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ABSTRACT

To date, - e wi. Of coal cutting machines have designed
cutter druwms without considering the needs of the individual
collieries, Different ceoal seams and product tize requirement have
in general not been assessed. The use of the CUTSIM program will
enable colliery engineers and the manufacturers of continuous miner
and longwall shearer to analyse the effect of various pick lacings
and select the one most suitable for their cutting conditions. The
literature indicates that this approach of simulating and analysing
the performance of a cutting drum via the computer has been done
previously. However no report is publicly available for converting
the first simulating program into a working teol for drum design.
This report describes the development of the CUTSIM program and
details how the progress was validated successfully against the
findings of three different areas of work

manual calculations made for the same daum lacing

previcus work performed on the Les Norse experimental continuous

miner in the early 1980's

results of field testing of pick lacings indicated by CUTSIM.

Various examples of using CUTSIM efficiently in order to obtain a
better cutting performance are attached as a demonstration of the
wotential of CUTSIM.

The program is considered a valuable design tool for the local
manufacture of continuous miners and longwall shearer and is

currently being used by the coal industry successfully.

It is shown that with the aid of -omputer simulations of a
continnous miner that an inefficient cutting Jdrum laced with 110
picks can be modified to a lacing of only €6 picks, with ¢

significant cutting improvement. The use of CUTSIM for better drum
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design or for redesigning of an existing drum is very inexpensive.
No additional machinery or instrumentation are required. For
comprehensive analysis, the required data input are the geometry of
the cutting drum, a sample of coal block and one of tne picks which
the drum is laced with.
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CHAPTER 1 INTRODUCTION

This thesis deals with a method of coal cutting by means of picks
on a rotating drum. The technique investigated is the use of a
computer program for simulating the coal cutting process and
analysis of the related forces and torque. These applicaticns can
be used either for assessing the lacing pa“tern of an exist.ng
cutting drum and proposing the changes required or for a new design
of a cutting drum. It is vital that production methods are
improved and the related cost reduced in view of the present
difficult conditions for South Africa in the world market due to:

* The recent drop in coal prices world wide resulting in closing of

a number of collieries

* due to the political situation, the South African coal is more
than ever before an unwanted product overseas

* increased lebour cost makes the coal production oo expensive for
the collieries. 4

1.1 General Energy Source Consideration

South Africa is fortunate to have an encrmous amount of coal
estimated at 51 Gt (51 x 109 ton) reserves and 110 Gt of resources
as reported in the Petrick report in 1975 and updated in 1381,
These findings are also supported by Bright, 1958(1)  The coal

(as raw coal or synthesized into liquid fuel «t the various SASOL
plants) provides an estimated 25 to 50 per cent of the national
energy requirements. Since the turn of the century coal production
increased gradually to reach 50 million tons in the 1363's.
Following a brief stagnation in the late 1960's and early 1970's,
the coal product on increased at an annual growth rate of about 10
per cent to reach more than 168 million tons in 1986, see

Figure 1.1. South Africa is now the 5th largest hard coal producer
and the third largest coal exporter in the world, as shown in
mable 1.1. Cook, 1987(2)
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Figure 1.1 Annual coal production and employment for the Soputh

African coal industry

Table 1.1 OVERVIEW OF WORLD COAL MINING SITUATION IN 198%

Coal Lite of Coal
Production{Exparts|Percentage|Reserves |Reserves at
Current
mt mt mt Production
China 18%,0 7,6 1 499 000 126 years
USA 43,2 82,9 11 125 353 168
Russia 566,0 23,0 4 108 800 192
poland 130,0 36,2 1% 27 000 141
South Africa 173,1 44,3 26 58 404 337
India 150,0 - 19 005 126
Australia 12%,0 48,8 kAl 27 442 219
ttnited Kingdom 94,0 2,5 2 14 000 149
West Germany 88,9 9,1 10 29 919 136
Canada 50,9 21,3 54 1 600 kbl
Colombia 9,0 2,4 28 1100 122
Japan 16,4 - - 1 056 64
¥France 15,1 1,% 10 574 18




The main reasons for the exceptionsl growth of the coal mining
industry during the past 15 years were a massive increase in
electric power generaling capacity to meet the longer term needs of
the country, the political events in Iran which have threatened the
supply of oil to South Africa and the increased world demand for
coal following the energy crisis in the late 1370's.

The rapid growth rate of the South African coal industry was
tacilitated by a well developed infrastructure, an organized and
cconomically-strong mining industry, and wost importantly,
favourable geological conditions and ample labour resources,

1.2 Mining Methods

Figure 1,2 gives a histor..al summary of the various mining methods
that are in use in South African collieries. Two important trends
emerge from this figure. Firstly, the labcur intensive
hand-loading sethod of bord and pillar mining which was employed
almost exciusively before 1965, has been replaced by the mechanized
method of bord and pillar mini ¢ where coal is mecha-‘:.ally loaded
into shuttlecars and transiorted to the sect’on veii.. More
recently the bord and pillar method of wmining has been mech~nizad
further by the introduction of drum-type continuous miners

(Figure 1.3) which replace driiling and blasting. Secondly, the
opencast method of mining has grown in importance since 1970 and by
1986 accounted for about one third of the total coal production.
Firally, a number of longwall faces have heen installed since 1970
and although this method of mining accounts for less than 10 per
cent of the total annual coal production, it is likely to increase

in importance.

Figure 1.2 shows also that by mid 1988, the forecasted total coal
production obtained by continuous miners (Figure 1.3) and longwall
shearers (Figure 1.4) will be about 3% million tons or 20 per cent
of the total coal production in South Africa.
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Table 1.2 shows the 1980 total production figures for South African

coal mines. The total coal production obtained by bord and pillar

and stooping with continuous miners and longwall shearers was 41.1

million tons, or 24 per cent of the total ¢ al production.

According to the Government Mining Engineer (1986) (37 there are
presently 135 continuous miners in use in mechanized bord and

pillar mining, pillar extraction and longwall development. In

addition more than ! 000 shuttlecar: are in use in underground
collieries to transport coal from the vorking face to the section

conveyor belts.

Over the past ten years a total of twelve longwall faces have been
introduced in South African collieries. The longwall equipment
used in moderately thick coal seams is among the most modern
equipment found anywhere in the world. The extremely hard coal has
made it necessary to develop extra powerful double drum shearer
loaders fur local longwall faces. The power rating of these
shearers is frequently in excess of 1 000 kW and has set new power
ratings records for this type of equipment.

1.3 Common Problems with Existing Equipment

The most common problems experienced by existing cutting drums are:

* Overlaced drum which is unable to penetrate the mineral. The
total thrust applied by the cutting machine divided by the number
of picks in contact with the coal face is the thrust per p.ck for B
that depth of cut. A large number wf cutting picks tends to reduce
the thrust per Dick which will result in a poor penetiation rate.

* Uneven sequence of cutting which results in excessive vibration.
The designer of a cutting drum should aim for a pick lacing which
will result as far as possible in an even force and torgue output
during one complete revolution of the drum. The pick lacing should
result in minimum force and torque cycles for one revolution in

arder to minimize the vibration acting on the machine




Table 1.2 Production figures for South African coal mines

T
Revd and Pilay pang Longwall Opencast
Year - Bl e — P
Handgot Mech (8] QOther Handgot Mech M Other

OSSNSO SUUUUNSURVRE WSS SN ST S EE—
1977 60 150 079 2 489 393 2 368 548 528 162 2 307 026]15 423 534
197811 001 259155 179 078 2 548 674|605 042 ( 2 042 799{16 011 745
1979
1980
1981] 4 124 767 13 017 380[69 591 78611 317 175 1 644 68211 570 737] 5 632 01444 679 643

— } -
1982) 2 429 465 16 028 5. 169 916 666] 783 328 1877 38%{1 170 414] 6 748 625[38 792 153
198737 1 182 943 19 985 616166 783 471(1 064 507 5 369 408§1 939 041{10 478 187(57 668 411
{ 84} 1 3.3 785 21 254 104(76 901 5347 506 522 8 269 9061 450 620/11 028 802{63 252 535
{7985 862 262 16 945 022]|68 081 294] 727 663 10 427 48811 823 298]12 805 00459 669 354
19861 1 009 294 16 878 64465 977 568 407 334 10 887 61912 047 189113 340 155161 328 947




* Coal core generation due to a wide pick spacing between the drum

sections. The existing pick lacing used by various continucus
miners manufacturers leaves about 130 mm space between the adjacent
picks in two drum sections (see Figure 5.15). This results in a
build up of coal core which often Is not broken by the coal breaker
located betweer the druwm sections. This coal core generates much

of the vibrations on the cutting machine.

* Small product gize which contributes to an increased generation
of airborne coal dust and fines production. The overlaced drum
which has a poor penetrat.on rate, tends to produce small coal

pleces.

1.4 Economical Forecast

The computer simulation and cutting analysis detailed in this
thesis can be apprlied to continuous miners, longwall shearers or
any coal cutting mackine which cuts with a rotating drum. Assuming
that using the recompended pick lacing obtained by this computer
simmlation will result in 10 per cent increased production of the
abovementioned machinery, a significant reduction in cost should
result. The present price obtained overseas for South African coal
is about §.S. $30 per ton. This means that extra annual income of
123 miliion U.5. § could be gained by the coal industry {using the
1986 production figures). No 2dditional investment is required in
order to achieve this goal and all indications show that the total

benefit could be even greater.

1.5 Potential Benefits

As far as can be determined from the literature, concerning the

coal mining industry, computer programs for simulating continuous

miner drums have been written previously. However this work is not !
readily available as no report was written. Therefore there is a

need for such research work in order to convert such a program o a

working taol for drum design




The potential benefits which will resul® froa the use of such an

assessment are:
1. a faster mining rate of advance
2. reduced operating costs {(ie. less pick replacements)

3. extension of the life of the machine due to less vibration
during a cutting cycle

4. improved s: and health by reducing the amount of respirable
coal dust i .ine atmosphere

%. larger product size.

In the thesis, reference will be made to previous research work
done by the Coal Mining Laboratory (CML) of the Chamber of Mines of
South Africa and other studies. For example, the cutting profile
of a single pick, the relationship between depth of cut and cutting
forces and the optimum ratio of depth of cut to pick spacing.

These studies which form the basic rules of the theury of coal
cutting are detailed in Section 2.

In order to validate the output of CUTSIM, a number of tests have
been carried out at various coal mines together with manual

calculations of a 'simple’ cutting drum. Details ot these tests
and other means of validation are presented in sections 6.1, 6.2
and 6.3. The output of CUTFIM has been compared with the forces
aralyses of the Lee Norse continuous miner(’”, This comparison

is detailed in Section &.2.

CUTSIM is written for the HP 9846 computer with I} MB RAM and it
requires a printer and an Hewlett Packard plotter. This program
could also run on HP Bob Cat {HP 300) ccmputer requiring winor
changes,




CHAPTER 2 COAL CUTTING THEORY

Study ol the action of a single pick cutting coal and the
interaction of an array of picks provide the understanding

necessary for the efficient design of mining machines.

2.1 The Cutting Process

The amount of energy consumed by a rockbreaking system for
excavating a unit volume or mass of rock is called the specific
energy (E) and is often quoted as a measure of its efficiency. It
has been used to both compare various systems, and also to measure
improvements to, or inefticiencies of a given system. A comparison
of various methods for rockbreaking systems is reported by Houd,
1985(5) 1t is based on the size of the fragments produced by
each method and the anergy used to break the rock into fragments.
The results are shown in Figure 2.1,

The force acting on the top of a pick while cutting is approximated
to a single force acting on the tip of the pick. This force can be
resolved into three components at 90° to each cther to facilitate

coal cutting studies. (Figure 2.2).

