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ABSTRACT 

A series of experiments were conducted to invesdgate high pressure water jet assisted 

coal cutting. The research was sponsored by British Coal and carried out in the Depart- 

ment of Mining Engineering at the University of Newcastle upon Tyne. 

Two coals were tested: a black, coherent, anthracite; and a heavily cleated, friable, dull 

coloured bituminous coal. The tests modelled as closely as possible a vane pick on a two 

start shearer drum. 

The experiment was performed on a modified 50 tonne linear cutting rig at a speed of 

I. Im/s, using jet pressures of 35MPa, 70MPa, and 105MPa at different flow rates. A 

75kW double acting intensifier type pump supplied the high pressure water for the jet. A 

relieved cutting mode was adopted with a line spacing of 70mm, and a 30mm nominal 

depth of cut. An actual production cutting tool (heavy duty 75mm radial with a HW tip) 

cut the coal in both the sharp and blunt states. Additional tests were also performed by 

pre-slotting the coal with a water jet before cutting it and by examining the effect of vary- 

ing the lead and offset distances on the parameters measured below. 

Parameters measured were the cutting forces in three orthogonal directions; the breakout 

patterns; and the coal size distribution. T'he coal yields and specific energies were calcu- 

lated from the experimental data. 

Both coals achieved benefit from jet assistance but at different pressures depending upon 

the coal type and tool wear. The breakout pattern differed between the two coals but gen- 

erally fracture occurred along the major cleat planes. Both coals were easier to cut when 

the major cleat was orientated in the horizontal plane rather than in the vertical plane. 

Specific energy increased linearly with jet power. In most cases the quantity of fine coal 

(-0.5mm) produced decreased with jet assistance. 
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, 
NOMENCLATURE 

The nomenclature used throughout the text is given below. Note that some terms have more 
than one definition but the appropriate meaning shall be apparant from the context. 

A Force acting on positive rake angle part of a cutting tool. 
B Force acting on the negative rake angle part of a cutting tool. 
C Force acting on the wear flat. 
Cd Nozzle coefficient of discharge. 

d Nozzle diameter; tool nominal depth of cut; shearer drum diameter; or the 
nominal sieve aperture size. 

d50% Median particle size. 

D Slot width or tool nominal depth of cut. 
F Friction force on the positive rake angle part of a cutting tool. 
G Friction force acting on the wear flat. 
h Slot depth (jet penetration). 
I Moment of inertia of a shearer drum. 
F., j, F, Resultant mean cutting force with, without jet assistance acting on a 

shearer drum. 
Fck Average clearance kerf tool cutting force. 

Average vane tool cutting force. 

Fhj, Fh Shearer haulage force with, without jet assistance. 

F,, j, F,, Resultant mean normal force with, without jet assistance acting on a 
shearer drum. 

F,, k 
Average clearance kerf tool normal force. 

F,, 
v 

Average vane tool normal force. 

9 Acceleration due to gravity. 
M Mass of shearer. 
MCF Mean cutting force. 
MNF Mean normal force. 
MSF Mean sideway force. 
MPCF Mean peak cutting force. 
MPNF Mean peak normal force. 
MPSF Mean peak sideway force. 
n Number of jets supplied with high pressure water. 
N Force acting on the zero rake angle part of a cutting tool. 
p Number of vane picks. 
P Jet stagnation pressure or the cumulative percentage undersize. 
Pa Atmospheric pressure. 

Pe Pressure loss between pump exit and nozzle exit. 
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PhSv Hollow shaft venturi pump power. 

PO Jet stagnation pressure at the bottom of a slot. 

PW Jet power. 

q Number of clearance kerf picks. 
Q Jet flow rate. 
r Ratio of the average clearance kerf tool cutting force to the vane tool 

cutting force. 
R Ratio of mean cutting force reduction due tojet assistance to the unassisted 

mean cutting force for a linear single pick test. 
Rc Ratio of the resultant drum cutting force reduction due to jet assistance to 

the unassisted drum cutting force. 
Rh Ratio of the shearer haulage force reduction due to jet assistance to the 

unassisted haulage force. 
Rn Ratio of the resultant drum normal force reduction due to jet assistance 

to the unassisted drum normal force. 
Rt Ratio of drum torque reduction due to jet assistance to the unassisted drum 

torque. 
s Ratio of the average clearance kerf tool normal force to the vane tool 

normal force. 
S Line spacing. 
Sj, S Shearer haulage speed with, without jet assistance. 

SEj, SE Specific energy with, without jet assistance. 

Tj, T Drum torque with, without jet assistance. 

V Jet velocity. 
VI Cutting speed. 

V, Jet traverse speed. 

w Cutting tool width or drum angular rotational speed. 
Wb Web width. 

Y. Y Coal yield with, without jet assistance. P 

(X Angular acceleration of a shearer drum. 
Coefficient of friction. 
Jet inclination to the vertical in the plane at 90* to the traverse direction. 

P Density. 
CY Compressive stress. 
01 Unconfined compressive strength. 

(3ý- Experimental error variance. 
0 

T Shear stress. 
0 Jet inclination to the vertical in the direction of travel. 
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CHAPTER ONE 



I IN'rRODUCTION 

High pressure water jet assisted cutting has captured great interest in the mining industry 

since the mid 1970's. Its original application as such was to rock cutting with a view to 

improving the cutting performance and extending the operating range of boom type road- 

heading machines. A prototype machine was manufactured and trials carried out. On the 

basis of the results commercial roadheaders are now available. 

The benefits derived by these machines have been documented throughout the literature: 

lower cutting forces; reduced vibration; longer pick life; reduced dust make amongst the 

important findings. 

It is not too surprising then that investigations were begun into whether the technique could 

be applied to coal cutting and if similar benefits could be derived. 

A preliminary investigation in to jet assisted coal cutting was conducted at the University 

of Newcastle upon Tyne, (Fowell and Johnson, 1984), and indicated that the cutting forces 

could be reduced, in the two coals tested, by jet assistance. Concurrently, a prototype coal 

cutting machine was being developed by British Coal for underground trials which subse- 

quently took place at Golbome Colliery, in the then Western Area of British Coal. The trials 

below ground suggested that definite and quantitative benefit could be obtained from water 

jet assistance. 

Tests were also being undertaken by the U. S. Bureau of Mines, using a prototype machine 

to cut simulated coal or 'coalcrete'. Underground trials were arranged and performed at 

Auguste Victoria Mine in the F. R. G. These tests revealed advantages from the hybrid cutting 

and that further trials were required. 



From the British point of view, special interest lay in the influence jet assistance would have 

on the fines production. Summers and Summers (1980), produced Table 1.1 below which 

illustrates the coal size distributions produced by various coal winning machines and 

methods. 

Size Handfilled Trepanner Conveyor Shearer Hydrominer 
Hole Coal Mounted Loader 

Trepanner 
(cm2) M M M M M 

+10 18.5 18.2 11.3 4.2 28.8 
10.0-5.0 19.3 14.1 14.0 5.8 21.1 
5.0-2.5 15.0 12.7 11.2 9.7 31.1 
2.5- 1.25 17.9 15.5 16.7 20.1 10.0 
1.25-0 29.3 39.5 46.7 60.2 9.0 

Total 100.0 100.0 100.0 100.0 100.0 

Table 1.1 

The size fractions indicate that a shearer loader produces a large proportion of small and 

fine coal. The fines in particular are a problem since they cost twice as much to wash and 

recover from the run-of-mine which obviously increases the cost of prcAuction. 

It is in this environment that the present study was commissioned by British Coal, under the 

direction of the Rock Mechanics Branch, II. Q. T. D., Bretby. 

The programme was carried out in the Department of Mining Engineering at the University 

of Newcastle upon Tyne. A 50 tonne linear planing rig, previously utilized for jet assisted 

hard rock cutting, was transported to the Department of Mining Engineering, erected in the 

laboratory and suitably modified. 
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Jet assisted cutting was performed up to pressures of 105MPa with varying flow rates and 

at a cutting speed of 1.1 m/s, the fastest available to the linear rig. Two coals were tested, a 

coherent, shiny black anthracite and a heavily cleated, friable bituminous coal. A detailed 

description of the experimental design and procedure is given in the text. 

