2,ROT_F, " ——")

xlabel("Rope length (m)?)

vlabel ("Rope twist (deg/m)")

title("ROPE TWIST FOR A CONSTANT TORGUE™)

pause

%

clc

format short e

disp('R = pl{(z). T2 + p2(2).T"2 + p3(z).T + pd(z) ")

disp(™*)

digp(’With =z in (m), T in (Nm) and R in (deg/m)")

disp (™)

disp ("Where the constants for the Sth order polyvnomials pl.p2.p3.p4 are

digp(® ™)

Empty_skip=pCE

Full_shkip=pCF

pause

PA

InCE=L(pCE(:,1)/&) . (pCE(:.2)/3) . (pCE(:,3)/4) , (pCE (2, 4) /7)Y L (pCE(: .5 /2) ,

Y.BI: (pCEi: .6}

ToCF=L(pCF{:,1)/6), (pCF (2,2} /5), (pCF (:,3)/4) , (pCF (z ,4) /3) . (pCF (2,5 /2,
(pCF (2. &)
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clc

disp ("PHI = pit{ LTI 4+ p2(2) T2 + p= T+ pd(z)y)
digp (™)

disp("With =z in (m), T in (Nm) and FHI in (deqg) ™)
disp ("™

disp ("Where the constants for the 6th order polvnomials pl.p2.pl.p4 are ™)
disp(®7")

Empty_skip=IpCE

pause

clc

pausé

pA

clc

TraE=input ("Enter the rope torgque with an empty skip (Nm) @ *):

disp(™?)

TrgF=input (’Enter the rope torque with a full skip (Nm)
4

RiE=polyval (IpCE(l1,:).2)3

RZE=polyval (IpCE(2,:).2):

RIE=polyval (IpCE(3, 1) ,2)

R4E=polyval (IpCE(4,:),2);

%

RiF=polyval (IpCF (1,
R2F= polvval(IpCF(h1.
RIF=polyval (IpCF (2,2
R4F=polyval (IpCF (4, :),
%
PHI_E=C[(RIEXTrgE~3)+(RZEXTrgE"2) + (RIEXTraE) + (R4E)
FHI_F=[(RIFXTrgF 2+ (R2FXTrgF*2) +(RIFXTrgF)+ (R4F)
%

plot(z, (FHI_E/360) .z, (PHI_F/360) .z, (PHI_E/360)—-(PHI_F/260))
xlabel {"Rope length (m)™)

zn

4

L
as

2 2 = =

oMM M
S N e
AN A% gn an

1z
RH

vlabel ("Rope rotation *)
title("ROFE ROTATION FOR A CONSTANT TORGQUE?)
pause

pA

Iss



APPENDIX H

MATLAB programs for the C and T factor method.
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% MATLAR FROGEAM TO DETERMINE b

s

W O HWRITTEN RY G.REEEL - 2E/I0/97
i

load rOg

load +59:

load rii?

load r178:

load rZ237;

A5 A FUNCTION OF ROPE FORCE

F=LS03 75 1003 1253 1503 1751 2003 2503 003 I50; 4003 4507 4
E 4 o a 1 5 ] ] " ] “

- al bt " B

LY
.~
in

di=—(r59=—-r0) /59
did=—(r119-r59) /59
d3==(rl178~r11%) /59;
di=—(r2Z7-r178) /59
%

D= (d1+d2+dI+d4) /4

s

fu

plot(f,dl, " =", F,d2," ", F,d3, " =", F,d4, " =", £,D, ")

wlabel (’Tensile load (kN) ™)
vilabel ("he??

pauvse

clo

odr=input ("Enter the order of the fit ¢ “):
p=polyfit(F,D,o0dr) s
Dfit=polyvalp,¥+):

%

plot(f, D, -, F,DFit, " =")
xlabel ("Tensile load (EN)™)
ylabel ("bc)

pause

clc
format short e

disp (" The coeficients in the polynomial ho = £(F) areg 1%

disp (™)
s

The coesficisnts in the polvnomial he =

1.0917~015 ~Z.8198e~012 2.37452-009

1.54540-004 -4, 581 1e-000
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T

v MATLE FROGRAM TO DETERMINE ROTATION (Mo OF TURNE) RY THE C %
Y%  FACTOR METHOD.

v ,

v ALSO TO FLOT ACTUAL T AND T FACTOR CURVES AND TORGUE-TENSION
v ROTATION CURVES AS USED RY THE PROGRAM TO DETERMINE ROTATION.
fu

Yo O WRITTEN BY G.REREL - 2RO/

yA

“

“ R is dé/d:=

%

%

clc

bt=5. 903

ct=1.71e~3;

at=2,03;

ac=9.25:

% be= a function of F azs defined below;

%

Fr=211;

Fe=%6&;

g=0.0%96;

A

clc

Me=input {"Enter the estimated toraue in the rope
disp(™ ")

Mf=input ("Enter the estimated torque in the rope
%
FHIe(111l,:)=-260;
FHIe(111,:)=1080;
FHIF(111,:)=-0603
FHIF(111,:)=1080;

(slip empty?