Unlike cutting metal, which is generally a plastic type of failure,
the cutting of coal is invariably performed by inducing a brittle
tvpe of failure. This is the only way that most rocks can fail

within the commercially viable range of cutting speeds.

This brittle failure of the rock leads to a characteristic cyclic
rise and fall in forces with the forward motion of the pick. The
increase in cutting forces to a peak is seen to coincide with the
formation of a large chip and after such event has occurred forces
fall to a low value. (Figure 2.3). The forces will tend to rise
again with further forward motion. This cyclic nature of pick
force during cutting has been explained by Evans and Pomeroy,
1966(5) and Roxborough and Phillips, 19017} amongst others.

As the pick applies the force required to form a large chip, the
rock touching the pick is stressed above its failure strength in a

triaxially confined manner and it crushes
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A typical analogue trace of cutting forces developed by a pick
cuttin  rock is shown in Figure 2.4 (after Phillips et al.

19930 The characteristics shape of the force/time traces will
vary with the shape and rigidity of the pick, the rock being cut
and the position of the pick in relation to the rock. Pick cutting
speed relative to the rock might have an effect on the sequence and
magnitude of chipping and crushing events during cutting, but will
probably not be great and can be ignorad.

The large chip produced in front of a pick is highly desirable as
it indicates an efficient cutting process. However, what is more
typical of the cutting process is illustrated by a series of
photographs taken of the side view of a tool while cutting rock by
Goodrich, 19563} 1wo interesting observations emerge from

this, the first being that larqge chips constitute about one half of
the total volume of rock cut as shown in Figure 2.5. The other
half is shown to be particles removed as fines or dust. The second
is that the point of contact between the front or rake face of the
pick and the rock surface occurs predominantly very low down the
pick face. Goodrich findings comply very closely with those of
Tutluoglu 19830107

2.2 pick Condition and Geometry

The condition of the pick influences the generation of forces
during cutting. If the pick is blunt or of an inefficient design,
the forces will tend to be higher at all stages of the chip forming

process.

The first workable model of the relationships between pick geometry
{Figure 2.6} and forces qenerated during cutting was developad by
Evans 1966 (11}

The main relationships illustrated in Figure 2.7 were found to hold
for all coals (with different magnitudes) and the more important of
the fifteen or so attendant principles (Evans and Pomeroy

19663(6) are outlined.

s
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Figure 2.5 Sieve analysis results showing cumulative weight per
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Figure 2.6 Geometry of a pick while cutting mineral
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1 1l ztudies and cutting tests show that the total cutting force
required to cut coal and its components namely the cutting force
Fe, the normal force Fn and the side force Fs incvease linearly

with the depth of cut See Figures 2.2 and 2.7A.

2 Picks which approximate the shape of a simple chisel are more
efficient than complex shapes The pencil-point shape is the least
efficient Although it attracts less force than a chisel it also
produces less coal aand generates more dust.

Due to its geometry this pick is fairly weak and is more vulnareble
to rapid wear and failure. THis is still applicable to the more
modern picks which have a tungsten carbide insert. A pick with a
chisel for point attack as it is called by various manufacturers)
insert which usually have a cutting edge :ngle of 60° were found to

be the more efficient for gouging and crusaing action.

3 Large picks are more efficient than small ones. The front rake
angle {u in Figure 2.6 and Figure 2.7D) should be made as large as
possible but probably no greater than 20", The back clearance
angle (B in Figure 2.6) should be not less than 5° and not more

than 10° (see also Figure 2.7E).

&

4 Specific energy reduces for all shapes of pick as the depth of
cut 15 increaged Shallow cuts are very inefficient (Figure 2.7C).

I

5. When cutting deeper the picks in an array and should be

placed further apart., For maximum cutting efficiency the spacing
between picks should be about three times of the intended depth of
rut (see Figure 2.8B) As grooves are deepened, breakout angle (&
1 Figure 2.6) is inhibited and adjacent picks are prevented from

interacting See also Section 2.3

[ Typical force and yield curves for pick width are shown in
Figure 7 7B Both are found to intercept on the ordinate. Being
at zero pick width, these are the force and yield values wholly
attr:butable to the production of side splay or breakout. The
spesa e energy tends howsver to remain unaffected with the pick

wirdth
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7 Cutting in a corner involves high pick forces and energy
Wherever possible, therefore, an array of picks should provide a
cutting sequence that starts with the first pick taking advantage
of any available free face and with successive picks progressively
extending the free face towards the corner of the excavation. In
this way the cutting sequence terminates at the co.ner. It should
never start there. Experiments undertaken by Pomeroy and Brown
1968¢12) in coal made use of complex geometry. Their findings

show that forces in the corner are two to lhree times greater than
those for the free surface and that corresponding specific energies

can be four to five times larger in the corner.

Figure 2.10 illustrates two corner cutting situations using point
attack picks. Pomeroy and Brown 1968(12) also show that the
cutting forces generated by a skew pick tend to rise with the angle
of skewing. For example for a 10 am wide chisel pick cutting with
a rake angle of 10 degrees and at a depth of 3 mm in a sandstone
block, the force involved in cutting a corner is about twice that
required on a free surface. Also the amount of material cut per
pick in a corner reduced and, as a congsequence of this and the
higher cutting for~e, the specific energy for cutting in the corner
can be as much as three times higher than that for the free

surface.

8. Incremental cutting i.e. cutting gradually with relatively
shallow cuts till reaching a given depth of cut is very energy
consuming. As the groove deepening case, there is no free coal

face and this contributes tc high cutting forces. (Figure 2.7F).
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a) CUT WITH A STRAIGHT PICK by CUT WITH A 45°-TiTED PICK

Figure 2.10 Corner cutting pick situations
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9. The application of high pressure (about 220 MPa) water jets to
pre-slot a block of coal prior to cutting with picks can reduce the
pick forces significantly. Second mzthod of water jet assisted
cutting 15 by directing a medium pressure (about 35 MPa) water jet
at the coal face just in front of the pick. The effectiveness of a
water jet at the pick face in reducing pick force diminishes
rapidly ~.eh increasing cutting speed. Research work was performed
at COMRO by Wojno et al. (13) §n 1983 to quantify the reduction in
pick forces due to water jet assistance when cutting a typical
South African coal. Wojno found that reductions in pick forces of
up to 60 per cent resulted from directing a 20 MPa water jet at the
pick coal interface during laboratory coal cuttiig experiments.

Due to technical limitations, his work was done at a cutting speed
of 152 mm/s in comparison to the cutting speed of 2 500 ma/s usec
commercially. Figure 2.11 _hows the reduct in pi-k forces when
using the jet-at-pick-face {3% MPa) for vi .us cutting speeds and
for unassisted coal cutting as found by McVey 1987¢14)

]
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Figure 2.11 Pick force against DOC at various cutuving speeds with

jet-at-pick-face assistance
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2.3 Interaction of Cutter Picks in Array

A mining machine uses an array of picks disposed on som. form of
cutter head, drum or jib in which the picks are required to
interact. The effect of spacing between picks on their cutting

efficiency is important.

If two adjacent picks in the array shown in Figure 2.9 are placed a
largye distance apart, s, they cannot interact, and effectively
operating as unrelieved cutters, they will zach require the same
specific energy. 1If the picks are now bronght closer together, a
position will be reached at which they start to interact, the
groove cut by the leading pick providing relief for the following
pick. It is found that such relief will cause a reduction in the
specific energy requirements for the following pick. If the
spacing between picks is furth:r reduced, the specific energy will
continue to fall bul not in“efinitely so. Indeed, as the spacing
tends to zero, the depts cut of the following pick tends to zero
since it is then cutting . xactly in the 'shadow' of the leadi~g
pick. At that position, the specific energy is at a maximum. The
effect of spacing on specific energy therefure, as shown in

Figure 2.8A, indicates a value of spacing at which the specific
energy can be expended to be minimized. In fact a group of curves
can be drawn, each showing a minimum specific energy for a
different depth of cut and consistent with the general level of
specific energy, being lower at the high depth of cut, also, that a
wider pick spacing is appropriate when the depth of cut is larger.

I1f, as indicated in Figure 2.95, the interaction starts when
adjacent grooves just touch {i.e. s = 2d.tand), the geometrical
similarity implicit in the family of curves in Figure 2.8A can be
normalized if the spacing, s, is divided by the depth of cut, d.
Now, on the basis of spacing expressed as a multiple of cutting
depth, interaction between the grooves will occur at 2 tand, which
is the same for all depths of cut. Similarly, if geometrical
similarity persists, the s/d ratio at which the specific energy is
minimized will be the same for all depths of cut




Figure 2.8 shows how specific energy is expected to vary with s/d
ratio, the value of the minimum specific energy reducing at the

higher cutting depths.

2.4 Various Mathematical Models of Rock Cutting

The study of the forces produces when cutting rock has led to the
determiration of the relationships of pick geometry and pick acting
forces. Evans 1966¢6) developed the first workable model which
encompassed the effects on cutting forces of front rake angle, pick
width, tensile strength of the material being cut and the depth of
cut performed. Evans assumed that the type of failure is tensile
in character and his model proved to be applicable to other rock

materials.

The mode of the chip formation was not accepted universally as a
teusile fracture and this lead to Ernst-Merchant(!5) 1945 model
of rock failure which claims that the chip is formed by shear
faiiure. The original model was developed for metal cutting and
was modified by Potts and Shuttleworth 1959¢16) +o gescribe a

discontinuous cutting process of shear failure

Nishimatsu 1972(17) proposed an alternative shear model for rock
cutting in which no assumption was made of independence between the
shear strength of the rock and compressivc stress acting normal to
shear plane. This results in highe~ cutling force production for a
given depth of cut in comparison to Evans nodel (67 Roxborough
1973018} page important modifications to Evans' model by adding
terms defining the shape of the pick being used, thus extendirg the
practical use of the cutting model in calculating pick forces when

cutting coal,
All models mentioned above agree about the following

* Cutting forces increases linearly with depth of cut
{Figure 2.7A)
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* Cutting force increases linearly with rock strength.

* Cutting force increases linearly with pick width {Figure 2.7B).

* Cutting force reduces as rake angle increases (Figure 2.7D).




CHAPTER 3 DEFINITION OF PICK CUTTING PROFILE FOR CUTSIM
APPLICATION

The cutting profile of a single pick is the shape of the groove cut
by the pick on a specific mineral. The cutting profile is affected
by the type of pick and by the type of mineral cut.

Each pick may have its own cutting profile. By specifying a set of
conditicus for a relevant pick, a wide range of cutting profiles
can be obtained. For example, the cutting profile of a straight
conical pick {90° to the coal face) will be obtained from the
coordinates of points A-0-B {Figure 3.1). The breakout profile of
a 30° skewed pick is shown in Figure 3.2.

CUTSIM enables the user to define any deliberate breakout profile
of the pick. For example the breakout profile of a straight pick
could be defined as shown in Figure 3.3 or as in Figur=: 3.4.

The correct breakout profile for any particular mineral should be
determined from laboratory tests.

Tt is possible that the most suitable breakout profile is typical
of the type of pick used in conjunction with the type of mineral
cut. Various types of picks may have their individual breakout

profile for cutting the same mineral.

The breakout profile shown in Figure 3.1 was found to be the most
simple and reliable for simulation purposes, and all cutting
analyses detailed in this report were carried out by applying this
breakout profile.