A parallel series of coal cutting tests, carried out at British Coal's Swadlincote Test Site, 

were analysed in the Department and these comprise Test Series One and Two. The effect 

of different jet powers was examined and the influence of lead and offset distances at a jet 

pressure of 70MPa. 

All the tests modelled as closely as possible a vane pick on a two start shearer drum. The 

parameters measured were the cutting forces in three orthogonal directions, the breakout 

patterns, specific energy and the coal size distributions. Cutting with a sharp and blunt tool 

and changing the cleat orientation of the coal allowed further comparisons to be made. 
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CHAPTER TWO 



2 LITERATURE REVIEW 

2.1 High Pressure Water Jet Assisted Coal Excavation 

A review of the application of high pressure water jet assisted cutting to the conventional 

coal winning machines employed throughout the world is given below. The technology has 

also been utilized on tunnelling machines but that area shall not be considered here. 

2.1.1 Drum Shearers 

Shearer loaders are the predominant longwall mining machine. Although rarely achieved 

these machines are capable of excavating in excess of 20 000 tonnes per day and therefore 

have a tremendous potential to be exploited. The performance of these machines is largely 

governed by the design of the shearer drum and the type of cutting picks used (Pomeroy, 

1968). Computer aided design has without doubt greatly increased the cutting and loading 

efficiencies of shearer drums (Morris, 1980), but the factor that has not changed dramatically 

is the cutting tool itself. The traditional tungsten carbide tipped pick has the following 

disadvantages (Kenny and Johnson, 1976; Kogelmann and Thimons, 1986): 

9 High cutting and thrust forces generated, particularly in the case of hard minerals; 

o High total forces and torques exerted on the machine, requiring ever larger and heavier 

machines to be developed; 

* High dynamic forces, shock loads, machine vibration -hence use of heavier components; 

o Dust make during cutting; 

* Friction at mineral/tool interface creating high temperatures and possibly sparking, 

thereby increasing the risk of a frictional ignition; 

e High tool wear rate, particularly in the case of abrasive and hard minerals; 
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0 High tool costs, especially in situations of a high wear rate; 

* High proportion of fine material may be produced. 

It has been shown that the above disadvantages can be reduced and in some cases almost 

entirely eliminated by applying high pressure water jets to roadheading machines (Clark, 

1984; Morris and Tomlin, 1984; Pugh, 1986). If this can be observed in roadheading 

machines then why not shearer loaders? 

In 1984, the U. S. Bureau of Mines equipped a longwall double ended ranging drum Joy 

I -LS I shearer, with a water jet assisted mechanical cutting system to invesfigate the effect 

this would have on machine performance, airborne dust make, and the size distribution of 

the coal produced (Kovscek et al, 1985). 

These tests were not performed below ground but on the surface on a simulated coal block 

(coalcrete) composed of coal, flyash and concrete. The shearer cutting efficiency was 

determined by comparing the motor energy required to cut one ton of coalcrete when cutting 

'dry', i. e. with normal dust suppression sprays at 1.3MPa pressure, and with high pressure 

water jet assistance. 

No significant change in the shearer motor energy was observed as the water pressure was 

increased up to 41AMPa. Airborne dust levels were reduced: Increasing the water pressure 

from 1.3MPa to 6.9MPa did not significantly reduce the dust make (only by 4.2%). However, 

a further increase from 6.9MPa to 20.7MPa rapidly reduced the levels (by 79.2% at 

20.7MPa). A subsequent increase from 20.7MPa to 41AMPa gave only slight additional 

decrease of dust make (from 79.2% to 80.4%). The median size of the coalcrete particles 

produced tended to increase with increasing water jet pressure. 
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In 1984, the Excavation and Tunnelling Equipment Corporation of State College, 

Pennsylvania, a subsidiary of Gebr. Eickhoff, was awarded a contract from the U. S. Bureau 

of Mines to develop and install below ground a shearer assisted with 70MPa pressure water 

jets (Nienhaus et al, 1986). 

Underground trials took place at Auguste Victoria Mine, Marl, FRG. An Eickhoff 

EW-200/170-L was fitted with a purpose built drum. The drum incorporated a phasing system 

that delivered high pressure water only to the picks in the cut. The drum was divided into 

ten sectors but only five of these were supplied with high pressure water at a time, via 

manifolds and hoses. No information is given in the literature regarding the reliability of the 

phasing system. 

Trial results indicate that only a minimal influence on the shearer motor energy was achieved 

by using water jet assistance, even though at 41AMPa pressure, almost 33% of the total 

energy supplied dufing cutting was provided by the water jets. 

Underground airborne dust levels were reduced 70% to 80% on raising the water pressure 

from 2.3MPa to 12AMPa. A subsequent increase to 49.6MPa yielded no further significant 

benefit. 

Similar effects on particle size to the surface trials in coalcrete were reported for the 

underground tests. The percentage of -6.3mm particles was reduced from 37% to 28%. An 

explanation for this phenomenon is that the jet flushes away the cut coal from the pick 

preventing further crushing, and since there is no cushion of broken coal infront of the pick, 

it can apply a direct force onto the unbroken coal surface which tends to produce less fines. 

A concurrent study on the effects of temperature on a cutting tool indicated that the water 

jets improved the life of the picks. At a pick speed of 1.88m/s (370ft/min), the pick tip 

temperature was reduced from 3500C while cutting without jet assistance, to 120*C when 
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using jets at 44.8MPa pressure. This is illustrated in Fig. 2. I. A qualitative assessment of this 

cooling effect was given: The mineworkers commented that the picks lasted twice as long 

before a change was necessary. 
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speed and water jet pressure. 

From a safety viewpoint, the shearer driver had to wear protective glasses, a transparent 

shield was fitted between him and the drum and other personnel had to maintain a distance 

of 3.5m ahead of the cutting drum to avoid projectiles. The phased water supply helped in 

minimizing the danger from projectiles and the most vulnerable position was in working 

ahead of the dnim (Taylor et al, 1989). 

A qualifying statement must be made at this point about the underground trials. Two different 

designs of drum were used in the tests; one employing radial picks and one equipped with 

conical or pencil point picks. Other factors such as drum rotational speed and the number 

of picks varied also. Only the drum with conical picks was supplied with high pressure water 
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jets but comparisons were made between the two. The authors state that in the case of 

improved product size the benefit could be attributed to the greater depth of cut taken by 

the jet assisted drum as well as the jet assistance. In this respect then, the results are not 

entirely conclusive. 

In the United Kingdom, similar research has been carried out by the British Coal Corporation. 

The primary objectives of this research were to: 

* Improve the product size i. e. larger coal and less fines; 

9 Improve pick life; 

* Reduce make of airborne dust; and 

e Reduce power consumption and/or haulage force, leading to greater cutting rates and 

hence enhanced productivity. 

Underground trials have been carried out at Golborne Colliery, with a 200kW Anderson 

Strathclyde AB 16 SERDS. High pressure waterjets up to a maximum of 69MPa were applied 

to the fifteen clearance ring tools of the drum. 

The major aim was to reduce the percentage of fine coal produced. However, little 

improvement was observed when cutting with fifteen picks in the clearance ring. On reducing 

the number to nine, but still employing fifteen jets, fines production was decreased by 20% 

at 65.5MPa water pressure or 1% of the total product. Other results reported were (Mort, 

1988): 

@ Up to 25% reduction in haulage force (depending on waterjet pressure), thereby enabling 

the machine to cut faster. The haulage speed increased from 0.055m/s to 0.076m/s without 

stalling the machine; 
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9 The total power consumption increased greatly with water pressure. However, a phased 

water system would alleviate this somewhat; 

* The power consumption of the drum was reduced. This could extend gearhead life; 

0 Reduction in dust generation with an increase in water pressure, despite using 33% less 

water at 65.5MPa than with normal dust suppression sprays; 

9 Machine vibration was observed to be lower when using high pressure water; 

9 Due to the smoother and faster cutting machine, roof conditions were improved when 

moving through unstable ground. 

Suggested aspects that need to be invesfigated include optimizing the shearer drum with 

respect to the greater haulage rates possible; the determination of the optimum number of 

high pressure waterjet assisted picks on the clearance ring; and the manufacture of a complete 

high pressure water jet equipped machine rather than retrofitted apparatus. 