(skip full}

“

while (FHIe(11l,:)/360)<0 | (PHIe(111,:2/360)32 | (PHIF(111,:)/
(FPHIF(111,:2) /73600 =2

%

A

=03

A=ct;

Fe=Pej

Ff=FF;
bre=1.0197e~-153%Fe"
Fe-4.453811e—-3;
hof=1.0197e-13%FF™
Ff—4.45B11e—-3;
Be=(hce¥ (Fe+q¥z)+at+bt ¥ (Fe+gXz));
Bf=(bcfx (Ff+o¥z) +at+bt ¥ (PF+g¥xzd )
Ce=(ack (FPe+qXz)—Me):

Cf=(ack (Ff+agtz)-MF);
pln_e=lA,Be,Cel;

pln_f=L[A,BF,CFI;

re=roots{(pln_e):

rf=roots(pln_+);

Fe=re(l, 1)

Rf=r+ (2.2

R=Lz.Re,RFI;

%
CFe=ac+bosilRe;

5-2.8198Be-12¥%Fe"4+2.3748e-9%Fe™3-8.884e~-7%Fe™

GO-2.8198e—-12%FF4+2.3745e-9%FFf2-8. 884e-7XF "
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CFf=ac+bocfiRFf;
TFe=at+bt*(Pe+q*z)+ct*ﬁe;
TFf=at+bt ¥ (Ff+gXz) +ct XRF;
Cract=[CFe,CFfl;
Tfact=LTFe.,TFf1;
%
%
for z=20:20:27200,

A=ctg

Fe=Pe+gkz;

Ff=Ff+gkz:

%

if Fed300,
bce=1"01?79w15*Fe&5~2.81989—12#F@
Fe-4,.45811e~3;

else

boe=bce;

end

A
if FF{Z00,
bof=1.0197e~15kFFf 5-2_ 8198a~17¢FF
Ff-4,45811e~3;

else

bof=becf;

and

%
Be=(bce*iPe+q*z)+at+bt*(Pe+q*z)

BF=(ch*(PF+q*z)+at+bt*(PF+q*z)

Ce=(ac*(Pe+qu}—Me);

CF=(ac*(PF+q*z)—MF);

pln_e=[Q,Be,CeJ;

pln_f=L[A,Bf,CFI;

re=rootsipln_e);

rf=roots(pln_¥f);

Re=rae(2,5):

Rf=rf (2,13

kR=[Rsz.Re,RfI1;

%

CFe=ac+bceXRe;

CFf=ac+bcfiR+;

TFe=at+bt*(Pe+q*z)+ct*Re;

TFF=at+bt*(PF+q*z)+:t*RF;

CFact=[CFact;CFe,CFFJ;

TFact=ETFact;TFe,TFF];

%
end
A
pie=polvFit(R(:,1),&(:,2),
Re_Fit=polyval(piE,R(:,I))
pA
p1F=DolyFit(E(:,1),R(:,3),
RFmFit=aalyva1(p1F,E(:,1))
%
% INTEGRATE TWIST FOLYNOMIALS
%

LI

)-

2

E X3 f_,.‘l

-

p29=[p19(:.1)/4,p19(:,2)/u,ple(:.3)/2qmle(:q4)

PHIe=p01yval(pEe,R(:,1));
A

T4+2. I745e-9%Fe " 3~8. B84e-T ¥ Fa

T4+2.I745e~9KF £ 3-8, BB4e—T KF £

Y

L
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p2F=[p1F(:,1)/4~p1F(:.2)!3.D1F(:.3)/2,p1$(:.4).03:
FHIf=polyval(p2F.FR{z,1)):

A
% ADJUSTING THE TORQUE ESTIMATE
ur

if (PHIe (111, /360040,
Me=Me+1

and

iF (PHIe(111,:)/360) <-4,
Me=Ma+5:

end

if (PHIe(111,:)/360Y<-12,
Me=Me+10;

end

%

ifF (PHIe(111,:) /3602,
Me=Me-1 1

end

i (PHIe(ill.:)/EbQ)bS,
Me=Me—~5;

end

if (PHIe(ili.:)!EbO)}14,
Me=Me~10:

end

In
i (FHIF(111,:) /360) <0,
MF=MF+]

end

if (PHIF(lli.:)/E&O)%—é,
MF=MF+5;

end

if (PHIF(IiI,:)/EbO)ﬁ—IE,
MF=MF+10;

end

A

if (PHIF(III.:)/E&O)}E,
Mf=MFf~1
end
if (PHIF(111,:)/360) =8,
MF=M+-5:
end
i (PHIF(111,:)/360) 14,
Mf=MF—-103
end
%
clc
disp(® ITERATING...... )
disp(™?)
disp("No of turns at 2200m from skip for empty and full skipzs™
digp(®7*)
disp ("Both values should be O since ® = 0 at z = total length™)
disp(?*)
FHIe(111,:) /360
FHIF(L111,:) /7360
"/
end
% of while loop
yA