3.1 Numerical Model

In order to simulate successfully the cutting process, two
significant parameters were established. These parameters will
demonstrate the effect of most cutting situations under actual
operating conditions, and effectively replace most of the variables

involved.
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Coal Face

Figure 3.1 Coal cutting profile with a straight pick
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Fiqure 3.2 Coal cutting profile with a 30 degree skewed pick
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3.1.1 Cutting Parameters

For each pick of the pick array on the cutting drum, two cutting

parameters, pamely P1 and P2, should be defined.

P1 indicates the relationship between the cutting force (Fc) and
the normal force (Fn) and is independent of depth of cut (DOC).

P2 is the total force (Ft) in kN required to cut ! mm DOC in the

mineral.

Parameter P2 gives a good indication of the hardness of the

mineral. Both parameters depend on the pick attack angle and for a

skewed pick, P2 will be higher than for a straight pick.

These parameters are obtained trom a nusber of cutting tests for a

single pick in the laboratory, using a linear cuttirg machine.
{See Appendix A for the description of coal sample for cutting
tests.)

The laboratory cutting tests are made with a constant pick spacing
to depth of cut ratio. By cutting at least twice (for statistical
reasons) at various depths of cut, plots of three active forces are

obtained. Figure 2.2 shows these three components of the active
force on the pick while cutting the mineral. Appendix B Jetails
the equipment and technique used for recording the force

companents

Plots obtained from the cutting tests (see Figure 2.4), detailed
the Normal force - Fn, Cutting force - Fc and the Side force - Fs
required to cut the specific mineral for various depths of cut.
Appendix D details the cutting test results for various
combinations of the relevant variables. These analogue traces of

pick forces are converted into the linear components as shown in

Figure 3.5. Note that the side force (Fs) is usually negligible in

comparison to the other active forces and often 1s not considered.
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Figure 3.6 is a vector diagram which shows the resultaut force Ft
of the three components previously mentioned, for a selected value
of DOC.

- (Fe e
Ft = (FoZ+Fnl+Fs?) (1)
The parameter F1 is g;’.v.en by
Fe
PY = o= (2)
Fy
and the parameter P2 is given by
- Ft
P2 = g (3}

e e e

7

FeutTing

Figure 3.6 Direction of the three components of the total cutting

force

Section 5 on the application of the computer model shows how the
parameters Pl and P2 pray a major role in the flexible use of
CUTSIM for most simulating conditions.

3.1.2 Cuttiag forces

For each pick on 4 cutting drum, CUTSIM assumes a sihusoidal

profile of the depth of cut versus the pick angle of contact,
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This assumption is valid only for cotational cutting. This means
that at 90° arc of contact, the pick reaches its maximum depth of
cut.  {See Figure 3.7).

For any angle of contact §

pOC(#) = Sind. {max DOC) 4}
FYrom previous studies it ts known that the tetal cutting force
acting on the pick iyv directly proportional to the depth of cut, az

shown in Figure 3.8,

If K is the gradient of the function.

Ft(8)=K -DOC(8} {5}
Ft(8)=K $ind- (max DOC) {6}
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Figure 1.7 The depth of cut as a variable of the angle of contact

Figure 3.9 shows the resolution of the total cutting force into two
different sets of components for both the sumping and the sheariny
aodes of a continuous miner In the sumping mode, the cutting drum
of the continuous miner moves horizontally until it yeaches a

contact arc angle of 180°.
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Figure 3.8 The total cutting force as a linear force

After completing the sumping operation, the cutting drum performs

the shearing operation in which it moves vertically to the floor
level while cutting with an arc of contact of approximately 90°,

During the shearing mode the following forces act on each pick:

(i) F vertical = Ft(8)*S5in(f+g8)

{ii) F horizontal = Ft{8)*Cos(8+p)

{iii) Torque = F cutting * ¢ = Ft(8)*Sinf*r

r - the cutting radius of the pick tip

(7

{8)

Integration of these components on all picks placed on the drum for

all possible angles of contact will give the total vertical forces,

horizontal forces and torgue aciing on the drum for one complete

cycle.
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For a cutting drum with n picks

izn

F total vertical = E‘(F verticalji (10}
i=
i=n .

F total horizontal = [ (F horitonzal)i {1
i=n
i=n

Torque total = ‘EN {rorgue)i (12)
i=

‘The gradient K is determined by linear cutting tests  fee
Figure 3.8.

Fri9)
pocis)

From equation (3) K =

This means that the factor ¥ is ldentical to the parameter P2

Hence X or P2 indicates the total force in YN required to cut at a
depth of 1t mm in the mineral. This parameter i: a good indication
of the coal hardness. Note that K is obtained by cutting the
mineral with a straight pick.

The angle § between Ut and Fn is also closely related to parameter
Bt

From equation (2) P1 = Fo/Fn

Tan @ = Fc/Fn (See Figure 14) {13}

Hence: P = Tan g
B = Tan™! Pi (14)

The total torgue of all picks indicates the required torque of the
cutting machine in order to cut the relevant mineral with the

specified number of picks at that specific depth of cut.




The total torque of the machine specified by the manufacturer

should always exceed the maximum total torque calculated by CUTSIM.

The three calculations of horizontal force, vertical force and
torque depend on the arc of contact of the drum. The smaller the

arc, the fewsr the number of picks cutting simultaneously.

The total thrust of the continuous mincr divided by the number of
picks in the coal face gives the thrust per pick. For an overlaced
drum, the thrust per pick is low, due to the large number of
picks. Therefore, a reductios in the number of picks laced on the
drum will increase the thrust per pick and facilitate a better pick

penetration,
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CHAPTER 4 COMPUTER MODEL

In order to simulate the cutting process of a rotating drum with
relative ease and enable numerical forces and torque analysis to

follow, a computer program was written.

4.1 Advantages of a Simulated Numerical Model

1t is extremely difficult to optimize dyum design under normal

operating conditions because:

* adverse environmental conditions limit the use of sophisticated
instrumentation and data acquisition systems

* the nature of the cutting operation is complex so that a large
number of picks can be generating both static and dynamic effects

on a continuous miner

* production demands limit the availability of the machine for test
purposes.

An alternative method of optimizing the design of a continuous
miner is through the use of a modelling technique. Very good
results can be obtained using a numerical model validated against
experimental data obtained in the laboratory. A,art from making an
analysis possible, a carefully designed numerical model offers the
following advantages:

* Reduction of the variables. The engineer can reduce the number
of variables dramatically by a sensible definition of a physical
situation. It is often found that a large portion of the variables
have only & secondary effect on results. By placing restrictions
on the model, these secondary parameters can be eliminated. A
typical example i3 sideways or axial movement of the continuous
miner. Py ensuring that the conditions under which the w:del is

used are within the restrictions, accurate results can be wbtained.




* Economical analysis. Valid re,u.ts can be obtained by using a
computer program and experimental laboratory data, resulting in a
significantly lower cost in comparison to the field tests using
expensive equipment. It is however very important that results
obtair-1 from the model be correlated with some form of

experimental data from time to time.

* Larger scope The time required to analyse a particular

situation is mucn I1o7c than that required for an experimental
program. The net effect of this is that results are obtained
faster and a much larger scope of the effects and situations can be
studied,

* Independent variables. It is often much easier to vary only a
single parameter in a numerical model. This will enable the
engineer to make a detailed study of the effect of various elements
af the model.

4.2 Description of the Model Used

A numerical model is determined by two factors:

* the physical situation to be analysed

* the experimental data available for a particular simulation

The objective is to find the best possible model for the situation
to be analysed, subject to the limitation of the experimental data.

In order to simulate a cutting situation, the following data is

required:

* the speritic cutting profile of each type of pick

¢ the lacing pattern of the picks on the drum

* the mineral cutting parareters (P! and P2)
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* the cutting conditions {se. Section §5.3) of the continuous miner.

The foilowing assumptions were sade in order to make the cutting

simulation possible:

* the condition of the pick remains the same throughout the cutting

analysis

* vhe mineral properties are homogenecus in all dirsctions

* the cutting drum is always paraltel to the coal face and to the
Iloor

* the movenment of the cutting drum while shearing down is vertical
only

4.3 Drem Layout

The cylindrical naturs of the continuous miner drum resulted in the
selection of a right handed cylindrical coordinate system. This
system was selected for the handling of the drum data as shown in

Figure 4.1

A right handed orthogonal cartesian co-ordinate system was selected

to be ysed ag the global frame of reference for the system,

This system is used to specify the following:

* the mineral properties {u 'blocks or 'layers’ wiihia space

* the actual dium position in relation to the mineral

* the rotational velocity of the drum

* certain control parameters (ic. displacement of the drum during

the period in which the analysis is made}.
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The origin of the cylindrival coordinate system is positioned in

the global frame and it is assumed that the 2 axis is parallel to

the global ¥2 axis.

The position of each pick on the cutting drum is specified by its
awn cylindrical co-ordinate systsm positioned on the drum. For
example th2 location of pick A in Figure 4.1 is determined by the
parameters: -adius - r, angle - # (measured from the vertical line
0B) and distance 2 along the drum. g
!

X3

et
X1 “TART VALUE x]

Figure 4.1 The cylindrical system of ~ -+ drum and the global frame

systen
4.4 Mineral Properties

The mineral properties are specified in the global co-ordinate
system, Blocks of taneral are specified (zones on all three axes), i
earh waith unique parameters that can influenc: the cutting B

mechanism {see Figure 4.2). |
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CUTSIM uses the parameters P! and P2 instead of an internationally
agreed standard measure of mineral hardness such as Brinell or
Vickers. This results in a more flexible use of CUTSIM and
eliminates the use of expensive measuring instruments for defining
the mineral hardness.

CUTSIM assumes that the mineral properties are homogeneous, that
is, identical in all directions. However, in order to obtain
precise and unified characteristics of the mineral, the cutting
tests for deriving the parameters P1 and P2 should be performed in
a standard way, ie. for minerals which comprise large numbers of
bands (ie. coal), the cutting test should be made along and on the
surface of the bands as shown in Figure 4.3,
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CHA: RS APPLICATION OF T#f COMPUTER MODEL

This section includes data and instructions which are required to
run CUTSIM for specific applications. However, in order to
demonstrate the flexible use of CUTSIM and the way various cutting

situations should be simulated, this information 1s lncluded.

5.1 Nuserical Simulation of Various Mining Coaditions

CUTSIM simulates all cutting conditions irrespective of mineral
hardness or pick bluntness. The parameters Pt and P2 represent the
complete cutting configuration and ~an change with any of the

following conditions:

* degree of sharpness (bluntnese) of the pick {(or pick mass loss).
{See Appendix D}

* mineral type

* pick shape

* water jet assisted cutting

* skew angle of the pick {Sze Figure 5.1)

* pick spacing

The effect that the above factors have on the values of parameters
Pl oand P2 is illustrated in Tables E1 to ES with further
explanations provided in Appendix E.

From Appendix E it 13 shown that for the most ceal cutting
conditions, the parameter P1 is the range of 0,5 to 6,8, The

parameter P2 can vary in the range of 0,07 to 1,22 kN/mm for wost
cutting conditions.




Figure 5.1 shows the definitions of the pick skew angle and attack

angle.

{"- Skew angle

//;ireclion
/" of movement .~
/Of cutting head

£~ Angle of
attack

Figure 5.1 Definitions of the pick skew angle and angle of attack

$.2 Pick Lacing of the Drum

Figure 5.2 shows a typival lacing layout of a continucus miner
drum. The line of =0 indicates tbac ‘he picks adjacent to this
line will cut the mineral first (picks 1,33 and 40) followed by the
adjacent picks (picks 10 and 48) and s0 on The picks with maximum
8 angle will cut last followed by the second revolution of the

drum Each number on the drum layout indicates the location of a

aingle pick.