Pugh (1986) reported the intention of the then Western Area of British Coal, to install several 

longwall shearers equipped with high pressure waterjets. One reason for this is the reduced 

risk of frictional ignition it is thought these machines would offer. The friction at the 

pick/mineral interface creates high temperatures which in certain conditions may cause an 

ignition of methane or an explosion (Kenny and Johnson, 1977; Truemann, 1985). This 

hazard may be totally eliminated provided a water jet is directed immediately behind the 

cutter pick and has sufficient power to reach the critical hot zone which causes the danger. 

This application has particular relevance to seams designated with a high ignition tem- 

perature potential (Pugh, 1986; Singhal et al, 1987). 
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Research into applying high pressure waterjets to shearers in the U. S. S. R. has been carried 

out and reports claim that the jets reduce the dust content in the air and the proportion of 

fines produced (+25mm size fraction increased by 70%) (Kouzmich and Tolchenkin, 1985). 

In summary a water jet assisted shearer potentially offers the following advantages: 

* Coarser coal and less fines which should reduce coal preparation costs and provide a 

more valuable commodity; 

e Dust reductions of as much as 80%, especially in the -5 micron respirable quartz dust; 

9 Lower bit costs and greater machine availability through reduced tool wear (fewer bit 

changes); 

9 Reduced frictional ignition hazard, particularly if the jet is impinged immediately behind 

the bit tip; 

9 No increase in water consumption over the conventional dust suppression sprays 

especially if a phasing system is utilized; 

* Less cutting vibration which should reduce maintenance costs and extend the shearer's 

lifetime; 

41 Increased rock cutting capability for mining through faults and rock bands. 

However, the major disadvantage that could outweigh the above factors is the great amount 

of energy required to provide water jet assistance, which considering the already high cost 

of a typical heavy duty longwall installation (approximately f 8m upwards), is very sig- 

nificant. 
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2.1.2 Coal Ploijpl! s 

Much of the early work with water jet assisted coal cutting was carried out on the coal plough. 

It was hoped that a jet assisted plough would be able to cut a wider web during each pass. 

Research in Poland, resulted in trials at Rymer Colliery in 1965 where excavation rates of 

250 t/hr were achieved with a jet assisted plough (Souder and Evans, 1983). 

In Germany, two experimental jet systems were investigated at the surface tesfing site of 

Bergbau-Forschung GmbH. Essen (Henkel, 1980). One was based on the Gleithobel plough 

design. The plough was assisted by a number of jets (up to 16) at 70MPa pressure. The 

resultant machine called the Hydrohobel, has undergone both surface and underground trials. 

The surface trials, in a simulated coal face, indicated that a 10% reduction in normal cutting 

forces was possible. Underground tests were conducted at Lohberg Colliery. Fig. 2.2, shows 

that an improved cutting performance was achieved with the Hydrohobel 
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Fig. 2.2 Relationship between power consumption and 
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over the conventional Gleithobel. 1- lowever, the energy requirements of the high pressure 

water system are not included in the graph and thus the results were not entirely encouraging 

(Henkel and Kraemer, 198 1). Two significant observations made were that the Hydrohobel 

produced considerably less dust and a larger particle size. 

The second system employed fewer jets but these were oscillated in the vertical plane. 

Oscillating jets at 70MPa would cut a slot in the coal for the plough to advance in to and 

prise the coal off the face. This machine, called the Jet-miner, can take a web depth of 0.3m. 

Trial results showed that dust production was reduced and the coal size was larger than that 

produced by an ordinary plough (Henkel and Kraemer, 198 1; Henkel, 1984). Problems with 

the machine were guidance difficulties; the unsatisfactory cutting of stone bands; the jet 

oscillating mechanism; and problems cutting through faults. Research into the Jet-miner is 

continuing (Wood, 1987). 

Research in the U. S. A. concentrated on the development of the Hydrominer (Summers and 

Barker, 1978; Summers, 1984). Hydrominer 1, was designed to operate in a seam 1.37m, 

high using jets at 70MPa pressure. The jets were to cut a slot and slice off the coal from the 

face. However, the stationary jets did not cut the slot sufficiently and so oscillating jets were 

employed. Surface trials indicated that the dust make was greatly reduced and the size 

distribution of the coal produced was favourable compared to that of other mining machines 

- see Table 1.1. 

2.1.3 Continuous Miners 

Continuous miners have yet to be adapted with high pressure waterjets. However, research 

is being conducted in South Africa, on applying oscillating jets at between 100 and 20OMPa. 

to these machines (Wood, 1987). 
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2.2 Co ing Theory 

The most widely accepted and documented coal cutting theory is that proposed by Evans, 

concerning his experiments on driving wedges into buttocks of coal (Evans, 1962). Fracture 

is caused by the pick creating a tensile force in the coal large enough to propagate cracks 

over a curved failure plane. Hence the breakage is tensile and the force required to cut the 

coal is proportional to its tensile strength. 

The theory has been expanded by Evans over the years to cover blunt wedges (Evans, 1965) 

and the tensile failure mechanism has been applied to rock cutting with point attack tools 

(Hurt and Evans, 198 1). Roxborough, has also successfully applied and extended the theory 

to rock cutting (Roxborough, 1973). 

Nishimatsu (1972), detailed a theory on rock cutting whereby the too] creates a 'built-up 

edge' of finely crushed rock oil its face. This crushed material generates the stresses that 

lead to crack propagation and rock failure along a failure plane. The stresses acting on the 

failure plane at the point of fracture are determined from Mohr's envelopes for the rock. 

Hence, the force required to cut the rock is proportional to its shear strength and indeed the 

rock fails under a shear force. 

The two theories differ then in the manner of failure but Nishimatsu, gives a very com- 

prehensive description of the cycle of rock cutting that accounts both for the chips produced 

and for the sizeable amount of crushed material produced. 

Other important factors relating to coal cutting and cutting efficiency are extensively covered 

elsewhere (Pomeroy and Brown, 1968; Pomeroy, 1963). These factors include pick type, 

geometry and size, depth of cut, line spacing, and cutting speed. 
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2.3 High Pressure Water. let Techno 

2.3.1 Fluid Mechanics of Waterlets 

The fluid mechanics of a water jet is governed by Bernoulli's equation relating pressure to 

jet velocity: 

P =pa+ 
pV2+p 

8 2 

Where P= Nozzle stagnation pressurr, 
Pa 

= Atmospheric pressure 

Pe = Pressure loss between pump 

exit and nozzle exit 

Density of fluid 

V= Jet velocity 

(2.1) 

At high pressures the pressure loss can be considered negligible and therefore the above 

equation reduces to: 

pv2 2P 
2p 

(2.2) 

Assuming the fluid remains virtually incompressible, the jet flow rate may be determined 

by: 

2 

=Cd-V 4 
(2.3) 
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Where Q= Jet flow rate 

Nozzle diameter 

V= Jet velocity 

Cd= Nozzle coefficient of discharge 

Also, 

Jet Power= P Cd 
nd2 

P"d 
2=Cd 7rp d 2V3 

48 
(2.4) 

Fig. 2.3, shows the structure of a high pressure water jet in air (Yanaida and Ohashi, 1980). 

One can see that the jet is initially coherent in the vicinity of the nozzle, becomes unstable 

as the distance from the nozzle increases and eventually breaks up into droplets. 
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Fig. 2.3 Jet Structure 

Infact the structure of the jet is divided into three zones: the initial region characterised by 

having a constant axial dynamic pressure; the main region which has a constant axial velocity; 

and the final region where the jet diffuses. From this we can see that the pressure of a jet 

decreases as the distance from the nozzle increases, hence the stand-off distance has an effect 

on the penetrating ability of a jet. 
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0 2.3.2 Water jet Cutting Theories 

2.3.2.1 Crow's Theol: y 

Crow (1973), developed a theory to explain the cutting action of a continuous water jet. 

Basically, the jet hits the rock at an angle and curves against the granular rock surface. 

Cavitation bubbles would cover the rock surface but the curvature of the jet stream causes 

sufficient water pressure to close the bubbles and expose the grains of the rock to direct 

impact from the water. The water pressure exerts a force acting normally on the rock grains 

which would keep the grains in their sockets if it were not for the fact that water, under 

pressure, could permeate beneath the surface of the rock and balance the forces. This allows 

frictional forces acting on the grains to remove them. 