161




A

Dlot(F(:.I) RO R D LWRG,D, RO 1Y Re Fit RO, 1), RF_Fit)
#label ("Distance from :llm (m) ™)

\‘abelf Fope twist (deg/m)™)

pause

meta TWISTI

pA

clc

disp ("Empty and full torgues which satisfy boundryv conditions ;7
disp (™)

Me

M+

pause

%

DlDt(R(:,i}qPHIE/EéQ,?”’,R(:,13,PHIFf360.’-—’,R(:,1),PHIE/360“PHIFf360)

#label ("Distance from skip (m) ™)

vliabel ("Fope rotation (No. of turns)’)

pause
meta R
A
%Z DETERMINE ACTUAL C AND T CURVES
Z
For Rot = —-23I7:59 252737,

for Fro = S50:20:470,

%

if Frod30o0,
be=1.0197e- 1q¥ﬁr crE-2.8128e~-12%F ¢ 4+2.374qe—9*Frc”3~8.8549—7*Frc*2+1.54549
—4¥Fro-4.4581 e~
else
be=hc:
end
A
C=ac+bckRot
T=at+bt¥Fro+ct¥xRot;
CF (s, v)=Cy
TF (s, y)Y=Ts
e €
end
y=y+1j
u=113
end
e .
% DETERMINE TORGUE~TENSIOM ROTATION CURVES ( M = C.F + T.E
%
Mi=[CF (1,:)%50:CF(2,1)%70: CF{Z, 2 )Y %P0:CF (4, :)%110: CF(S,: ) X120:CF (&, 1) %1503 CF
(7,33 %170:0F (8, 1) %190: CF(?.:)*”1U:CF(1U.:)#2TO‘CF(11 P R2T0CF (12, sy X270 CF
(13,8 ) %290: CF(14 HB R J1 IH-CFIIJ.:)*T?U CF{l14, ) %3507
M1=IM1:CF (17, ‘¥_70;CF(18,:)*39@;CF(19,:)*41@;CF(20 PIRATOICF (21, 1y %450 OF ¢
2. 1) K470
ME2=LTF (2, DY (=237 , TR (2 .2 % (~177.75) , TE:, 3)R(-118.5) ,TF (2,4) % (~59_25) , TF (&
o) X0, TF’..é)#”“.ES.TF(:.z)$118.g‘TF':.q)*l?”u7q.TF(:.9)#”7"J
M=M1+MZ s
for i=i:siill,

ME(¢.,L~ME'
MF(i.1Y=MF:
end
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%

% PLOT THE EASILD C AND T FACTOR CURVES AND THE ACTUAL VALUES USED IN CALC.
" :
zl=020: 2200,

zi=z1%y

fil=Fe+aizl;

FR=Ff+gizl:

FIE=50: 20470

FE=FE" g

%

plot(+f3,CF, ", fl ., Cfact (s, 1), =" F2.CFact (s . 2) . " —=")

xlabel ("Rope tensile load (kN)Y ™3

viahbel (" Torague factor (Nm/kN)Y ™2 ,

title(?ACTUAL  FACTORE AS USED IN ROTATION CALCULATIONT)

pause

meta C1

pA

plot(+3,TF," " F1. Tfact (s, 1), =", F2, Tfact (2. 2) ,°—=")

xlabel {"Rope tenzile load (kN) ™)

viliabel ("Torsional stiffrness (Nm/ (deg/m)) ")

title(?ACTUAL T FALCTORSE A5 USED IN ROTATION CALCULATIONT)

pause

meta Ti

A

plot(fi, M, ", FL . ME, "~ ., F2. MF, " ==)

#wlabel ("Rope tenzile load (kN) ™)

viabel ("Rope torgue (Nm) ™)

title(CCACTUAL TORGQUE-TENSION ROTATION CURVES™)

pause

meta Ml

%

%
% END OF FPROGRAM
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APPENDIX I

Rotation computer model "T T CURVE".
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1040
1050
1040
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1189
1130
1200
1ﬁ1;

4ol g

BRIKRAORRRRRKERERRRKF ROTATION CURVE PLOTTING FROGRAM KX bk klXydad e ik v gy

FROGRAM NAME "T_T_CURVE" -

WRITTEN BY G.REBEL 7/ E.S5ALIZMANN HR2SLO1993

THIS FROGRAM ALLOWS THE ROTATION OF & TRIAGULAR STRAND ROPE TO EE

FREDICTED FOR DIFFERENT LOADS AND ROFE LENGTHS.
THE MASS/m OF THE ROFE CAN ALSO BE VARIED
!
L ORRERRRRR R ROk KKK KA 0K KK KKK KK K 44 5
i
CLEAR
BOSUE DIMENSIONS