For convenience, the relevant dats of the pick geometry iz best
prepared in the form of a table .5 shown in Table 5.1, Th s data

is entered Into CUTSIM and resuits in the drum layout of

|
{
1
i

Figure 5.2



Table 5.% Tabulation of pick patterns

Pick Pick |Mo. of|Pick |Skew |Cutting| @ [} 4 4
r Group|Detail]Picks |Code JAngle]Radius |min|max|min |max
1 pieck A 1 A0 [¢] 559 0} 0] 429} 429
2 pick B 2 -10 -10 559 1612167 151 353
3 pick C 2 -30 -30 549 172|252 353] 353
4 pick D 2 -4%5 45 445 108]288) 318] 318
5 pick E 2 -45 -45 521 144]1324] 318; 318
10 131-18 [3 AD 0 559 151165} 505) 885
47 7-10 4 A0 0 559 195128512982]2754

For simplicity this table details only sowe of the picks used in
the drum layout shown in Figure 5.2,

Note that each pick greup (minimum two} has a definite geometrical
order and can be entered as one pick group in the above table. For
example the picks in group No. 47 (Figure 5.2) have the same
spacing along the Theta anis and the same spacing in the 2
axis-hence they share one entry in Table 5.1.

From the above Table it iz seen that pick groups 2, 3, 4 and 5 have

different skew angles, and usually the cutting radius of these

picks is also different.

The values of Theta minimum and Z minimum of a group of picks
should match respectively. Tais means that Theta minimum is
related to z minimum and vice versa. If they do not, the pick

group may have an invorrect geometrical orientation.

The pick code 15 the name given to a specific group of picks in the

pick file and is ysed for documentation only. All the geometrical
data of the pick patterns should be entered on the drum fite.

{See Appendix K).

5.3 Cutting Conditions

- Once the cutting profile for each pick with and the parameters P1

and P2 have been defined, the full lacing pattern should be entered
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on the data disk of CUTSIM. An analysis of the breakout profile
resulting from the lacing pattern of the cutting head can then be
obtained (see Figure 5.3). The analysis requires a set of input
data to define the cutting conditions. (See Table 5.2},

Only relevant data should be entered. Normally, many entries will
bz left as zero, because provision has been made in the program

for the future inclusion of various types of machinery.

Table 5.2 Cutting condition for analysis

Cutting Condicions

X1 Drum velocity {m/s] ;o ,03
¥3 Drum velocity [m/s1 : 0,00
Drum rotation {rpa} 160
Time increment [s] :10,000

Drum Z increzent [mm] :10

Drum X1 start valuve [mm]: -250
Drum X2 start value {mm]}: 0

Drum X3 start value {mm]: [s]
Maximum analysis time {s] 10
Maximum analysis theta [0] : [}
Maximum analysis X1 [mm] : 4]
Maximum analysis X2 [mm] : 0
2 range minimum [mm} T -200
? range maximum [mm] 1500

%1 drum velocity [m/s] - The forward drum velocity in m/s.
{See Fiqure 4.1). Thiz is equiva.ent to the forward
velocity of the continuous miner or the linear velocity of

the longwall shearer.

X3 drum velocity [#/s] - The vertical drum velocity in m/s.
{See Figure 4.1). Used only when simulating vertical
cutting of continuous miner, shear mode or compléx mining in

vertical and horizontal axes simultaneously.

Drum rotation - The number of drum revolutions per minute (see

Fiqure 4.1)
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};’ Time increment “ime interval in CUTSIM is used as an
H alternativ vt to theta (the angle of contact - see
Figure 3.7 ing the drum rotational velocity and
Lot the druw ctvy. the time increment indicates the location
N of each pick at any moment. In the data entry for the .

cutting condicions, the time increment and the maximum

analysis time can be different. However, for the reqular

use of CUTSIM, enter these two parameters as 10 seconds.

Drum 2 increment - This indicates the axial resolution to be used

in mm.

The minimum required value is 1 mm. For regular use of
CUTSIM, enter Drum Z increment as 10 mm. The greater the 2
increment, the less accurate will be the breakout profile
but the program will run considerably faster.

Figures 5.3 - 5.5 show the effect of various drum I
increments. The breakout profile in Figure 5.3 is
calcylated for 1 mm resolution. Hence the profile is
unified and very accurate, Figures 5.4 and 5.5 show the
same breakout profile calculated for 10 mm and 30 mm axial
resolution respectively, hence the obtained profile is

considerably less accurate.

Drum Xt start value {mm] - This indicates the initial position of
D the drum in relation to the coal face. From Figure 4.1 it
can be seen that this entry will ajways be negative in sign.

N

Drum X2 start value [mm]

Drum X3 start value {mm] -

Maximum analysis time [sec]

- not applicable, reserved for future use.

not applicable, reserved for future use.

- not applicable, normally enter 10, as

was explained previously when discussing the time

increments.

i
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!
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Maximum analysis theta [8] - not applicable, reserved for future

use.

Maximum analysis X1 {mm] - not applicable, reserved for future

use.

Maximum analysis X2 [mm] - not applicable, reserved for future

use .

Z range sin/max [mm} - The range to be analysed in the axial
direction of the drum. Normally the minimum Z range will be
less than the actual minimum Z in order to include the drum
edge. It is recommended that the whole range of the drum is
analysed and later, the user can zoom to the relevant part

of the drum.
5.4 Cutting Profile of the Drum
Once all cutting conditions have been specified, CUTSIM is ready to
analyse the breakout profile of the whole drum. See Appendix K for
an activity {lowchart. Table 5.) detail: the additional required

data input for the display of the breakout profile.

Table 5.3 The required data for the breakout profile of a drum

Cutting P.ofile Analysis

Number of rotation 2
X1 drum velocity [m/s] ¢ 0,03
Piotter address F)

iWindew minimum [ma}
|Windo: maximum [mm]
1Sava dyuanic data [Y/N] : ¥
Tavivk plat [Y/N] : N
L.’mt group number (Y/N]

v
Plot wich oot pumbers (Y/N}: N

Nite that in case of contradictory data (for example 'Plot group
number : Y' anu ‘'Plot without numbers- ¥'), a system error will

aceur.
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«f Number of rotations: The user of CUTSIM can enter any required

number of drum rotations. Normally, two are sufficient to

cover all aspects. The greater the number of drum

rotations, the more time needed for processing and plotting.

X1 drum velocity {m/s}: This is the same X1 drum velocity which

T was required in the cutting conditions,

~ v plotter address: Enter 3 for plotting on the computar screen
1CRT}. Enter 70% for the Hewlett Packard plotter.
Alternatively press dump agraphics for a hard copy from the

printer after plotting on the CRT.

Window mir/max.: CUTSIM enables the user to determine a breakout

s prcfile for any spectra zone of the drum. This is done

by
N specifying the required zone by entering 'Window minimum’
A
Rl and 'Window maximum'. Note that without exception 'Windecw
e // minimua' > z minimum and ‘Window maximum’ ¢ z maximum. A

contradictory range of Window or 7 will result in a system
error. Figure 5.6 shows an example of zone selection for

the breakout protile shown in Figure 5.5.

Save dynamic datas [Y/N}: Enter 'Y' if you have made any changes §
in the cutting conditions since the last processing data

stage. (See Appeadix K for an activity flowchart). For the
safe use of CUTSIM it is good practice to re-save the

ER dynamic data file by specifying 'Y' before proceeding
il Eurther,
- W Quick plot [Y/N]: The response 'Y', will result in the breakout

profile detailed in Figure 5.7. All the descriptive data

will be missing. Use this utility for a quick draft only.
For the final and full plot, enter 'N'.
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Figure S.7 The breakout profile obtained by using ‘gynick plot’
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Plot group number [Y/N]: The group number is as entered into the
drum file (See Table 6.1). Enter 'Y' if you want to see the
group number of the pick as it is shown in Figure $.6. This
will enable the user of CUTSIM to identify any certain pick

on the breakout profile.

Plot without numbers [Y/N]: Enter ‘Y’ if you want the breakout
profile plotted without any numbers (pick group nusbers or
the order of cutting). To be used normally for the breakout
profile of the whole drum, where there is not enough sprce
for the numbers (see Figure 5.8). Enter 'N’, and the cutput
will be as shown in Figure 5.4. These numbers show the
order in which the picks enter tne coal during one
revolution. This feature could be used for desiyning a

cutting drum for tracing the cutting order.

5.5 Analysis of Continuous Miner Forces and Yorque

CUTSIM resulves the total force acting on each pick for each degree
of contact (or for every five degrees of contact, used for quick
calculation) into two mean components, namely vertical force and
horizontal force. (See Figure 3.9). The program then integrates
all the vertical components into a total vertical force. The same
procedure takes place with the horizontal components. The
calculation of the torque is performed as indicated previously by

applying the equations 9 and 12.

Normally for general use of CUTSIM, the force analysis will be done
for two typical arcs of contact, namely 30° for she:ring mode and
180° for sumping mode as shown in Figure 3.9, However CUTSIM o
also perform the torce analysis for any arc of contact. Note the
in certain circumstances, due to the nature of rotating cemponent
it is possible to obtain lower forces while cutting with a larger

are of contact.

CUTSIM will determine the following factors which can be used fc

comparing drum designs.
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magnitude

amplitude

amplitude

magnirude

amplitude

of vertical forces

of horizontal forces

and frequency ot vevtical forces

and frequency of horizontal forces

of the required torque

and frequency of the required torque

number of picks on ihe cutting drum

average product Size

* presence of “ie or non productive picks

»

analysis of the performance of the gauge picks

generation of mincral cores between drum segments {continuous

minsr only}.

* calculation of average specific energy for one dium rotation

* the possibility that the gauge cutters will release the broken

mineral.

Some examples of how the above crileria can be applied, will be

provided in Chapter 6.

5.6 Corner Cutting Drum Design

In every excavation there is at least one corner which defines the

pboundary of the cut volume and in which the cutting process is

likely to be impeded because of the constraint imposed by the
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corner. A corner cutting situation may develop where thz sequence

of picks becomes discontinuous e.g. at the hub spaces between the

P drum sections where a coal core tends to be generated.

On most of the Joy cutting heads there are 10 gauge picks at each
i iy edge of the drum. For an average lacing of &5 picks, these gauge
i . cutters form about 31 per cent of the total picks used. Therefore

it is very important to understand the behaviour of gauge cuttexs

and to be in a positioa to improve or optimize the design of

: corner-cutting arrays.

Figure 2.10 illustrates two corner cutting situations using point

attack picks. The straight pick disposition is not common in

prartice because of the clearance difficulties. However, some

" longwall shearer drums and coal ploughs 3till use corner cutting
picks approximating to it. Skewing the pick to provide clearance

s for itself aad its holder is the more usual practice. Skewed picks

- are also used on the continuous miner drum in order to cover the

hub spaces and prevent generation of a coal core.