Crow, developed an expression to predict the kerf depth and performed experiments on four 

rocks to test the theory. It was concluded that penileability was not as important as originally 

thought since rocks with large differences in permeabilities did not give the correspondingly 

large differences in jet penetrations expected. 

The theory was modified and it was suggested that penetration tests might be needed to 

determine constants for the expressions empirically. 

2.3.2.2 Rehbinder's 

Rehbinder (1977), developed a theory utilizing Darcy's law of a fluid flowing through a 

porous medium. The cutting process is by erosion rather than hydraulic fracturing and factors 

such as rock compressive strength, tensile strength, etc., do not enter the theory explicitly 

but, Rehbinder states, would be represented implicitly through the jet threshold pressure 

required to penetrate the rock. 
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To use the prediction formula one has to carry out an experiment, on the particular rock, to 

determine its threshold pressure, permeability, grain size and a constant of proportionality. 

The fact that viscosity is included in the derived expressions means the theory may be applied 

to cutting fluids in addition to water. 

2.3.2.3 Hashish - Du Plessis' 

Hashish and Du Plessis (1978), derived what is commonly called the 'General Cutting 

Equation'. The equation is based on an analysis of an idealised control volume as shown in 

Fig. 2.5. itl 

-. a- 

CONTROL 
VOLUME - 

WALL 
FIIICIION 

h 

I 

MAIEIIIAL 
FIESISTANCE 

Contf ol Volume of Jet Penetration 

irig. 2.4 illustration of Hashish - du Plessis' 
Jet Cutting lbeory (after Hashish 1981). 

The forces acting on the control surfaces are F,,,, the resistance of the material to fracture, 

and F,,, the friction force acting along the wall of the kerf. The depth of cut in a time interval 

was found by equating the momentum equation for the fluid passing through the control 

volume to their expression for the rock resistance to failure. 
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The theory predicts the depth and width of cut, volume removed and the hydraulic specific 

energy. A reference experiment has to be carried out to find certain constants for each 

material. 

2.3.2.4 Empirical Approach 

Due to the difficulty of incorporafing all of the jet parameters, operational parameters, the 

relevant rock properties into a theoretical model, and the need to carry out rock characterising 

experiments anyway, empirical equations have been developed. 

The 'Dimensionless Cutting Equation' was proposed by Nikonov (197 1), and Nikonov and 

Golden ( 1972). This is based on the Russian data for coal cutting by continuous, fine, high 

pressure water jets. The equation is: 

/I 
= 0.5 

p-0.2)( v' 
v 

Where h= Slot depth 

Nozzle diameter 

P= Jet pressure 

Unconfined compressive strength 

Traverse velocity 

V= Jet speed 

(2.5) 

Cooley (1980), used data from various researchers and suggested a modified dimensionless 

cutting equation as follows: 

h 
=B 

P 
-0.2 

(v' 

d Oc v 
(2.6) 
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Where Constant for each material 

m= Constant, equal to 0.5 for coal 

and generally between 0.5 and 

1.0 for other materials 

The equation is valid for stand-off distances less than 100 nozzle diameters. 

Kuzmich (1972) and Kuzmich et al (1982), also modified the equation for water jet rock 

cutting as below: 

hI(p )0.75 V1 )0.5 

0. I-- (2.7) 
(TC 

(v 

Ip (1986) has postulated a modified Kuzmich equation as shown below: 

h (p ? n(V, )n 
(2.8) 

d ac v 

Where B. m and n are constants for each material. 

2.3.3 Water Jet Cuttin 

The cutting action of a water jet on a material is influenced by the characteristics of the jet, 

how it is applied, and the properties of the material being cut. 
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2.3.3.1 Jet Characteristics 

The parameters that affect the cutting characteristics of a water jet are listed below: 

i) Type of Jet 

a. Continuous - this type of jet should produce an unbroken jet stream of constant pressure, 

hitting the target material. In reality due to the kinds of pumps producing thejet, the pressure 

is not constant and exerts a fluctuating force on the target. This type of jet is utilized on 

roadheading machines and shearers. 

b. Interrupted - these jets consist of a series of discrete slugs of water. As one slug hits the 

target it should have dissipated out the way of the succeeding slug, thereby avoiding the 

cushioning effect experienced in stationary continuous jets, and repeatedly subjecting the 

target to water hammer. 

c. Cavitating jets - cavitation bubbles are generated in the jet stream as it passes through the 

nozzle. The bubbles collapse as they hit the target transmitting high forces. Cavitafion jets 

have been employed in the laboratory to cut coal (Conn and Rudy, 1978). It was concluded 

that the 'Cavijet', could cut a slot to a similar depth as a non-cavitating one but requiring 

one fifth the pressure. 

d. Abrasive entrained jets - small particles of abrasive material are introduced into the jet 

usually downstream of the nozzle (thereby minimizing the wear on the nozzle). The abrasive 

elements assist the cutting action by hitting and wearing away the target material. 

Many abrasives have been tested (Baumann et al, 1986). The choice depends to a large extent 

on the hardness of the material to be cut, e. g. silica sand may not furnish the required depth 
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of cut in rock and therefore one might opt for garnet or alurninium oxide (Nakaya et al, 

1984). A five-fold increase in the penetration over continuous jets has been reported (Re- 

ichman, 1984). 

e. Pulsed jets - jets of short duration are produced at very high pressures (up to 690MPa) 

and velocities, which shatter the target by water hammer (Vallve et al, 1980). 

ii) Nozzle Material 

Nozzles are manufactured from various materials including: stainless steel; tungsten carbide; 

synthetic sapphire; or ruby (corundum). The material chosen depends to a large degree on 

the pressure of the jet. For example, at very high pressures a hard nozzle material e. g. 

Corundum, is required otherwise the nozzle will wear quickly and its efficiency seriously 

impaired. Hence, stainless steel is used for low and medium pressure applications whilst 

tungsten carbide for medium to high. However, at very high pressures, tungsten carbide 

nozzles wear rapidly due to its soft cobalt matrix. 

Corundum may be used at very high pressures since it is an extremely hard, abrasion resistant 

material. It can also suffer most chemical reagents. It has a fine surface finish, which affects 

the efficiency of a nozzle (Summers, 1983), and a precise nozzle diameter can be made. 

Consequently, ruby and sapphire are good materials to use when making small diameter 

nozzles. 

Tungsten carbide nozzles will last about 200 hours at 70MPa pressure whereas sapphire 

ones survive I (XX) 11OUrs (Kogeltuatin, 1986). 
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iii) Nozzle Design 

The effect of nozzle design is illustrated in Fig. 2.5. Five different nozzle shapes are shown 

with their corresponding performance characteristics (Leach and Walker, 1966). Nozzle (a) 

is the most efficient design which corroborates research carried out elsewhere (Shavlovsky, 

1972). The best design appears to be that shown in Fig. 2.6, with a convergence angle of 13* 

followed by a straight section of 2-4 times the nozzle diameter. Fig. 2.6a, indicates the 

influence the convergence angle has on the discharge coefficient of a nozzle (Summers, 

1984); again a small convergence angle is intimated. 

Another factor affecting jet efficiency is the straightness of the flow entering the nozzle. 

Reports claim (Summers, 1984) that by endeavouring to ensure the piping immediately 

behind the nozzle is straight and aligned with the nozzle axis for at least 100 pipe diameters, 

the nozzle efficiency can be significantly increased. 

iv) Jet Additive 

Substances such as glycerin, sodium carboxymethyl cellulose, detergent, and long chain 

water soluble polymers e. g. polyethylene (Polyox), have been used as additives in waterjets 

and their effect examined. Generally they have had a beneficial effect, making the jet more 

coherent and more powerful. For example, by adding high molecular weight polymers the 

penetration depth may be increased by 70% (Baumann and Henneke, 1980). 
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v) Nozzle Flow Rate (Diameter) and Pressure 

Expressions forjet pressure and flow rate are given below: 

v2 Rd2 
p=- and Q =Cd V (2.9) 

2p 4 

Where, P= Pressure V= Exit velocity 

Q= Flow rate Cd= Coefficient of discharge 

Fluid density 

Note that the formulae have a common factor in the jet velocity. Hence, it is difficult to 

consider these parameters separately since they are not independent of each other. 