GOSUE CONSTANTS
GOSUE INFORMATION
GOSUE EST ROTATION
GOSUE ROFE_FORCE
BOSUE C_FACTOR_FNT
GOSUE T_FACTOR _FNT
GOSUE C_FACTOR
GOSUE T_FACTOR
FOR J=1 TO =
CLEAR @ DISF “ITERATION No. "3J
BOSUE ACTUAL _ROTATION_FNT
GOSUR ACTUAL ROTATION .
BOSUE NEW _C_FACTOR
GOSUE NEW_T_FaCTOR
GOSUE NEW_C_FACTOR_FNT
GOSUR NEW_T_FACTOR_FNT
NEXT J

0 EOSUR FLOT_CURVE

1560
1370
1380
1390
1400
1410
1420
14730
1440
1450
14460
1470
1480

1490

1500
1510
1520

13Z0

1540
1&50
1560
1570
15840

1830

1500

0 GOSUER MOMENT

CLERR @ BEEF & BEEF & BEEFR
END

DIHENSIJN

i

OFTION BASE O

DIM ROT(100) FPHI_F{100) ,FPHI EL100) PRI _GUESS (100)

DIM d_FPHI_ (1”0) d_FHI E(lﬁﬂ\ M E(iDG),MnF(lﬂﬁﬁ

DIM Fw(igg» FE{100), CF _FNT_F (100}, TF_FNT_F (100) ,CF_F (1005 , TF_F (100)
DIM CF_FNT_E(100),TF_FNT_E(100),CF_E{1007, TF E(100)

RETURN

At_FNT=-2, 39
Et_FNT=-.

] PR T
Ct_FNT=-.
1
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1610
1620
1630
1640
1650
1660
1474
14680
1690
1700
1710
1720
17320
1740
1750
1760
1770
1780
1790
1800
1810
1820
18320
1840
1850
1860
1870
1880
1870
1900
1910
1920
1930
1240
1950
1260
1F70
1980
1990
2000
2010
2020
2020
2040
2050
2060
2070
2080
90
2100
2110
2120
2130
2140
2150
2160
2470
3180
2170

IR0

pagra e

2210

POTORRUE FACTOR
i
Ao=-, 005375 -

Ro=-—, GOO0O05ELT
1

RETURN

ROFE _FORCE:

i

FOR I=3 70 100
FE(I)=Fe+I/100%h%g
FFI)=F++I/100%hXg

MEXT I

RETURN

MFORMATION:

-

CLEAR

DISF YENTER THE LENGTH OF THE ROPE (FROM SHEAVE TO SKIF) [ml :"

INFUT ROFE_LENGTH

DISF

DISF "ENTER THE MASS FER UNIT LENGTH OF THE ROPE [kg/ml z"

INFUT MASS_FER_M

CLEAR

DISF "ENTER THE MASS OF THE SHIF (EMPTY) L[kgd :"

INFUT M_SKIF_EMFT

DISF

DISF "ENTER THE MASS OF THE SKIF (FULL) [kgl ="

INFUT M_SEIF_FULL

DISF

DISF "ENTER THE FOINT OF INTEREST [m FROM SKIF1 :*

INFUT DIST_SKIF

CLEAR

DISF "THERE ARE TWO FORMULAE WHICH FREDICT THE ROTATION. ONE FOR THE"
DISF "FRONT END AND ONE FOR THE MIDDLE/EACEK END. "

DISF

DISF "ENTER THE FERCENTAGE OF ROPE LENGTH FROM THE SKIF FOR WHICH THE"
DISF "FRONT END FORMULA MUST BE USED. THE FROGRAM WILL AUTOMATICALLY™
DISF "USE THE MIDDLE/BACK FORMULA FOR THE REMAINDER OF THE ROFE LENGTH"
DISF

INFUT F_COUNT

F_COUNT=IF (F_COUNT)

ME_COUNT=F_COUNT+1 :

IF F_COUNT=0 THEN MBE_COUNT=0

IF F_COUNT=100 THEN ME_COUNT=100

CLEAR

DISF "FRONT FORMULA ";F_COUNT:;" % OF ROFE LENGTH FROM SKIP.®

DISF

DISF "MIDDLE/BACK FORMULA, LAST ";i00-F_COUNT:" % OF ROFE LENGTH."
DISF & DISF & DISE "FRESS <CONT:"

FAUSE

CLEAR

DISF "CALCULATING. . ... "
t

h=ROFE_LENGTH
q=MASE_FER_M¥9.81
Fe=M_SKIF_EMFT¥5.81
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om0 Pf=M SHIF_FULLX?.81
1230 z=DIST_SKIF

2240 RETURN -
2250 1

Ty | e T T T T T T T
3270 !

280 EST_ROTATION:

2290 !