The increased duty of the gauge cutters is manifested by the high
S incident of damage to these picks and pick boxes. This problem is

generally overcome by using two or three seyuences of picks to cut

the corner of the excavation instead of one sequence as is used for

the line cutters. In this way, corner cutting picks operate at
only one half or one third of the depth of cut to which line

cutters penetrate,

A c¢lose analysis of the breakout profile of the Joy 14CM 9
continuous miner (Figure 5.9) shows that the corner cutters at each
edge of the drum tend to deepen a groove in advance of the line
cutters.  Enlargement of the left hand section of the drum for

30 mm per cycle forward drum velocity (Figures 5.2 and 5.10), shows
% that the gauge cutters have generated a groove which is about 27 ma
B : in advance of the line cutters. In ordey 0 optimize "

- 0 performance of this drum and overcome the adverse cutving elfero of

both corners, a new lacing geometry was suggested. If the curved

broken line (Figure 5.10) is the new coal face, this will result ia
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overcoming the problem of groove deepening and no coal will be
impeded due to the corner geometry. CUTSIM can simulate easily a
new pick lacing by reducing the cutting radiuvs of each pick yroup
involved. By using the scaling technique, the cutting profile of
picks 1, 2, 3, 4 and 5 should be brought back to the new curved
iine or below as shown for pick group 2. This will result in a new
cutting radius for each cormer pick and not a common radius for

sach group pick as before.

Table 5.4 sbows the old and the new cutting radii for the corner

cutters.

Table 5.4 Pick radii of the corner cutters

New Calculated Radii
Pick jOriginal Pick ladius {mm)
Group {mm)

Front Pick|Back Pick

1 559 532 505
2 559 4952 465
3 549 477 450
4 445 352 325
5 521 422 396

The new cutting profile of the lett hand section of the drum is
shown in Figure 5.11. Note the new coal face obtained.

Figure 5.12 shows the new coal face of the whole drum obtained by
using the new pick radii at both edges. The benefits of this new
lacing are demonstrated also by the forces and torque analysis in
Table 5.5. Table 5.5 shows that the torque required and the acting
vertical and horizontal forces results in an averave reduction of §
per cent for the proposed lacing compared with the original

lacing. See Appendix C for more details about the cutting
simulations and other related data conterning the corner cutting,
Although the proposed lacing shows an improved means of cutting in
a corner, one should bear in mind that this appreach has not been

tried yet in the field.

A
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Table 5.5 Comparison of forces and torque for original and
proposed lacing

Original Lacing |[Proposed Lacing

Sumping{Shearing| | Sumping|Shearing

Mode Mode Mode Mode
Average torque (kN m) 96 48 91 46
Average vertical force (kN) 136 112 129 106
Average horizontal force (kN){ -137 ~26 ~-130 -25

The redesign of drum corners could be further improved, probably by
reducing the number of picks and using a different lacing.

Hcwever, machine designers think that the existing corner lacing is
the appropriate one for enabling the continucus miner to turn and
start a new road. For this specific application, furcher studies
should be done in order to optimize the drum corner lacing.

5.7 Simulation of a cutting drum with ripperveyor

A ripperveyor is a chain laced with picks which usually is located
between two sections of s0lid drum (see Figure 1} and rotates at a
different tangential speed to that of a solid drum. Due to the
geometrical construction, a cutting simulation of a configuraticn
made of two solid drum sections and a ripperveyor is a complex
matter. This is mainly due to ripperveyor having a different cycle
time of the pick lacing pattern than the drum sections ie. line AUB
(Figure $.13) will approximately be transformed to line AOCD after
one drum revolution. However if the pick lacing pattern of the
ripperveyor i3 fairly simple and made of many identical pick
groups, this will make a cutting simu‘ation possible. Such a

simulation can show mainly two important aspects, namely

* the cutting performance of the ripperveyor

* the possibility of generating a coal core between the rippe:veyor

and the solid drum.
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Figure 5.13 shows the lacing patterns of the two solid drum
sections and the ripperveyor between them, as used on the drum of

the Joy 12KEM 9 continuous miner.

‘This figure shows clearly that the pick density in the ripperveyor
section is much higher than in the other two drum sections.

Figure 5.14 shows the cutting profile of the whole drem. The
overlaced ripperveyor is clearly seen i. comparison to the othex
two drum sections. For the simplicity of this cutting simulation,
it was assumed that all drum section- are rotating with the same
tangential speed. This assumption may be wrong but due to the fact
that the cutting speed is independent of the generated cutting
forces, it is acceptable for such an application.

Figure 5.15 shows the breakout profile of one section of the whole
drum for X1 velocity of 30 sm per revolution. The inefficient
cutting of the ripperveyor section is very clear. Both

Figures 5.14 and 5.15 show a gap ¢f 130 mm between the extreme
gauge cutter of the ripperveyor (pick group 11) and the extreme
gauge cutter of the left hand drum section {pick group 28). This
will result in generating a coal core which will have an adverse
effect on the performance of the continuous miner. The overlaced
ripperveror section is the main reason for the large amount of dust
generated and small product size. For these reasons the industry
is moving away from the ripperveyor type continuous miner to the

solid drum continuous miner.
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CHAPTER € VALIDATION OF FINDINGS

In order to validate the CUTSIM findings, the following three
different means were used.

* comparison of simple drum manual calculations with CUTSIM output

* comparison of CUTSIM output with the force analysis of the Lee

Norse experimental continuous miner underground trials
* comparison of CUTSIM output with actual tests conducted
underground on a production continuous miner.

. 6.1 validation against Manually Calculated Forces
A simple drum of only three picks was used for the manual
caleulation of forces and torque. The mannal calculations were

then compared with the CUTSIM ocutput.

Figure 6.1 shows the pick locations on the rotating drum. Note the

order and notation of the picks

PICKY

Figure 6.1 The lacing pattern of the test drum
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At 0° pick 1 is ready to start cutting. Pick 2 and pick 3 are
behind pick 1 at anoles of 40 and 80° respectively.

The pick spacing is 76 mm (Joy standard lacing). Figure 6.2 shows
three picks on the test drum. Table 6.1 shows the entered data on

the drum file for this particular simulation.

Table 6.1 Pick 12 g data of the test drum

Pick | Pick jNo .rjPickjSkew [Cutting} 8 [ 8 | 2 2
Group|Detail{Picks }CodejAngle{Radius jminjmax|/min |max
{mm} (mm) | (mm)
1 3 A0 0o 457 0 |80 [100 {252
Ft(8) = K-8inb {max DOC) from eqialion (6}

The max DOC is obtained {01 8 = 90,

The following assumptions are nade for the simplicity of
calculation:

The max DOC in coal is 30 mm per drum revolution.

K=1 (the slope of the cutting force against DOC is 45°). Fc=Fn.

This results in Py=Fc/Fn = 1

Hence for max DOC FE(90) = 1-Sin (90)-30=30 kN
P2 = Ft{max)/max DOC ... ... from equation (3}
Hence: P2 = 30730 = 1 kN/mm

Using CUTSIM with these values for P1 and P2 gives the following

results:

* the coal cutting profile with pick group number as shown in

Figure 5.3,

* the CUTSIM continuous miner forces and torque analysis for the

shearing mode as shown in Figure 6.3.
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The manual calculations which follow are detailed in order to
demonstrate typical forces and torque calculations for two
differert pick positions. The output of these manual calculations

15 then compared with the CUTSIM analysis for validation.

Figure 6.4 shows the position of pick 1 at 81=10° and the forces

arting.

The pick radius is assumed to be r=457 mm which similar to that of

a Joy 14CM 9 cutting drum.

At 91=10° only pick No 1 is cutting.

Figure €.4 Pick position for 81 = 10°
Depth of cut for pick No. 1 (DOCY) is:
DOCT=5in{81) *{max DOC}=Sin{10)*30=5,2 mm . .. . from cquation (4).

The total force acting on pick No. 1 (Ft1) is:




Fr1=K*DOC1=1%5,2=5,2 kN .. .. . from equation {5).
81=Tan” H(r\)=Tan 1 (1)=45° .. ., from equation (11},
al = B1 + 81 = 45 + 10 = §5°

The vertical force acting on pick No. 1 (Fv1) is:

Fvi=Ft1 * Sin{81484} = 5,2 * Sin (10445) = 4,26 kN

The horizontal force actung on pick No. 1 {Fht1) is:
Fht = Ft1 * Cos(81+4B1) = 5.2 * Cos{10445) = 2,98 kN

The torque (T1) generated by pick No. t is:
Ti=Ft1 * Sin(B1)*r = 5,2 * Sin 45 * 0,457 = 1,68 kN'm

Thus for the angle of 81=10°

L Fv = Fvi = 4,26 kN

L Fh = Fh1 = 2,98 kN

LT =T1 = 1,68 kN*a

The manual calculations for & second pick position (Figure 6.5) are
indicated below,

Pick No. 1 is now positioned at 81=35" and pick Nc. 2 at 82=15°
82 = Tan"1{P1) = Tan" V(1) = 45°

DOC1=S:n{81)* (max DOC) = Sin{55)*30 = 24,57 mm
DOC2=5in(82}* (max DOC) = Sin(15)*30 = 7,76 mm

Ftt = K'DOCT = 1%24,57 = 24,57 kN

Ft2 = K*DOC2 = 1*7,76 = 7,76 kN

Fvi=Ft1*Sin(pi+81}=24,57 * Sin{45+55} ~ 24,2 kN

Fhi=Ft1*Cos(81+81)=24,57 * Cos(45+55) = -4,27 kN

%



Figure 6.5 Pick position for 61 = %5° and 92 = 15°

Ti=Fed * 5in{BY) * r = 24,57 * 5in{45)*0,457 = 7,94 kN/n

Fy2=Ft2 * Sin{B2+82) = 7,76 * Sin(45+15) = 6,72 kN

Fhl=Ft2 * Cos(82+82) = 7,76 * Co(45415) = 3,88 kN

TZ2=Ft2 * Sin(B2)*r = 7,76 * Sin{45)70,457 = 2,51 kN*m

Integration of all force components and torque gives:

YFV = FVi4Fv2 = 24,246,72 = 30,92 kN

L¥h = Fh14Fh2 = -4,27+3,88 = -0,39 kN

LT = TH4T2 = 7,9442,51 = 10,45 XN*p

These manual calculations for two selected pick positions are

typical of computer calculations for any plck at any location.

Additional manually calculated forces for 26 different points for
each of the vertical forces, horizontal forces and torque are

detailed in Appendix F.




Figure 6.6 shows a plot of the manual calculations, namely the
vertical force, the horizontal force and the torque for the
shearing mode. Both plots of the manual calculations (Figure 6.6)
and the CUTSIM output (Figure 6.3) are identical.

This excellent correlation of manual calculations and CUTSIM oubput
13 part of the validation used to prove the reliability of CUTSIM

program.

6.2 Comparison of CUTSIM with the Lee Norse Findings

The CUTSIM output has been compared with the findings of the Lee
Norse continuous miner detailed in Research report 23/79(4) by
King et al.

The Lee Norse miner used the following parameters:

Nominal drum rotation speed 42 r/min
Drum diameter 1130 mm
Max. drum torque 162 700 N'm

The comparison with CUTSIM was based on four different pick lacing
patterns used on the Lee Norse. These four Lee Norse pick lacings
{Figure 6.7) were simulated by CUTSIM using the same parameters as
far as possible. However, where relevant data was missing,
reasonable assumptions were made in order to provide the missing

data.

Simulaticns were performed for four lacing patterns, using depths
of cut of 10,20,10 and 40 mm with pick spacings of 50,100,150 and
200 mm respectively. Details are provided in Appendix #.

It was assumed that all skewed picks on the Lee Norse drums were at
30" (positive or negative angle). Parameters P) and P2 for the Lee
Norse Simulation were obtained by cutting a sample of coal from
Majuba colliery with a straight pick. By keeping the pick spacing
to depth »f cut ratio at 3:1, the parameters Pt and P2 were

caleulated as:
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For 0° skewed pick {stratght pick) P1 = 0,71 and P2=0,34 kN/mm.
For 30" skewed pick P1=5,78 and P2=0,65 kN/mm. (See Table E.5}.