The influence of nozzle diameter and pressure on the mean depth of penetration in a 

sub-biturninous coal are given in Fig. 2.7-8, (Evener and Tooley, 1985). The results are for 

a slow traverse speed of 0.1 nVs and low jet pressures. Fig. 2.9, illustrates penetration results 

for two bituminous coals at higherjet pressures and with a sandstone for comparison (Fowell 

and Johnson, 1984). A definite threshold pressure is only suggested for the sandstone and 

other workers have found the form of the relationship between penetration and jet pressure 

as in Fig. 2.10 (Harris and Mellor, 1974). 

2.3.3.2 ODerational Parameters 

Fig. 2.11 illustrates the main operational parameters involved with high pressure water jet 

assisted cutting. 

i) Stand-off Distance 

Fig. 2.12 indicates the relationship between stand-off distance and the depth of slot cut by 

jets of 0.3mm diameter but at different pressures in a sub-bituminous coal (Du Plessis and 
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Hashish, 1980). Fig. 2.13 suggests that at low pressures the depth of cut decreases with 

increasing stand-off distance as one would expect. However, at higher pressures the depth 

of cut increases to a maximum and then decreases as the stand-off distance is increased. 

This implies that at high pressures i. e. above 70MPa, an optimum stand-off distance for 

maximum jet penetration exists for a particular pressure. 

The jet disperses and gradually dissipates its energy as it travels further from the nozzle due 

to the viscosity of water in air. This is why the jet structure can be segregated into three 

regions as previously described; and explains why stand-off distance has an effect on its 

penetrating ability. Since pressure losses occur with stand-off distance, it is recommended 

that the stand-off distance should be no more than 100 nozzle diameters. At this distance 

the pressure of the jet is about 90% of the exit pressure. 

ii) Jet Impingement A ngle 

Two impingement angles shall be considered, as shown in Fig. 2.13. The angle 0, is measured 

in the plane perpendicular to the traverse direction. Fig. 2.14, shows the effect of 0 as it varies 

between ±45" on the jet penetration in a Japanese welded tuff (a porous volcanic rock) for 

the stand-off distance shown. 

0, is measured in the same plane to the traverse direction from the vertical. Fig. 2.15, indicates 

how the penetration changes by moving 0 between ±45*. The results have been normalized 

to the slot depth when 0=0*. Plots for the jet passing through both air and water before 

slotting the rock are shown. 

All the jets flowing through air gain a 20% increase in penetration when the jet is inclined 

10* towards the traverse direction. The slot cross-section fonned by varying 0 is given in 

Fig. 2.16, (Matsuki et al, 1988). 
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iii) Number of Passes 

Fig. 2.17, illustrates the advantage to multiple passes of the jet. The first pass gives a pen- 

etration of about 8.5mm, corresponding to energy level C. After three passes of the same 

jet at the same power, the depth has increased to 16.5mm. Another jet of the same total 

cumulative power as that expended in all three passes procures a penetration of only 10mm, 

- line A on the graph (Harris and Mellor, 1974). 

Fig. 2.18, shows the effect in coal after one then a second pass of the jet. The increase in 

penetration on the second pass is less than on the first. Two factors can account for this: the 

stand-off distance has increased reducing the pressure of the jet at the bottom of the slot; 

and the jet stream flows against the kerf wall (that has been previously cut) which subjects 

it to additional frictional resistance, thereby also reducing its pressure. 

The law of diminishing returns applies such that if more passes were made the slot depth 

would increase but at a decreasing rate. Thus the suggested maximum number of jet passes 

is five (Tecen, 1982). 

iv) Traverse Speed 

This is another extremely important factor influencing jet penetration. For stationary jets in 

rock, most penetration takes place within I Omsecs (Brook and Page, 1972). After this period 

the water and eroded debris at the bottom of the slot, in trying to escape, actually impedes 

further penetration and damping of the incoming jet stream occurs (the cushioning effect). 

Figs. 2.19-20 illustrate the effect of increasing traverse speed on penetration depth for Berea 

sandstone and Indiana limestone respectively (Harris and Mellor, 1974). Results by other 

researchers on the same rock but at a lower pressure and greater stand-off distance are shown 

in Fig. 2.21 (Kovscek et al, 1989). 
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In both cases, a rapid decrease in penetration with traverse speed is evident, followed by a 

region of more gradual decrease. One can see that the different operating conditions affect 

the form of the graphs but nevertheless, a zone of rapid decrease exists. 

A similar trend is observed in coal, Figs. 2.22-23. The exponential decay is not so pronounced 

but still there. Also, as the traverse speed approaches the cutting speeds of coal winning 

machines, the slot depth is considerably reduced. Hence the need to use high pressures and 

power to achieve what one considers a desirable penetration: and good reason to carry out 

tests in the laboratory at the same speed as one expects in the field. 

2.4 Hybrid Cu 

This section reviews what the current terminology describes as 'jet assisted cutting': the 

mechanical action of a cutting tool being assisted by an auxiliary waterjet (Hood et al, 1990). 

This is the method employed by the jet assisted tunnelling and coal cutting machines in 

British coal mines. 

2.4.1 Jet Pressure 

Research has been conducted to investigate the effect of jet pressure on pick forces and wear 

rate (lp and Fowell, 1987; MacAndrew et al, 1987). Fig. 2.24, indicates to what extent the 

mean normal force of a radial type pick may be reduced with jet assistance for several rocks. 

Fig. 2.25, suggests that tool force reductions do not continuously increase as the pressure is 

increased but reaches a maximum for a certain set of operating parameters. For the graphs 

shown, the maximum tool force reductions obtained are approximately 50% and 30% for 

the mean normal and cutting forces respectively. 

The jet pressure and other factors that obtain the maximum force reductions, correspond to 

the set of jet parameters that would give a penetration of 20%-30% of the nominal depth of 
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cut if acting as a pure water jet. Consequently, it has been postulated that the combination 

of nozzle diameter, pressure, traverse speed and others, that procures a jet penetration of 

20%-30% of the nominal depth of cut in a rock, represents the optimumjet assisted conditions 

for that rock (Fowell et al, 1986). 

Results for two bituminous coals are given in Fig. 2.26 (Fowell and Johnson, 1984). The 

results suggest some benefit from jet assistance, but the degree of benefit may be related to 

the depth of cut as well as the jet pressure. 

Another important criterion for assessing the advantage or not of jet assisted cutting is the 

tool wear rate (Morris and MacAndrew, 1986). The normal and cutting forces of a pick 

increase rapidly as the tool wears such that a wear flat of only a few millimetres can result 

in tool forces many times their initial value (Kenny and Johnson, 1976). There is a limit to 

the extent tool forces may reach before affecting a shearer's haulage speed: this mainly 

depends on the installed power. If the tool forces become too great, then the depth of cut 

taken by a cutting machine will decrease to compensate, hence the slower haulage speed. 

Therefore, if the rate at which a tool wears can be reduced then the machine will be able to 

cut for longer periods at its designed depth of cut. Also, less pick changes will occur, 

increasing the machine available time. 

Fig. 2.27, shows how the pick wear rate reduces with increasing water pressure for York 

sandstone (Barham and Buchanan, 1987). It is important to note that pick wear rate is defined 

as the increase in the normal force per metre cut. The normal force was chosen in this 

definition because that is the force component which increases most rapidly with distance 

cut and which determines the depth of cut of a pick in a given rock material. 
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2.4.2 Lead-on and Side-off (Offset) Distance 

Tool forces increase as the lead-on distance increases. It has been recommended by Fowell 

et al (1985) and Hood (1976), that the lead-on distance be kept within 1-2mm. 

The same effect is observed with side-off distance: as this is increased the tool forces increase 

and in general this parameter is maintained zero. However, these results are for hard rock 

and the present study shall deal with this factor also. 

2.4.3 Jet Position 

Three jet positions have been adopted: the jet infront of the pick; the jet passing through 

(through pick flushing); and the jet impinging behind the pick. 

Through pick flushing intuitively appeals most since the stand-off distance is reduced to a 

minimum, the jet is precisely positioned where it is considered needed and maximum cooling 

of the tip is achieved. However, the jet orifice weakens the carbide tip; the jet may be easily 

blocked; and the tools are more expensive to manufacture. For these reasons through pick 

flushing is not widely used: although considering the weak, brittle nature of coal, there is a 

good argument to apply this technique to coal cutting machines. 
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The jet-behind-tool configuration offers the advantage of immediately cooling the rock 

behind the pick which can be so hot as to cause an explosion in methane rich atmospheres. 