2300 #DH I=0 TO 100
2310 L=h%I1/100

2320 RDT(I)="(.DOOOOOOOOOOl*L”4)m.OUODDDQO&éBS*L“3+.00003463@703* 2, 14216281
F5714L+122. 099042819 _
2330 PHI_GUESS(I)=—(.OOOOOOODO&Di*L“E/S)".0006Qﬂ®06685*L“4/4+.GOQOE463@7OE*L“3

/3—.1421628195?1*LA2/2+122.O??G%EBl?*L

2340 NEXT I

2I50 PHI_GUESS (100)=0 ! SLIGHT ERROR WITH INTEGRAL OF FROTC(DD

2360 RETURN -

2370 ¢

SREO | oo e T T T T T T
2E90 !

2400 C_FACTOR_FNT:

2410

24720 FOR I=0 TO F_COUNT

2430 Ai=4.25802E—20*RDT(I>*4-1.?6137935E~17#RDT(I)“3+1.94124885985w15$RDT(I)AQ
~3.8&4335537@3Ew14*RDT(I)—2.415?D185985Ef12

2440 Bi=~(4.58&37E—17*RDT(I)“4)+1.83494335E~14*RDT(I)“3—1.873%8?5485Ew12$HDT(I
Y242, 6817348 2397E—11*ROT(I)+3.2751696683E—9

2450 C1=1.765&7E—14*RDT(I)“4né,é¢94776E~12*RDT(I)“3+S.938Q03672Em10*HDT(I)“E—l
.8385937384E»W*ROT(I)—1.68703&56&E—é

2460 D1=—(2.98875E~12*RDT(I>“4}+1.0410942éE—9*ROT(I)“3—6.7&93167?8E—8#HDT(I)“Z
—1.7&290293221E~é*RDT(I)+4.128&81508E—4

2470 E1=2.2488E~10$RUT(I)“4v&.@34501E—8*RDTfI)“3+1.81933 TOE-&KROT (1) "2+, 000E1
L2927 LLXROT (1) ~4. B0OBB66468FIE-L

2480 Gl=—(5.39572E—9*ROT(I)“4)+1.31218815E~&¥RDT(I)“3+9.61399819E—5*RDT(I)“E—E
.DO995971254Ew2*RDT(I)—E.167834#154 ‘

2490 CF_FNT~F(I)=<A1*<FF(I)/10&0)“5+Bl*(FFﬂI)flOQO)“4+D1*(FF(I)/lOOD)“b+D1*(FF
(I)/lOOO)“2+E1*(FF(I)/1000)+81)/1660

2800 CF_FNTwE(I)=<ﬁ1#(FE(I)/1&00)“5+Bi*(FE(I)/1000)*4+Ci*(FE(I)/iOQO)“3+D1*<FE
(I)/lDDO)“2+E1#(FE(I)/1000)+81)/1000

2510 NEXT 1

2520 RETURN

2530 !

BEAQ | e e S T T T T
2550 !

2560 T_FACTOR_FNT:

2570 !

mman FOR I=0 TO F_COUNT

2590 TF_FNT_F(I)=At_FNT+Bt_FMT#FF(I)+Ct_FNT*HOT(I)
2600 TF_FNT_E(I)=At_FNT+Et”FNT§FE(I)+Ct_FNT#ROT(I)
26810 NEXT I

2620 RETURN

2630 1

S
2650 !

2460 C_FACTOR:

2HT70 !

Sa80 FOR I=ME_COUNT TG 100

2&I0 CF_F(I)=HC+ECXRUT(I)

BTO0 CF_E(I)=Ac+Ro¥ROT (1)
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2710 NEXT I

2720 RETURN

2730 !

B T ) e e e e e e e e e e e e o £ 1 e o s s S e et e <o et et . . 2 8 S e et e et st 2 e et e e ot e et o e s o e
270!

Z7&0 T _FACOTOR:

2RTTO

2780 FOR I=MB_COUNT TO 100

2730 TF_FlDy=At+BtdFF (D) +DEdROT (L)
2800 TF_E(D) =at+Bt3FE{L)+CLRROT (I
2810 NEXT I

2820 RETURN

2830

THEHE) 1 o e ot e e e e e e e e e et et e st 2 e et o ek e 2 e e 7 e e e et et e et e e et e et e e e e e e e e
2850 !

2860 ACTUAL _ROTATION_FNT: ;xi

2870 !

2880 FOR I=0 TO F_COUNT

2870 FHI _F(Ly=CF_FNT_F(I)¥q/2/TF_FNT_FALI % {I/100%R¥h—I1/100%R~2) | FOR T ENT
200 FHI_E(D)=0UF_FNT_E{(I)¥q/2/TF_FNT_E(I) % (I1/100%h&kh—-(I/7100%R)"~2) | FOT T FNT
27210 d FHI _FiDy=CF_FNT_F{I)¥q/TF_FNT_F{I ¥ (h/2-I1/100%R) ! FOR C FNT

2920 0 d_PHI_E(D=CF_FNT_E{I)*qg/TF_FNT_E(I) ¥ (h/2-1/100%R) ! FOR C FNT

2930 NEXT I

2740 RETURN

2950 !