Table 6.2 details the normal forces and torgues of the Lee Norse
as calculated using CUTSIM. Appendix I details the CUTSIM
simulations of the Lee Norse tests. The Teble also indicates the

derived cutting forces and torques from these simulations.

For this comparison, the shearing and sumping modes described in
the Lee Norse report are equivalent to arc of contacts of 90° and
180% in the CUTSIM program respectiv.ly. Fiqures 6.10 and 6.11
show graphically the comparison Fetween the Lee Norse torque and
the CUTSIM torque for 180° and 90° arc of contact respectively. In
Figure 6.9 the average normal force and the maximum normal force of
CUTSIM are respectively below and above the nominal boom force of
Lee Norse., Figure 6.9 reflects the general tendency seen in
Figures £.10 and §, 11 considering the circumstance of this
comparison, it is an acceptable correlation. Figure 6.8 is unusual
as it shows that the Lee Norse boom force is much higher than the
maximum normal force of CUTSIM. For 200 mm pick spacing the
difference between CUTSIM maximum normal force and Lee Norse boom

force is 117 per cent for the sumping operation.

The differences between the CUTSIM calculated forces and torques
and the Lee Norse measured boom forces and torgques could be due to

the following:

* CUTSIM program does not take into consideration any resistance of
the broken coal. It waz found, in an actual coal cutting test,

that the broken coal incieased the measured forces significantly,

* According to the Lee Norse repott(‘” {Page 37), the depth of

cut was not a controlled variable in the tests conducted. 'The
machine advance could be roughly predicted according to the amount
of thrust or shear pressure to be applied. Consequently the
procedure was to aim for a ‘deep’, ‘shallow’' or ‘medium’ depth and

to set the hydraulic pressures accordingly'.
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Table 6.2 Lee Norse: CUTSIM generated normal forces and torque

CUTSIM - Normal forces and torque output

Shearing - Arc of Sumping - Arc of

Contact 90° Contact 180°
Depth of cut {mm) 10 20 30 '4; 10 20 30 40
Pick spacing (mm} 50 100 150 200 50 100 150 200
Trum number 0030 0027 0028 0029[0030 0027 0028 0029
Average normal 32 43 46 49 4% 5% 54
force (kN)

Max. normal force (kN) 3% 58 65 75| 47 &5 63 75

Average torque {kN*m) 13 22 23 25 27 44 45 50

LMax, torque (kN*m) 18 37 16 39 29 58 53 58

- Table &.3 details the boom forces and torques measured during the

Lee Norse tests.

Table 6. Lee Norse: measured boom forces and drum torques

Lee Norse - Boom forces and torque readings

Shearing - Arc of Sumping - Arc of
contact 30° contact 180°
Depth of cut 10 20 30 40 10 20 30 10 :
(mm)
Pick spacing 50 100 150 .00 50 100 150 200

{mm)
|

Nominal boom 17,8 S0,% 62,5 B5,1158,2 91,3 112,5 163,1
force (kN)

Nominal torque 12 19,5 29,3 45,5114,8 24,8 37,3 50,5
(kN*m)

| SN NS—

Figures 6.8 and 6.9 show graphically the comparison between ine Lee
Norse boom forcves and the CUTSIM normal forces, for 180° and %0°

arc of contact respectively.

e
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* The forces in the lLee Norse report are given in two components;
namely, force along the boom and the cutting force which is
vertical to the boom force. Assuming a boom angle of 20° from the
floor, which is an approximate average working angle of the boom
this will result in a 6 per cent rednuction in the total force if it
is resolved into horizontal and vertical components as in the

CUTSIM program. (See Figure 6.12).

7




Figure 6.12 Boom force given in Lee Norse report compared with Fv
and Fh in CUTSIM

* In the Lee Norsr tests, the centre drum was laced with 12 picks
at 100 mm spacing {See Figure 6.7), but CUTSIM simulates the use of
11 picks on the centre drum as specified in the Lee Norse manual by
the manufacturer.

* The CUTSIM program assumes sharp picks throughout the cutting
process which contributes to minimal acting forces {see
Section 4.2). During the Lee Norse tests, not all of the picks

were new and sharp during cutting trials.

* The exact geometry of the pick lacing on the Lee Norse dxum“)
is not fully available and various techniques of interpolation and

scaling have to be applied in order to get approximate figures.

* CUTSIM uses two different cutting parameters P1 and P2 as already
mentivned, These parameters are obtained by cutting tests on a
sample of coal f{rom the relevant seam, performed on the linear
cutting machine at the Coal Mining Laboratory {(CML) of the Chamber
of Mines. Due to the nature of the coal, these parameters can vary

for each seam of coal, the coal cutting conditions and the quality




of the cutting tool It is known that the coal cut by the Lee
Norse and the coal cuat at CML for the parameter extractions had

different characteristics.

* The forces and torques presented in the Lee Norse veport<‘”
were determined from hydraulic pressure readings which was
dependent on the setting of the machinery and regular calibrations

being done. This could have led to additional inaccuracies.

* In the Lee Norse tests, the ratio of pick spacing to depth of cut
was S:1. This ratio is too high for good cutting interaction and
contributes to very high cutting forces. The parameters P! and P2
usnd in the cutting zimulation of CUTSIM are based on laboratory
cutting tests using 3:1 ratio. This ratic is ideal for cutting

interaction and ensures that cutting forces are at a minimum.

* Due to the lack of exact data on Lee Norse pick lacings, it was
assumed that all skewed picks on the Lee Norse drum were at angles
of 30 or -30°. The CUTSIM simulation was based . this assumption

which may have been incorrect,

6.1 Experimental Underground Tests

This section demonstrates how CUTSIM can be used in arder to

improve the cutting performance of a given lacing.

Cutting tests, using a Joy 14CM % continuous miner with different
pick lacings were conducted at New Denmark colliery in order to
obtain data for a physical validation of CUTSIM,  Appendix J gives
the full deta: of these cutting tests.

A drum of AU picks was giving a poor penetration rate and & CUTSIM
analysis was performed. Tables 6.4 and 6.5 show the result of
CUTSIM simulations of alternative lacing patterns analysed in the
search for optimum patterns for the shearing and sumping wodes
respectively. These drum lacings were also tried in practice and

the results of the field trials are also reported in Appendix J.
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Table 6.4 Results of lacing pattern tests and related forces and
torque for shearing mode

Test Number 1 2 3 4
Number of picks a0 67 69 $
Average horizontal force [kN] 26 25 26 25
Max.horizontal force [kN] 59 51 50 50
Average vertical force [kN] 12 107 110 106
Max.vertical force [kN] 149 143 140 138
Average torgue [kN*m] 48 45 48 46
Max. torque [kN*m] 67 64 63 §2
— . PUE——
Commants from field trials at|poor drum good qoed
New Denmark Colliery pene- tends to |perform-|perform-
trationjgenerate lance of |ance of
rate vibrationidrum drum
Table 6.5 Results of lacing pattern tests and related forces and
torque for sumping mode
Test Number 1 2 2 4
Number of picks 80 67 6% £5
Average horizontal force [kN) 137 130 13% 130
Max . horizontal force [kN) 171 162 156 153
Average vertical force [kN] 116 129 134 129
Max.vertical force [kN] 170 160 155 155
Average torque , N*m] 9% 92 95 91
Max torque [kN'm, 114 107 102 104
Comments from field trials atipoor drum goad good
New Denmark Colliery prne- tends to (perform-|perform-
trationjgenerate jance of lance of
rate vibrationjdrum drum
These results show how CUTSIM could be used for improving an
existing lacing pattern. In this case a reduction in the number

of picks from 80 to 67 led to a reduction in the horizontal and
vertical forces by an average of 4 per cent. The penetration rate
also improved. However this lacing (67 picks) tend  to generate
two vibrations per cycle {Figures J7 and J8). An analysis of the
forces plot show that a minimum occurs in Tieta position of 170°,
This is Jdue to less cutting picks in that area. By adding two
picks there {picks 29 and 37 in Figure J9) the total number of
»icks came to 69 and the forces analysis of this lacing shows a

more balanced performance. The underground test using this lacing
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showed a smoother cutting action. The breakout profile of the §9
pick lacing (Figure J10) shows 4 picks {(group 6 and group 44)
cutting twice per cycle, By removing these 4 picks, the final
recommended laciang was 65 picks {19 per cent reduction}.

According to the CUTSIM analysic, this lacing would result in up to
a 15 per cent reduction in maximum herizontal forces, up to 7 per
cent reduction in the required maximum torque and a better cutting

performance.

Four additional cutting tests were done by the technical staff from
Joy. By using a Joy 14CM 9 continous miner, as well as the same
pick type used in the above tests, and the same coal seam, the
following results were obtained (see Appendix J for full details}.

Table 6.6 Lacing pattern tests conducted by Joy

Test Number 1 2 3 L]

Number of picks 110 98 80 66
Average sumping rate [mm/s] 13,5 [18,4 [22 15.3

Average shearing rate [mm/s]| 12,3 [24,9 [40,7 34,1

\DC volt consumption [V] 75-85145-55j45-55145-55

According to Table 6.6, the lacing pattern cf 80 picks would have
the best performance. This pick lacing results in 27 per cent
reduction in the number of picks, a 63 per cent increased average
sumping rate and 334 per cent increased average shearing rate

compared with the original lacing of 110 picks

A careful comparison of the results obtained by the underground
tests carried out by COMRO and the tests carried out by Joy shows
the following. The best drum in respect of forces and the required
torque is the 65 pick drum tested by COMRO. On the other hand Joy
claim that the best drum in respect of production rate is the 8¢
pick drum. In order to optimize the drum cesign for all aspects
i.e. forces, torque and production rate, further research is

required.
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CHAPTER 7 CONCLUSIONS

This report describes the development of a mathematical model for
simulating the cutting action of a rotating drum. 1t appears to be
an ideal tool which requires minimum effort for obtaining an
optimum pick lacing concerning the cutting forces and torque of a
given drum. The advantages that CUTSIM can offer to the coal

industry and to the mining machine manufacturers are:

* A tool for designing a totally new cutting drum or for
redesigning and analysing existing drum lacings

* CUTSIM enables the user to simulate any possible cutting
situation with ease and to analyse it quickly, accurately and at

low cost.

* CUTSIM can enable the following parameters to be analysed either
individually, or in respect to one another

(a) type of material cut

{b) type of pick

() condition of picks

{d) assisted cutting with water jets

fe) different lacing patterns

{f) wovement of continuous miner in forward and vertical direction
{g) velocity of rotating drum

(h) analysing a cutting drum by sections or as a whole unit

{1) different contact angles of cutting drum with the coal

(1) interaction between various sections of the cutting Jdrum

(including ripperveyor and solid drum section)

* CUTSIM i user friendly software which can be uged by any
techanilcal/production staff from mines or from manufacturers of any
rotating cutting drum.  For a full specific simulation, the user
should have the lacing pattern of the drum, a sample of mineral to

be cut and various picks proposed for cutting
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* CUTSIM is currently used for various collieries in order to
assess the most suitable pick lacing for their own requirements
Another use is for comparing the performance of various picks and

selecting the most suitable one

* The existing CUTSIM program as descrioed in this report is
timited to machines with rotating drums, such as continuous miners
and longwall shearers. However, if the need for the simulation of
machines with a global movement like roadheaders or a linear
wovement such as a plough arises, it could be handied by a further

expansion of CUTSIM.