This method has been utilized by British Coal (Pugh, 1986). Additionally, the jets cools the 

pick tip and in some rocks the wear rate has been reduced much more than with the 

jet-before-tool position. 

Disadvantages are, the stand-off distance is usually large and the jet impinges at the same 

angle as the clearance angle of the pick. This means that when a wear flat is generated, the 

jet erodes a slot in the rock beneath the pick tip and hence does not completely relieve the 

pick from crushing events (1p, 1986). Fig. 2.28, illustrates the phenomenon diagrammatically. 

In this situation the jet does not clear the debris away as efficiently either. 

a) JET BEFORE TOOL CONFIGURAHOU 

bi JET AFTER TOOL CONFIGURAtION 

JET TOOL 

Fig. 2.28 Jet-before and jet-after tool configurations. 
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The jet-before-tool arrangement is the one most commonly employed. Hood (1976), rec- 

ornmends that the jet stream should flow parallel to and within 2mm of the tool front face. 

Since most commercial tools have rather complex and differing geometries, this proves 

impractical and the jet is made to impinge 1-2mm infront of the tool tip. Thus, in practice, 

the jet has to penetrate the rock somewhat before it can offer any assistance to the cutting 

process. The cut debris is flushed away by the jet, somefimes causing projectiles potentially 

harmful to personnel. 

In the jet-before-tool mode, the nozzle is vulnerable to damage by the ejected debris. For 

this reason the nozzle cannot be placed too close to the rock surface without being protected. 

2.4.4 Cuttimý SDeed 

Work to investigate the effect of cutting speed on the magnitude of the cutting forces has 

been conducted at various research centres. 

O'Dogherty and Burney (1963), carried out tests in two coals: Dunsil and Garw, both bit- 

urninous. The tests were purely speed trials without waterjet assistance. However, the results 

are useful and confirm other researchers results in rock. At cutting speeds of 1.02,2.03 and 

3.05m/s at depths of cut 2.5,5.0,11.6 and 14. Omm, no significant variation in the mean 

cutting force was evident in either coal. They concluded that the cutting force was practically 

proportional to the depth of cut taken, not to the cutting speed over the range examined, 

Fig. 2.29. 

A tentative explanation for this was given and was related to the speed of tensile crack 

propagation in coal. For Barnsley Hards, this speed had been estimated in excess of 500m/s 

when crushing cubes of the coal. The authors suggest therefore, that a cutting tool travelling 

at 3m/s cannot be expected to significantly modify the fracture process and hence the cutting 
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force. No results for the normal force were published. 

Fairhurst and Deliac (1986), investigated cutting speed in rock over the range 0.63 to 3. OnVs. 

They assumed, that over this range, the chip formation process depended upon the distance 

traversed by the pick rather than the speed at which it traversed. They measured the lengths 

of the rock chips created at the different cutting speeds and found them to be approximately 

constant, giving credence to their original assumption. 

They reported insignificant effect on both normal and cutting forces with cutting speed, with 

and without water jet assistance. The force reductions obtained with jet assistance over 

cutting 'dry' were small for the rocks tested and above a certain cfitical velocity, applying 

a water jet actually caused force increases. 

It could be that for brittle materials like rock and coal, the speed of fracture propagation is 

so great compared to the cutting speeds used in mining practice, that the effect of cutting 

speed on the failure mechanism can be considered negligible. 

The results of Fairhurst and Deliac, corroborated to a large degree the earlier results of Fowell 

et al (1985): although these authors reported a slight rise in the normal force with increasing 

cutting speed and suggested that this could be to the tool having to clear away the debris at 

a faster rate. 

A very thorough study on the influence of cutting speed to force values was carried out by 

MacAndrew et al (1987). The research medium was also rock: two sandstones of different 

strengths but with similar and high abrasivities. 
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The authors took a different approach and as part of their study investigated how the pick 

wear rate was affected by cutting speed. The trials were done with and without water jet 

assistance. As stated previously, the pick wear rate is defined as the increase in normal force 

per metre cut. 

Fig. 2.30, illustrates the results for Hard York sandstone. One can see that a water jet at 

IOMPa can have a great effect on the wear rate. Also, it is quite clear from these results that 

the cutting speed has a greater influence on the wear rate than waterjet pressure. The authors 

concluded that the increased wear rate caused by increasing the cutting speed, cannot 

practically be counteracted by increasing the water jet pressure. 

One criticism could be that the authors maintained the water flow rate constant at 41/min, 

and if they had increased this perhaps the cutting speed would not have been so dominant. 

However, they stress the need to consider what is realistic in they mining environment. Large 

quantities of water may so adversely affect the geological conditions that mining becomes 

quite impractical, no matter what force, wear rate, or other reductions are obtained for the 

cutting machine. 

It appears then, that varying the cutting speed over the range used on mining machinery, 

does not significantly influence the force value necessary to cut a mineral. However, the 

effect of increasing the cutting speed is to generate more heat in the tool and increase the 

rate at which a wear flat forrns. These effects may be reduced somewhat by the addition of 

a water jet immediately infront of the cutting tool: the effect being to cool the tip down and 

thereby reduce the wear rate. 

Another approach taken by Hood (Hood et al, 1990), is to determine the amount of water 

jet energy per unit length cut that gives a certain reduction in tool forces, compared to cutting 

dry at a particular cutting speed. Then, if one wants to maintain these force reductions at a 
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faster cutting speed, one should increase the jet pressure or flow rate until the same energy 

per unit length cut is provided. Fig. 2.31, illustrates Hood's evidence to support this, with 

the proviso that tests at greater cutting speeds should be conducted to confirm the initial 

findings. 
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2.4.5 The Theory of the Water. let Assisted Cutting Mechanism 

Several theories on the way a water jet assists the cutting action of a drag bit have been 

presented. All are empirically derived, being explanations of observed experimental phe- 

nomena. Since most research on hybrid cutting has been conducted in rock, the theories are 

concerned with rock cutting. 

A very thorough and systematic account of the mechanism of hybrid cutting is given by 

Fowell et al, (1986). Basically, as a drag tool cuts through a rock material a crushed zone 

forms immediately around the tool tip and is roughly cone shaped. This zone becomes 

compacted and induces a stress field in the rock which causes a large primary chip. The chip 

is saucer shaped. Its depth depends on the tip geometry and the depth of cut taken but is less 

than the nominal depth of cut of the tool. This means that the tip has to pass through the 

remaining rock (perhaps only a few millimetres deep). Hence the tool crushes this rock and 

gradually as the depth of cut increases the crushed zone forms again around the pick tip. 

Secondary chipping (not as extensive as a primary chip) occurs to relieve the stress field in 

the crushed zone. Eventually, the depth of cut is deep again and the force generated by the 

now compacted crushed zone forms a large primary chip and the cycle continues. The crushed 

zone effectively acts as the cutting edge of the tool. As the tool wears, more crushing takes 

place around the tool tip which requires larger tool forces to compact and generate the 

necessary stress field to initiate chip fracture. 

If a weak jet is directed at the pick during the cutting cycle and cannot penetrate the rock, 

then effectively the above mechanism is unaltered. As the jet power is increased, the jet 

penetrates the rock and offers some relief to the tool tip during the crushing phase and less 

force is needed for this operation. If the jet penetration continues and disturbs the crushed 
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zone around the tip, then chipping events are affected (since the crushed zone acts as the 

cutting edge) and the tool merely crushes the rock with small chipping apparent: the tool is 

essentially making a groove through which to pass rather than creating large chips. 

The authors conclude that optimum jet penetration would be that which did not affect the 

crushed zone but nevertheless reduced crushing. In this way efficient chipping would occur 

and unnecessary, energy consuming crushing and profiling would be minimised. This holds 

true for both sharp and blunt picks since the authors found optimal jet assistance in both 

cases. Other factors are proposed by which the cutting process is helped: cooling of the tool; 

reduced friction between the tool and the rock; and in debris clearance. 

Fairhurst and Deliac (1986), propose that the cutting process consists of cyclic crushing of 

small chips, followed by increasing pick penetration and ultimate failure of 'large' chips. 