P B
2970 !

2980 ACTUAL _ROTATION: ‘><

2990

J000 FOR I=ME_COUNT TO 100

010 FHI_F(D)=CF _F{I)¥g/2/TF_F(iLis{I/100%h%h~CI/7100%R)~2)

Z020 FHI_E(I)=CF _EA(I)%q/2/TF_E{IV(I/100%h%h~(I1/100%R) D)

JOI0D NEXT I

3040 RETURN

IO50 ! :

B e e e e e e e e e e e e e e e o o s e e e e
Z070

JIOB0 NEW _C_FAaCTOR:

090 ! ><
3100 IF mMEB_COUNT=C THEN ME_COUNT=1

2110 FOR Is=ME_COUNT TO 100

120 CF_Fi{I)=Ro¥FPHI_F(I)/7(I/100%hH) +Ac

130 CF_E(D) =Bc¥PHI_EC(I) /7 (1/100%R) +4C

F140 NEXT I

2150 RETURN

3160 !

R A T U,
180 ¢t

3190 NEW T _FACTOR: ><

Z200 !

210 IF MB_COUNT=0 THEN ME_COUNT=1

168



FOR I=ME_COUNT TO 100 -
TF_F{IY=FHI F\J)¢C+/fl/i””#h)+ﬁt+“t*F§*.S*Qt#q#foiﬂﬁ*h
T EdD=FHI_E{I)xCt/(I/100%) +At+BtiFe+t. SRt kax (I /100%R)

MEXT I

RETURN

NEW_C_FACTOR_FNT: , ><

L]

3 FOR I=0 TO F_COUNT

[}
Al_F=4.02580RE-C20%d_FHI_F(I)"4~1.7&137935E~17%d_FHI_F (1) “3+1.54104885958E~1
Skd_FHI_F(I)~2-3.8643355779TE-14%d_FHI_F (1) ~Z. 415501869856~12

IITO Bl _F=-(4.S86T7E-174d_FHI_F(1)"4)+1.87494335E-14%d _FHI F(1)"3~1.8739875485
E-12%d_FHI_F(I)“2+2. 6813481 2397E~11kd_FHI_F(I)+3. 275169668359

RRIIN Ci~F"i TE&GTET7E-14%d_FHI_F{I) hmdy, AT TEE -1 24 ;HIMF\I)“3+5.@38063672L“10*
o _FHI_F{I) ™2~ . BIBE9I7IH4E-9%d _PHI r"T)~1 EB70E0&LEE~&

ZET70 DI_F~~<~HQ A7OE-12%4d FHI JFEAIY Ay 04104 26E-9%d_FPHI_F(I) B4, 76931 4798E~
Sxd_FPHI_F(I)"2- 7L2FORPIDDLE- 6$d FHL FD +4, 1286B150BE~4

FIE0 EiﬁF:E.LJ BE-10&%d _FHI_F{I)"4-4.9Z4301E-8%d_FHI_F (D) "3+  BI9I30T2E~&Xd_FHI

JFAD) M2 000D LERRETHEYD_FHI_F (1) -4, BOGBBLLHALEITE-D

BRF0 Gl _F=-1(5.39572E -%%d ﬁHI FfT‘ﬁ¢)+1.ﬁ121d8'5E —h¥d_FHI F{I)"3+%2, 4139981 9E-5x%
dWPHImF(I)“EME.”*?:€§7 :54F~‘$d FPHI_FOID) -2, 1678744154 '

F400

S410 Al_E=4.25802E-20%d_PHI_E(I)"4~1.76137335E-17%cd_PHI_E{(I)"3+1.941 24685931
S¥d_PHI_E(I}"2-Z.B64353853793E~14%d_PHI E(I‘“;.4l€?”1co95 -1

SAZ0 Bl_E=~(4.58637E~17*d_FHI_EfI) 43 +1.834F43T3BE~-14%d_FHI _E(I)~3-1.8739875485
E-12%d_FHI_EA(I} Z+2. 468134B12297E~11%d_FHI_E(I)+3.27514656683E~9

34730 Ci1 E—;./6467E*I4Kd _FPHI_EA(I) - Gy, 6FFATTEHE~ 12%d _FPHI_E{(I}"3+5,93B0038672E~10%
d_PHI_E(I)"2~1.83B5937 =B4E- Qﬂd_FHIME(I)—l.587030666E—é

440 Di E“—(:.Q8875E 12%d _FHI_E(ID)"4) +1. 041 09426E-~-9%d_FHI_E(I)"F~4.749316793E~
G¥d _PHI_EA(I) 21, 75890293221E~6%d_FHI_F(I)+4, 1 28681 508E-4

F450 El_E=2.2488E-10%d_FHI_E(I)"4~&.924501E-8%d_FHI_E(I)"3+1.81933832E~6%d_FHI
_EAIY 2 Q00T 162927 66% FHI L(I)~4 8088664689 3E-2

I460 Gl _E=—-{(0.3937IE~ 9%d FHI Edy- 4)+*_?1”18Q15E~6¥d_PHI E{TI} "2+, 6139781 7E-5%
o PHI_EA(I} Z-2.0099597125 4E-2Ko _FHI_EA(I)-Z. lb 344154

3470 !