As a result of the significant forces and torque reduction obtained
by using CUTSIM, a smaller and lighter continuous miner or longwall
shearer will be capable to replace the bigger and heavier machine

without loss of performance capability. Such a machine with lower

thrust and lighter weight will be cheaper in price and have more ‘j
manoedverability in the confine section of coal producing. This in 5

turn will persuade the collieries to purchase more cutting machines

and inorease coal production with reduced cost.
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APPENDIX A

DESCRIPTION OF COAL SAMPLES FOR CUTTING TESTS

The coal samples used in the laboratory cutting tests described in

this repcst, had the following physical characteristics.

Source: 1. Upper half, No. 2 seam, Douglas colliery, Witbank
Coalfield, Transvaal.

2. Gus seam coal, Majuba Coa'field, Transvaal.

Size: hpproximately 700 x 700 x 1200 mm.
Treatment: 1. Painted in rubberized coating to retard
weathering.

2. Cast in concrete to facilitate mounting on
coal-cutting machine,

Uniaxial compressive strength of No. 2 seam, Douglas Colliery:
18-27 MPa.

Uniaxial compressive strength of the Gus seam - not determined.
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APPENDIX B

DESCRIPTION OF EXPERIMENTAL EQUIPMENT AND TECHNIQUE

The linear cutting machine, on which all cuts were made, is a
workshop planing machine that has been adapted for coal and rock
cutting experiments {See Figure BY). Maxlmum cutting speed
capability is 200 mm/s and maximum force in the direction of

movement of the sample relative to the pick is approximately 30 kN.

The pick being tested is mounted on a triaxial dynamometer, {see
Figure B2) which in turn i3 mounted in the stationary Cross-beam.
Prior to cutting, the cross-beam is moved vertically, and the
dynamometer and pick are moved laterally to achieve the desired
position ¢! ‘4o mick relative to the coil sample.

The coal sample of 700 x 700 x 1200 mm {5 encased in concrete to
facilitate mounting on the traversing table, and is traversed
relative to the pick during cutting tests by a hydraulic ram.

The dynamometer resolves the force acting on the pick into three
orthogonal components, representing the in-line cutting force Fe,
the normal force, Fn or penetrating force acting at right zngles to
the coal surface and the lateral or sideways force, Fs. (S:e
Figure 2.2). All three force components are recorded during
cutting and ace represented as analogue traces on a high speed

chart recorder.

Average forces are electron.cally measured by recording the
time-inteqgral of the force and dividing this by the time duration
of the cut The average forces have been measured exclusively in
this experiment as being the most meaningful in describing the

uhderground case.

For statistical validity, each cut at a certain depth of cut is
performed twice and calculations are based on the average re~srded
forces Figure B3 shows the varicus pick holders for various skew

angles used to obtain the acting forces on a single skewed pick
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APPENDIX €

STRULATION OF CORNER CUTTING

Figure 5.10 in section 5.6 shows the cutting profile obtained by
v~ducing the pick radii of the gauge cutters on a particular drum.
& typical example of calculating the required pick radius of pick

group No. 2 (Figure %.10) is as follows:

The front pick of pick group No. 2 iz 15 mm in front of the
proposed new gauge cutters' line (dotted line in Figure 5.10).
Using the scaling of '¥1 positioa’ ie. 100 mm on the graph
represent 450 mm, means that the pick on the actual drum should be

brought back about 67 mue.

Yierefore: New radius = 0ld radius - forward displicement
New radius = 553 - 67 = 492 mm.

The same techaique was applied with the other pick groups namely 1,
3, 4 and 5.

The new position of pick group No. 2 is shown in Figure 5.11
(Section 5.6). Figurer Ct and C2 show the acting forces and
torques on the complete drum (see Figure $.2) using the original

pick radii for the shearing and sumping modes respectively.

Figures €3 and C4 show the acting forces and torques on the same
complete drum using the modified pick radii for the shearing and

sumping modes respectively,
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APPENDIX D

DESCRIPTION OF PICK CONDITIONS

This section details the following pick parameters which affect the

cutting process.

* degree of sharpness of the pick
* pick shape
¢ skew angle of the pick

5
%

Table Et in Appendix E details the effect of pick wear{17) 4n the

cutting parameters P! and P2.  The pick woar claszification is

based on the wear profile and the mass los:, of the pick. The wear
profile classificetion is 2 visual categorization in an ascending

order of wear as (ollows:

Class I New “ondition. “,
Class II Wear on insert and shoulder.
Class 11X Increased wear on insert and shoulder but shoulder
3till clearly defined.
Class IV Excessive wear of both insert and shoulder, the
latter being worn away. i
Class V Non-rotation wear. Only root of insert still

remaining. Shoulder non-existent.

The classes of wear are graphically presented in Figure DU,

Figure D2 shows the average wear p.ufile of 6 groups of picks with
similar mase loss in grammes, i.e each mass loss contour is the
best curve fitting of number of picks with about the same mass

loss.



a8

Three picks of those mantioned in Table E3 {Appendix £} are drawn
in Figure D3, According ta Table E3, of all the three picks in
Figure D3 the insert geometiy 7 tle Kennametal full cup pick

results in a lower redquirement to cut the coal,

Figure DA shows graphically the effect of the skew angle on the
cutting force and normal force. The parameters Pt and 17 in
Table E5 (Appendix E), are derived from this figure and shows that
the greater the angle of skew, the higher tne forces required to

perform a cut at the same depth.
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Figure D1 The pick classes of five Sandvik bution picks
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PICK WEAR PROFILES

RAM LOSS

Figu-e D2 Various wear profiles of } .gersta point attack pick

showing the average mass 1oss of the protfile
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Figure D3 Various pick shapes
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APPENDIX E

; PARAMETY -t AS AFFECTED BY VARIOUS CUTTING CONDITIONS

The cutting parameters P1 and P2 are used .n CUTSIM for simulating

most of the cutting conditions.

Tables E1 to ES illustrate various values of P! and P2 for
s mulating the following cutting conditions

» T * degree of sharpness (bluntness) of the pick (or pick mass
loss) (19)

£

mineral type

. pick shape

"

water jet assisted cuttinq(14)

"

" skew angle of the pick

Table E1 The cutting parameters Pt and P2 for various pick mass
losses

—
Pick | Pick Shape [Type of Mineral|Pick spacing/Doc{ P1 | P2
' Class kN/an
1 Point attack|Phoenix no. 4 1,711 5,35[0,14
seam
I Point attackjPhoenix no. 4 1,718 4,88]0,15
seam
N IIT |Point attackjPhoenix no. 4 1,711 2,55}0,17
seam
IV [Point attarV)Phornix no, 4 1,71:1 1,990, 18
seam
‘ : v Point attack{Phoenix no. 4 1,711 1,090,126
seam
1!
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Table E2 The cutting parameters P1 and P2 for various coal seams

Type of Mineral

Pick spacing/Doc

Pick Shape

P

12

“

kN /om

Majuba~Guz seas

No. 4 seam -
Witbank

. No. 2 seam -
' Douglas

3:1 Sandvik

3:1 Sandvik

button insert{ 0,63} ¢C,15

0,71 0,34

1,27 0,35

button insert

Table EJ The cu‘ting parameters P1 and P2 for various pick shapes

Pick Shapes Pick spacing/Doc|Type of Mineral| Pt | P2
. . kN/mm
Al S
A Fagersta-normal pick 301 Majuba~Gus seam(5,79] 0,61
Fagersta-capped pick 31 Majuba-Gus seam|5,39] 0,83
. i Kennametal-full cap 3.1 Majuba-Gus seam|6,84( 0,59
Synpick-PCD (new 3:1 Majuba-Gus seam]3,93] 1,22
pick)
Sandvik-button in- 31 Majuba-Gus seaw|0,71} 0,34
sert
Table E4 The cutting parameters P1 and P2 as affected by waterjet
assisted cutting
Cutting|Type of Pick Pick P1 P2 Pt P2
ireed [Mineral |spacing/ Shape {dry} | (dry) | (Water-|{Water-
Doc jet) jet)
mm/s KN/ mm KN/ mm
30 Bosjes- 39 Reinforced 0,66 0,14 0,54 0,07
% spruit button-nose
coal
580 {Bosjes- 3:1 Reinforced 0,56 j0,17 | 0,70 0,12
spruit button-nose
coal
- 1070 Bosjes- 31 Reinforced j0,63 {0,20 0,79 2,15
N spruit button-ncse
* coal
3940 Bosjes- 3:1 Reinfor~ed 0,54 0,19 0,51 0,19
spruit buttra-nose
coal

e
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The results of water jet assisted cutting are based on tests
carried out by 5. McVey 1987(14)

Table E5 The cutting parameters P! and P2 for various skew

angles(*)
Skew Angle| Pick P1 | P2
spacing/{Type of Mineral| Pick Shape
{degree) boc kN /nn
4] 3:1 Majuba-Gus seam|Sandvik 0,64] 0 36
button-insert
15 3:1 Majuba-Gus seam|Sandvik 6,39} 0,50
button-insert
30 3:1 Majuba-Gus seam(Sandvik 5,78; 0,65
button-insert
45 3:1 Majuba-Gus seam|Sandvik 5,13} 0,87
button-insert

(*) A definition of

skew angle is provided in Figure 5.1.
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APPENDIX F

MANUAL CALCULATION F FORCES AND TORQUE

Section 3.1.2 details the manual calculations of the numerical
model of horizontal forces, vertical forces and torque. Table Ft
details 26 differeat polnts of these manual calculations which were
required in order to plot Figure 6.6. Two examples of the manual
calculations for §1=10° and for 81=55° are detailed in

Section 6.1, The same method was used to calculate the forces and
torque for the other points.




Table F1 Manual calculation

of forces for test drum in shearing

Degree

120

10

docy

docs

doy

[

'

]

H

astriereds

108

V25

by Vertical

1,5

) Verticat

3.2

|
12

¥ Vertical

2.2

r forai-Cos 4
F( Horizontai

2 Morizontal

16,9

Fy Boritontal

1 Total
03215
Torque t

Torque 2

Torque 3

Totat
vertical

Tatal
Horirental

Total Torque | |
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APPENDIX G

TABULATED RESULTS OF LABORATORY COAL CUYTING

Resultrs of all tests conducted for this report are listed here.

Test No. V. Coal seam - Gus g
Pick - Sandvik, button insert
boC/spacing of cuts = 1:3
Coal surface condition prior to cutting - cut smooth

Table G1 Cutting Test No. 1

]g:tlbocjrc ‘Fn }Fs iVE ]W\ !ﬁ ]

S Umm] FCkN] J(kN) J[XN] [IKN] JKN] [[(kN]
1] 10 J1,54 | 2,50)0,816]1,54 12,50 (0,613
2 10 11,54 2,50]0,41
3 15 12,5 5 0,735]2,5% 5 0,78
4 15 12,5 - 0,816
S | 20 }3,465] 6,25]0,49 13,47 5,75 |0,96
6 ] 20 [3,465] 5,25]1,428 5
%
71 30 [s,16 J10 1,632
8] 30 5 6,2512,448
9 30 15,7758 1,0 10,81615,77 18,15 |1,63
10 ] 30 15,39 | & 2,448
1] 030 5,54 19 0,816
Test No. 2: Coal seam - Gus

Pick - Fagersta normal pick
DOC/spacing of cuts = 1:3
Coal surface conditions prior to cutting - cut smooth

Table G2 Cutting Test No. 2

@goclrc {Fn lrs ]FZ Fn IFEI

. KN [k k ki kN ki
No. ([mm]]{ [N][N](N]IPINI‘J

1110 6,41]1,51¢ 0,94} 6,09] 1,32] 1,12
2 j10 5,7711,13 1,11

™

15 9,621
1

2,06110,58) 1,7 1,45
15 11,54 0,83

5 j20 ]12,82]2,41 1,5 ]14.1 2,53] 1,88
6 J20 115,38]2,64 | 2,25

7130 17,9513,32 ] 0,75)17,95] 3.1 1,13
8 |30 17,9512,87 1.5
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Test No.