The jet helps in debris removal, reduces the tool wear and cools the tool down. A critical 

velocity is postulated above which the jet may increase the tool forces. This could be due 

to the jet not having the required power to penetrate the rock at this speed and actually 

holding the chips down. The critical velocity decreases with increasing rock strength and 

increases with greater jet power. 

Wang and Wolgamott (1978), state that mechanically created cracks form under the pick 

which are filled and opened by high pressure water. In this way the jets assist the mechanical 

fracture process initiated by the pick: Hence less force needs to be applied on the rock by 

the tool to complete the process. The point is made that the pressure required to open the 

cracks is much less than that for kerfing. Thus, low pressures, around half the compressive 

strength of the rock, should be used. 
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Dubugnon, postulates that the action of the jet is to remove the crushed material underneath 

the cutting zone enter and weaken the dilated material ahead of the tool and extend the 

fractures made by the tool. 

Hood et al (1990) suggest that with the jet aimed parallel to the front face of the pick i. e. at 

the rake angle, and as close as possible to it (within 2mm), and having sufficient power to 

penetrate and remove the crushed compacted material around the pick, significant benefit 

should be obtained. Cracks propagated by the tool are entered by high pressure water and 

assist in the fracture. 

The crushed rock around the tool is postulated to act as a cushion between the tool and rock. 

Hence to generate the force necessary to induce fracture, energy is wasted in compressing 

the fine, crushed material. By removing this, the tool can apply a direct, undamped force to 

the rock and cause failure at a lower force level in the pick. 

To support this idea Hood, quotes the concept of the 'coefficient of cutting friction', defined 

as the ratio of the cutting to the normal force. He states that this ratio is seen to increase 

when force reductions due to jet assistance are procured, and suggests that the friction 

between the tool and rock is therefore actually increased by jet assistance. 

MacAndrew et al (1987), report that a jet assists the cutting process in two ways. The first 

is in harmony with Fowell et al (1985), for sharp tools at slow cutting speeds. The second 

is to hard rocks where any benefit is derived from the cooling of the pick. 

Emphasis is placed on the roll of the cutting speed and the degree to which the jet can cool 

the pick tip. As a pick cuts through a rock, the cobalt in the tungsten carbide matrix leaches 

down to form a hard layer that resists abrasive wear of the tool. As the heat generated in the 
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tool increases, particularly at fast cutting speeds, the carbide softens and the hard layer is 

abraded away. This continues and the wear flat gradually enlarges causing both the cutting 

and normal force components to increase considerably. Eventually the too] has to be replaced. 

A water jet with enough power to constantly cool the carbide tip and thereby maintain the 

hard cobalt layer, reduces the rate at which the wear flat forms and hence the rate the forces 

increase. The tools last longer, which is the benefit most sought after from the viewpoint of 

the authors. 

If the cutting speed is such that the water jet cannot penetrate the rock and adequately cool 

the carbide insert, then jet assistance is of no practical use: indeed, the tool may be subjected 

to alternate cooling and heating which leads to its ultimate catastrophic failure due to thermal 

stresses being induced in the insert. Therefore the authors also suggest the concept of a 

critical cutting velocity for a particular rock, above which no practical benefit may be 

obtained from jet assistance. 

Mazurkiewwicz and Summers (1986), present a theory on coal. A cutting tool is said to 

crush the coal and form a zone of fine material which 'acts as a plastic shield' to the surface 

the tool is cutting in to. High forces are then needed to cut the coal and a large proportion 

of fines is produced. 

The existence of bedding and cleat planes is extended to a microscopic level and with jet 

assistance, the water penetrates into the material along cracks and any crushed and free coal 

is immediately flushed away from the impact zone. Cracks, bedding and cleat planes are 

extended by the high pressure water until they meet and form free particles from the coal 

mass. 
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3 OBJECTIVES OF RESEARCH PROGRAMME AND EXPERIz 

MENTAL DESIGN 

3.1 Intri-mitiction 

Research into high pressure waterjet assisted cutting has been quite extensive, but not entirely 

conclusive, over the past decade. The majority of the work has been directed to rock cutting 

and its application to tunnelling machines, and the benefits claimed are well documented in 

the literature. 

Fundamental research into assisted coal cutting though has lagged behind and this research 

project is an attempt to bridge the gap. The programme below details the experiment con- 

ducted in the Mining Department of the University of Newcastle upon Tyne. In addition to 

this programme the analysis of the results of a parallel study in jet assisted coal cutting were 

performed in the Department and are included in this volume but covered in a separate 

section. 

3.2 Objectives 

The objectives of the project are stated below: 

e To ascertain whether high pressure water jet assisted coal cutting reduces the proportion 

of fine coal produced, and to what extent, as compared to unassisted trials; 

9 To examine the effect of sharp and blunt picks on cutting performance with jet assistance; 

o To assess the influence of cleat direction on cutting performance, product size and 

breakout pattern with jet assistance; 

* To investigate the effect of coal strength on the effectiveness of high pressure water jet 

assisted cutting. 
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3.3 Research Programme 

The table below lists the variables or factors that affect jet assisted cutting. The level at 

which each factor was tested in this experiment are also indicated, together with their values. 

Factor Level Value 

A) kd 

1. Jet pressure 4 0,35,70,105MPa 
2. Nozzle Diameter 4 0,0.62,0.75,0.82mm 

3. Nozzle Design I M. R. D. E. 

4. Nozzle Material 2 Tungsten Carbide/Brass 

5. Additive I No Additive 

6. Jet Type I Continuous 

7. Jet Fluid I Water 

B) Operational 

8. Stand-off Distance I 75mm 
9. Lead Distance I 1-2mm 

10. Jet Position I Infront of pick 
11. Side-off Distance I Zero 
12. Number of Passes I One 

13. Cutting Mode I Relieved 

14. Depth of Cut I 30mm 

15. Line Spacing I 70mm 

16. Traverse Speed 1 1.1 m/s 
17. Tool Type I 75mm radial with HW tip 
18. Tool Wear 2 Sharp/Blunt 

19. Offset Angle (Skew) I Zero 

20. Cutting w. r. t Cleat 2 Para] lei/Perpendicular 

C) 
-Cim-1 

21. Coal Type 2 Bituminous/Anthracite 

Table 3.1 
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The number of possible variable combinations is quite staggering and consequently a very 

selective programme was chosen. Obviously jet pressure and waterflowrate are fundamental 

parameters in assessing the effectiveness of water jet assisted cutting and these two factors 

were varied. They were varied such that the power quadrupled as the pressure and flow rate 

doubled. Hence a wide range of jet powers are represented by these two parameters. The jet 

position and lead distance were fixed at what is considered as the optimum position forjet 

assistance. The depth of cut and line spacing are typical values of those used in the field. 

The state of bluntness of a cutting tool influences the forces it requires to cut a mineral and 

so this was of interest too. 

More pertinent to coal mining than to rock cutting is the influence on the product size of jet 

assistance and therefore the debris was collected after each treatment and a size analysis 

carried out. The cost of reclaiming fine coal via froth flotation is twice as much as washing 

the larger fractions from the run of mine. Thus the size analysis was a major part of the 

experiment since this would indicate if jet assistance significantly reduced the fine coal 

fraction. 

3.3.1 General Test Procedure 

All the coal blocks were mounted such that the cutting pick cut through the bedding planes. 

This was maintained even when the cleat orientation was changed. 

The nozzle was positioned infront of the pick so that the jet could impinge 1-2mm, ahead of 

the tip. Due to the geometry of the tip the jet had to be inclined from the vertical about 12.5* 

to achieve this specification. The Wimet 75mm radial pick was used which is commonly 

employed on coal shearers although larger extra heavy duty 100mm reach picks are now 

being introduced. 
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A cutting speed of 1.1 nVs, the fastest presently available on the linear rig, was adopted 

throughout the tests. This was to approach as near as possible the actual cutting speeds of 

coal winning machines which are in the region of 3-4m/s. 

All the tests were conducted with a relieved cutting pattern to model the actual mining 

situation where this is the case. The depth of cut was 30mm and the line spacing was 70mm, 

giving a line spacing to depth of cut ratio of 2.33. Fig 3.1 illustrates the general operational 

configuraflon of the experiment together with a diagram of the relieved cutting pattern. 

One can see from the diagram that the depth of cut is a nominal figure. Line three would 

form the actual cuts taken in the experiment since in practice a pick would rarely cut into a 

level surface: the surface would depend upon the breakout characteristics of the particular 

mineral. Hence the coal surface had to be conditioned before a set of tests were conducted. 