480 CFR_FNT_F (I =(A1_FA(FF (1) /1000 ~S5+B1_FX(FF (1) /1000) ~4+C1_F¥(FF{I) /71000) "3+
DI _FR(FF (D) /1000)2+E1_FR(FF(I) /1000 +G1_F1 /1000

480 CF_FNT_E(D)=(Al_EX(FE(I)/1000)"S+Bi_E¥(FE(I[} /1000 "4+01 _E¥(FE(I) /1000) "3+
DI _EX(FE(D)/1000) ~2+EL_EX(FE(I) /1000 +G1_E) /1000

THO00 !
TH10 NEXT I

RETURN

]

b e e e e e e et 1 st it s .t e e et e i s s St et 490 S i o o S S35 215 S et S 2t S S o it 1 S S e e e 2t 1 1 e e 10 o 2t et e e oo e s e
3560 NEW_T_FACTOR_FNT: ' ><
THTO !

3580 FOR I=1 TO F_COUNT

IEF0 TE_FNT_F(I)=FHI_F{I A0t _FNT/(I/7100%0) +8% FNT+EL_FNTEF4+, SEBY FHNTYa¥ (17100
%o

BEO0 THF_FNT_E(Iy=FHI_E{I)¥Ct_FNT/{I/100%h) +&t_FNT+Et _FMT¥Fe+. 5%t _FNTHQ#x (17100
¥

TALO NEXT I

S6Z0 RETURN
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RIS

O} -
B e e e e e e
SHT0 !
L2660 FLOT _CURVE:

i

IETO !
F4680 FOR I=0 TO 100

ZE50 Y DISF I;IinO*h,PHInE(I)/3&@,PHI~F(I)/360g(PHI_E(I)—PHI*F(I})fSéO
I700 NEXT I

710 CLEAR

3720 DISF "PUT PAFER IM FLOTTEE AND FRESS <CONT ="
I7E0 FAUSE

37490 CLEAR

3750 DISF "FLOTTING ROTATION VS ROFE LENGTH FOR FULL AND EMPTY SEIR ANDY
3760 DISF "THE DIFFERENCE HETWEEN THE TWO. "¢
770 PLOTTER IS 705

2780 PEN 1

I790 LIMIT I0,272,0,191

3800 LOCATE 152, 110,15,90

I810 SCALE 0, 2200,0, 300

I820 CSIZE 2.5

3830 FXD 0,0

840 BRID 200,30

3830 LAXES -200, 730

860 C5IZE X

3370 MOVE 1100, -25

880 DEG @ LDIR O

890 LORG &

I700 LABEL "Distance from gkip (m)"

I210 MOVE 0,-50

3920 LABEL "REEEL / SALZHANNY

930 LORG 4

3940 LDIR 20

3230 MOVE ~200, 150

39460 LABEL “"Number of rotations®

ZI970 1

3980 LINE TYFE 4

E990 MOVE 0,0

4000 FOR I=0 TO 100

4010 DRAW I/100%h,FHI_F(I) /360

4020 NEXT I

4070 !