Test No.

3

4:
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Caal seam - Gus

Pick Fagersta normal pick

DOC/spacing uf cuts = 1:3

Coal surface conditions prior to cutting cut swooth

Table G3 Cutting Test No. 3

1Cut{DOC I Fc Fn I Fo i ¥e 1 b ‘ s 1
INo. [{mm] [ [XN] [[kN] |[{kN] |[kN] {(kN] [[KN]
i) 10 ) 6,41} 1,51] 0,94] 6,09 1,32] 1,12
2110 5,77 1,131 1.

3015 ] 9,62) 1,70} 2,06510,58] 1,7 | 1,45
4] 15 {11,54) 1,70| 0,83

5 | 20 J12,82] 2,41

1,5 114,11 2,537 1,88
6 ] 20 |15,38] 2,64] 2,2

7} 30 117,95) 3,32} 0,75]17.95] 3,t | 1,13
8 | 30 117,95} 2,87] 1,5

Coal seam - Gus

Pick - Kennametal, full cap

DOC/spacing of cuts = 1:3

Coal surface conditions prior to cutting - cut smooth

Table G4 Cutting Test No. 4

ICu:‘DOCIFc an lFs \PE ‘?ﬁ {ﬁ l
No.[[mm) [{kN] {{kN] J(XN] {{kB} [[kN] [[XN)

1 101 7,08

1 6,091 1,13} 0,49
24101 5,131 0

3
675

w

5111 1,6 10,68 | 8,331 1,55] 0,86
4 15 ] 8,971 1,5 |1

5 | 20 110,26f 1,730,
6 1 20 113,33] 2,64}0,

7 30 ]17,95] 2,791,335 [17,3¢0 2,53) T
8 30 [16,87| 2,26]2,81 '




N Test No. $: Coal seam - Gus

Pick - Sandvik button insert

Cutting with 15° skewed pick

DOC/spacing of cuts = 1:3

Coal surface conditionms prior to cutting - cut smooth

b Table G5 Cutting Test No. §
[Cut!b%l?c‘?nl?s‘ﬁlﬁ!ﬁ*
11 A No.|[mm]|[XN] {{kN] J[XN] {[kM] j[kN] |[kN]
1 10§ 65,11 0,6 |-0,6 5,75/0,675]-0,%
2 10 | 6,41] 0,75(-0,6
. b o —t
' 3 )15 ] 7,7) 1,06/-0,6 ) 8,1 1,06 | 0,88

4] 15 | 8,5 | 1,06] 1,12

¥ 5 209 1.0 ] 0,75]10,25(1,7 1,12
. 6120 111,51 1,91 1,5
A ) }_ i
; 7130 117,91 2,9} 0,75/14,7 j2,1 1,69 i
- 8] 30 11,5 ] 1,9 ] 2,63 |
;
-
S Test No. 6: Coal seam - Cus
Pick - Sandvik, button insert l
e DOC/spacing of cuts = 1:3 , ;
s Coal surface conditions pricr to cutting - cut smooth

Table G6 Cutting Test Fo. &

leselooc L ec 1en Toe e [m |
No.|[mm][{kN] {[kN] |IkN] [{AN] J[kN] |[KkN]

1110 6,15] 1,0 | 0,45} 5,65] 1,06 0,49‘ S
2 j10 5,15 1,13] 0,83

: 3 {15 ]10,26) 1,66 0,3 ] 8,97} 1,58] 0,3

B 4 115 7,69] 1,51} 0,3

” S |20 [10,26] 2,11] 0,75110,26; 1,81] 0,75
6 120 110,26} 1,511 0,75

Ay
7 130 123,08] 3,77; 1,51]2¢,8 | 3,581 1,3
8 )30 23,511 3,33) 1,12 1




Test No. 7: Coal seam - Gus
Pick - Sandvik button insert
Cutting with 45° skewed pick
DoC/spacing of cuts = 1:3
Cnal surface conditions prior tc cutting - cut smooth

Table G7 Cutting Test No. 7

[Cut]boc[i‘c [l’-‘n ‘Fs !}‘E [ﬁ ifs‘ I
No. [[mm}](kN] [[KN] |[kN] |{kN] J{kN] [[kN]

1 10 112,82] 2,26 0,75]12,18] 1,81]0,675
0,

2 16 111,54] 1,36

3} 15 §15,38] 3,02

0, 15,38) 2,95} 0,8
4 ] 15 [15,38] 2,87] O,

S} 20 |17,95] 3,45] 1,05017,98]17,85] 1,03
6 ] 20 [17,95}] 1,39] 1,0

7] 30 [25,64} 4
4

8 ]25,32]25,327 1,75
8 | 30 [25,0 7
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APPENDIX H
LACING PATTERNS USING LEE NORSE TESTS

All duta eoncerning the lacing patterns and other data such as the
PRI P T was obbtapmal from the mannal 'Lee
Norse miner’ - Ingersoll Rand, Underground mining equipment, model
CM456-2 2R, da.e 3.5.1976, and drawings CM-1303 bit pattern.

Figure H1 details the various pick holders used a during the Lee
Norse tests.

Figures H2 - HS Jetail the four different pick lacings of the drums
which were simulated, using 50,100,150 and 200 mm pick spacings,

s

P
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. APPENDIX 1
£5
1
CUTSIN SIMULATION OUTPUT OF LEE NORSE PICK LACING
. iy
E The four different lacing patterns used during the Lee Norse i W
underground tests weresimulated with CUTSIM as four different drums :

% ) ) numbered 0027 to 0030, See Table 6.2 and Section 6.2.

The cutting simulations were made for 90° arc of contact as
shearing mode and [80° as sumping mode.

#* : Figures I1 to I8 detall the CUTSIM simulations of the Lee Norse

L N N . .

. pick lacings and give the vertical force horizontal force and
o torque for each lacing.
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APPENDIX J

UNDERGROUND TESTS AT NEW DENMARK COLLIERY AND THE SUBSEQUENT
STMULATIONS

See also Section 6.3,

This section details the results of sight cutting tests, usirg a
Joy 14CM 9 continuous miner with different pick lacings. All tests
were conducted at New Uenmark in the same day and cutting with the

same type of pick, Sanvik, button insert

The first four cutting tests were conducted by the author as part
of CUTSIM validations and the results are as follows:

Figure J1 shows the original lacing of this drum using 80 picks.

The penetration rate was poor with this lacing.

Figure J2 details the cutting profile of the original 80 pick
drum. Note the effect of double cutting per cycle in the central
drum. The difficulties in cutting appear to be due to an overlaced

dria.

Figure J3 shows the acting forces and torque for the shearing mode.
Figure J4 shows the acting forces and torque for the sumping mode.
the secong cutting run was done in order to show that a reduction
of the number of picks from B0 to 67 could enhance the continucus
miner performance.

Figure 35 details the lacing of this test, using 67 picks only.
Figure J6 gives the cutting profile of the 67 plck lacing and shows
that the double cutting problem on the central drum has been

eliminated, although two extra picks, which were added to each side

of the drum {Picks 6 and 44), were cutting twice per cycle.
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Figure J7 shows the acting forces and torque for the shearing mode
and shows that the 67 pick drum tends to generate more vibrations
than the 80 pick drum, although the average acting forces and

torque of the second drum are lower by 4 per cent.

A similar result of increased vibration is shown in Figure J8 for

the acting forces and torque of the sumping mode.

In order to reduce the vibration of the drum, a third lacing test
was performed. Picks number t and 40 both at theta position of
180°, (see Figure J9) were removed from the gauge cutters on each
side of the drum and placed in the internal gauge cutters of the
same drum {picks No. 12 and 46). Two extra gauge cutiers were

added to the central drum {picks 29 and 37).

The cutting profile of this lacing is shown in Figure J13. Note
that picks ¢ and 44 are still cutting twice per cycle. The last
pick lacing results in much less vibration as was confirmed during

the underground tests.

This is also supported by tive CUTSIM output shown in Figure Jt1.
The trend of the average acting forces and torque is smoother and
about 3 per cent higher than the second test results. Howcver, the
maximum of the acting forces and torque is lower by about 2 per
cent and this contributes to less vibration. This smoother cutting

action is shown also in Figure J12 for the sumping mode.

In the last cutting test, the four picks {picks 6 and 44) which are
3till cutting twice per cycle were removed. This resulted in the
final lacing of 65 picks only (19 per cent reduction) as shown in
Figure J13. Figure J14 shows the cutting profile of this drum.
Note the unified profile in all drum sections. This lacing
contributes to further reduction in any force compeaent and
torque. See Figure J1% and J16 for shearing and sumping modes
respectively. [n comparison to the eoriginal lacing of 80 picks,
there is up to a 1% per cent reduction in maximum horizontal
forzes, up to 7 per cent reduction in the required maximum torque

and a better cutting performance for the shearing mode.

PV

A S
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The last four cutting tests were conducted by the technical staff

of Joy and the following results were received:

Test No, 1: Lacing pattern of 110 picks {See Figure J17)

Table J1 Cutting test using 110 picks

Shearing mode Sumping mode
Length{mm][Time [s] |Length{mm]{Time [s]
634 50 600 40
634 53 550 45
100 54
Average rate [mm/s] 12.3 1.3%
DC Volt {V]
Cutter head amps [A) 80-100 90-100

Test No. 2: Laciny pattern of 98 picks (See Figure J18)

Table J2 Cutting test using 98 picks

Shearing mode Sumping mode
Length{mm][Time 3] {Length[me]|Tine [s]
734 29 8OO 40
734 30 700 32 -
800 50
840 49
Average rate [mm/s] 24,9 18,4
e ovolt (V] 45-55 45-55

Cutter head amps [A]) 80100 80-95
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fTable . Cutting test using B0 picks

of 80 picks {See Figure J19)

Shearing Mode Sumping Mode
Length{mn]|{Time [s] |Lengthimm]|Time [s]
814 18 800 0
A14 22 650 26
814 20 150 3%
650 26
1000 47
Average rate [mm/s] 40,7 22
oC volt [V} 45-55 45-55
Cutter head amps [A] 90-110 75-35
Test No. 4. Lacing pattern of 66 picks (JSee Figure J20)

Table J4 Cutting test using 66 picks

Shearing Mode

Sumping Mode

Lengthimm}iTime {s} |Length{mm]){Time [s5]

535 15 700 53

53% 17 500 3%

535 15 140 39

515 15
hverage rate [mm/s] 34,1 15,3
DC volt [V] 30-120 45-55
Cutter head amps [A] C90-12 90-100
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APPENDIX ¥

FLOWCHART OF ACTIVITIES FOR USING CUTSIM

This section illustrates the order of entering data and running the
cutting simulation and performing the force analyses using CUTSIM.
{See Figure X1).

1f the dara files of pick, drum and coal are complete, the user can
start the simulation process from the box shown 'start analysis®.

All the right hand boxes in this figure represent the output which
may be obtained from CUTSIM.

The user may process only part of the program, for example in order
to obtain the plot of the drum layout or to analyse the breakout

protile of the drum only.
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Figure K1 Flowchart of activities for

runring CUTSIM
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