4040 LINE TYFE 1

4050 MOVE 0,0

40450 FOR I=0 TO 100

4070 DRAK I7100%h, PHI_E (1) /360

4080 NEXT I

4090 1

1100 LINE TYFE B8

4110 MOVE 0,0

4120 FOR I=0 TO 100

1130 DRAK IXiOO#h,(PHIﬁE(I)—PHI_F(I)}/SéO
3140 NEXT I

1130

1160 CI=INT (/B ioo:

3170 CSIZE 2
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4180 LDIR O
4190 IF z«= .S%h THEN GOTO 4220

4200 IF z:.S%k THEN BOTO 4370

4210

4220 MOVE z,PHI_E(CI) /360

4270 LORG 5 ® LARBEL "¥©

4240 MOVE z,FHI_E{(CI)/360+5

4250 LORG 8 & LABEL INT (PHI_E(CI)/360)
260 M z, (FHI_E(CIY=FHI_F(CI)) /360

4270 LORG 5 & LAREL "X

4280 MOVE z, (FHI_E{(CI)-PHI_F(CI)) /T60+5

4290 LORG 8 & LABEL INT ((FHI_E(CI}-PHI_F(CI))/360)
300 MOVE z,PHI_F(CI) /360

4310 LORG 5 @ LAREL "X

4320 MOVE z,PHI_F(CI) /360-5

4330 LORG 2 & LABEL INT (FHI_F(CI)/360)

4340 FEN O

4750 RETURN

4360

4370 MOVE z,FHI _E(CI) /360

4380 LORG S & LAREL "x*

4390 MOVE z,FPHI_E(CI)/360+5

4400 LORG 2 & LABEL INT (FHI_E(CI)/360)

4410 MOVE z, (FHI_E(CI)=PHI_F(CI)) /3460

4420 LORE 5 % LAREL "X

4430 MOVE z, (FHI_E(CI)=~PHI_F{CI)) /360+5

4440 LORG 2 & LABEL INT ((FHI_E(CI)-FHI_F(CI))/360)

4450 MOVE z,FHI_F(CI) /360 :

4460 LORG 5 & LAREL X"

4470 MOVE z,PHI_F(CI) /360-5

4480 LORG 8 ® LABEL INT (FHI_F(CI)/3&0)

4490 PEN ©

4500 RETURN

4510 !

4520 8 RKRROOOKOROOR R RO RO O R KRR R Rk R R R Kk R K ¥

4530 !

43540 MOMENT: ;x(
t

Q
<
m

-4

BEoba Mo M

o

B3 M

o

£330

4560 FOR I=0 TO F_COUNT

4570  M_E(I)=CF_FNT_E(I)&Fe+.SkCF_FNT_E(I) gk (I/100%R)
4580  M_F(D)=CF_FNT_F(I)kFFf+. S¥CF_FNT_F (1) kg% (I/100%h)
4590  DISF I,M_E(I),M F(I)

4500 NEXT I

4610 !

44620 FOR I=ME_COUR

_COUNT TO 100
4630  M_E(II=0F_E(D)XPe+.5k0CF_E (1) gk (I/100%hR)
3 16 I

4640 M_F(I)=C0F_F(I)XF§+.5%0F _F (1) kak (1/100%m)
4550  DISF I,M E(I),M_F(I)

4660 NEXT I

3670 RETURN

45680 |

R L S i st s S T T s T R i T T———
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The preceding printout shows the entire rotation curve
plotting program "T_T CURVE". The C and T factor method was
used in developing this program however an error was made in
the derivation of the equations. Section 6.3.1 discusses
this.

All the subroutines marked with a cross have incorrect
equations in them.

The program splits the rope up into two parts, a front
section and the rest of the rope. The reason for this is
that it was decided that the equations for the front end C
and T factors are different to the middle and back end ones.
Comparing Figures 5.10 and 5.11 to Figure 5.12, Figure 5.13
and 5.14 to Figure 5.15 this is apparent.

All calculations in the program are done at 1% intervals
along the rope length. The structure of the program is as
follows

1. The necessary arrays are dimensioned and the constants
defined. Note that the constants are not the same as
the constants used in Section 6.3. The method used to
determine the constants was different.

2. The operator is prompted for general information
required by the program. A choice is also given to the
user as to what percentage of the rope length the front
end equations must be used for.

3. The rope twist and rotation is then determined using
the principle and formulae of Section 6.1 and APPENDIX
F.

4. The tension along the rope is determined for empty and

full skip conditions.

6. Using the tension and rotation estimate values, an
estimate of C and T factor values are calculated for
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the front end and the rest of the rope.

7. With these wvalues of C and T, rope rotation is
calculated for the front section and for the rest of

the rope.

8. Using this rotation value new C and T factors are
calculated.

9. Steps 7 and 8 are repeated until a desired accuracy is
achieved.

10. The rotation curves are then plotted for empty and full
skip conditions as well as for the difference between
the two.

11. The torque along the length of the rope is displayed on
screen. This value is supposed to be constant for all
101 points.

The equations for the front end C factor were determined by
using a double polynomial fit method on MATLAB. Firstly,
five 5th order least square polynomials were fitted to the
five curves in Figure 5.12. Then six 4th order polynomials
were fitted to the coefficients of the first five
polynomials. This resulted in an equation for C factor in
terms of twist and force

C=2,(R).F° + A,(R).F* + A,(R).F> + A,(R).F? + A,(R) .F + A,(R)

Where A,, A,, A,, A,, A; and A, are 4th order polynomials in
R.

When the program was run, it was found that the rotation
values were getting larger with every iteration. This
divergence is most probably as a result of the incorrect
formulae. Also, when the rope torque was displayed on the

screen it was found to vary by as much as 400 Nm between the
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front and back end of the rope.

Four examples of output plots for this program are shown in
Figures I.1 to I.4. The bracketed numbers indicate the
percentage of rope length for which the front end equations
were used and the percentage for which the rest of the rope
equations were used. (Front % / Rest %). All four figures
were plotted after one iteration cycle had been completed.

The discontinuities in Figure I.2 and I.3 are as a result of
the use of the two different sets of equations for rope
rotation. The size of the discontinuities were found to
increase as the number of iterations increased. This is
another indication if the model instability.
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