For example, the coal was cut with a sharp tool and a 35MPa pressure water jet. The loose 

coal was cleared away and then on the freshly prepared surface the actual recorded tests 

were performed with a sharp tool assisted with the 35MPa pressure waterjet. This was done 

to ensure that the breakout profile from the previous treatment did not affect the results of 

the following one. The breakout angle in the diagram is chosen purely for illustrative pur- 

poses. 

As the jet pressure was increased so was the flow rate. The following combinations were 

used: 35,70,105MPa at 4,8,121/min respectively. 

53 



Operational--Confiquration 

Pitk 
Rea h 

Coz 
Leact i)lstance i-2mm 

Relieved Cuttinq Pattern 

Coal Surface 

Depth 
C\ ut f ut oC 

30mm 

'3 

Fig. 3.1 

t- 
I-Line Spaciný 

70mm 



3.3.2 Experimental Design 

The parameters to assess the effect of coal strength are given in the table below. 

Factor Level Value 

1. Jet pressure 4 0,35,70,105MPa 

2. Nozzle Diameter 4 0,0.62,0.75,0.82mm 

3. Tool Type I 75mm radial 

4. Tool Wear 2 Sharp/Blunt 

5. Cutting w. r. t Cleat I Parallel to main cleat 

6. CoalType 2 Bituminous/Anthracite 

Table 3.2 

The table describes a4x2x2 full factorial experiment, the nozzle diameters change with 

the jet pressure and are thus not considered as an independent factor. During this experiment 

the pick forces, product size and breakout pattern were recorded. 

The influence of cleat orientation was investigated in the stronger anthracite coal. The 

extreme situations were examined with the tool cutting along the main cleat i. e. 0* or parallel 

to it, and then with the coal block rotated through 90* so that the tool was cutting at 90* or 

perpendicular to it. However, in both cases the pick still cut through the bedding planes. Fig 

3.3 clarifies how the bedding planes and major cleat are related to the cutting direction. 

Table 3.3 below fon-nally describes the experiment. The table represents a4x2x2 full 

factorial design. As before the jet pressures and flow rates are considered as one factor. The 

pick forces, product size and breakout pattern were the measured parameters. 
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Factor Level Value 

1. Jet pressure 4 0,35,70,105MPa 

2. Nozzle Diameter 4 0,0.62,0.75,0.82mm 

3. ToolType I 75mm radial 

4. Tool Wear 2 Sharp/Blunt 

5. Cutting w. r. t Cleat 2 0*/90" to main cleat 

6. CoalType I Anthracite 

Table 3.3 

3.3.3 Replication and Randomization 

Due to the heterogeniety and anisotropy of the coal, the treatments were repeated as many 

times as the amount of test material would allow. This would minimize the experimental 

and standard errors of the results. The minimum number of replications for a treatment was 

five and the maximum was eleven. The average for the whole experiment was seven 

replications per treatment. 

The treatments were carried out in a limited random order which was determined by the use 

of nine figure random number tables. The order was limited in the sense that all the repli- 

cations for each treatment were carried out successively. Also, cuts with the sharp and blunt 

tools at the same water pressure followed one another. 

3.3.4.1et Pen tration Tests 

Trials were undertaken to assess the penetrating abilities of the respective jets in the different 

coals. The table below describes the levels of the factors in the experiment. 
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Factor Uvel Value 

1. Jet pressure 4 35,52.5,70,105MPa 

2. Nozzle Diameter 3 0.62,0.75,0.82mm 

3. Cutting w. r. t Cleat 2 0*/90* to main cleat 

4. CoalType 2 Bituminous/Anthracite 

5. Traverse Speed 4 0.24,0.64,0.9,1.1 m/s 

Table 3.4 

The coal surface was first levelled by closely spaced shallow cuts in each coal block. The 

tool was set at a depth of cut of 30mm and then taken out of its holder, this meant that the 

jet was operating under the same conditions as the cutting tests apart from the levelled 

surface. The jet pressure and diameter were varied in the same combination as the cutting 

tests and so are considered as one factor viz. jet power. The 0.62mm diameter nozzle was 

combined with pressures at 35MPa and 52.5MPa, which was an addition to the coal cutting 

situation. 

3.3.5 Statistical An 

The statistical analysis is described as the results are presented. The factorial design is quite 

common and thus software was available on the University Mainframe computer to double 

check the analysis outlined in the text. Since the number of replications for each treatment 

varied, according to the amount of coal available, the analysis was complicated slightly and 

computer verification proved invaluable. Programmes utilized for the analysis were 'Glim 

3' and 'SPSSx'. 
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CHAPTER FOUR 



4 THE NEWCASTLE WATERJET RESEARCH FAC 

INSTRUMENTATION, PATA ACQUISITION AND ANALYSIS 

4.1 Introduction 

The experimental apparatus is a 50 tonne rock planing machine designed by the Design Unit, 

University of Newcastle upon Tyne. The basic equipment has been modified over successive 

research projects to meet particular specifications required from time to time. It can 

accommodate both disc cutters or drag picks, with or without waterjet assistance. 

Two Presswell 'Hydraflo' high pressure water pumps are available to the rig affording a 

wide range of pressures and flow rates. The jets may be positioned infront of or behind the 

drag tool. Lead-on and offset distances may also be varied. 

The main structure is shown diagrammatically in Fig. 4.1. 

4.2 Linear Cutting Ria i. 

The linear cutting rig comprises the following components. 

4,2.1 Frame Structure 

The base of the structure is rectangular and consists of four substantial rectangular pieces 

attached by 36,32mm diameter bolts. The base provides tracks for a specimen table to 

traverse along. Two large columns are welded to the base and support the guides for the 

cutter guide assembly to follow whilst ascending or descending. Two smaller vertical col- 

umns, also having guides for the cutter slide assembly, have been bolted onto the base 

opposite the main columns. These have been added to ensure the cutter slider assembly 

travels in the vertical plane and to make the whole structure more rigid. A large cylindrical 

beam is bolted inbetween the two main vertical columns at the top, to provide longitudinal 
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A. Structure base. 

13. Specimen table. 

C. Cylindrical strengthening beam of slide assembly. 

D. Slide bed. 

E. Cutter slider. 

F. Support frame for the hydraulic ram. 

G. Guides for the whole slide assembly. 

H. Vertical stiffeners (clamps). 

1. Clamp hydraulic power pack. 

I Hydraulic cylinder (pipework not shown). 

K. Dynamometer, toolholder and cutting tool. 

L. Cylindrical strengthening beam for the main structure. 

M. Coal specimen. 
Fig. 4.1 
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rigidity to the system. 

The whole apparatus rests on a concrete floor. It is levelled to prevent it deforming under 

its own weight and the vibrations attendant to cutting. A level machine also means that a 

plane, level surface may readily be obtained on a rock specimen if required and the depth 

of cut is maintained constant in any one test. 

The rig stands approximately 2.6m high and weighs in the region of twelve tonnes. 

4,2.2 Specimen Table 

The specimen table traverses at 340mm/min on tracks provided by the base of the main 

frame structure. It is a reinforced 50mm x 1630mm x 1070mm steel plate. A sample is 

mounted on a 25mm thick steel base plate the same size and bolted onto it around its cir- 

cumference by 24, l8mrn diameter bolts. This secures the sample rigidly to the specimen 

table. 

Spacing the cuts is achieved by traversing the table via two motor-driven screw jacks. The 

distance moved is measured from an arbitrarily set datum (e. g. the centre of the specimen 

table) by a rack and pinion operated multi-turn potentiometer to an accuracy of ±Imm. A 

d. v. m. displays the reading on the control panel. The table is stopped at either end of its 

travel by limit switches fitted 900mm apart. 

A hydraulic cylinder is incorporated in the specimen table. This may be connected to the 

main hydraulic circuit. When activated the cylinder presses against the base of the rig and 

holds the specimen table rigid during a cutting trial. This is particularly useful where large 

forces are expected. 

The largest size of specimen that may be accommodated is 1400mm x 900mm x 900mm. 
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4.2.3 Slide Assembiv 

The slide assembly consists of: a large diameter cylindrical beam; a slide bed; a cutter slider; 

a support frame for the cutting ram; and the guides to facilitate vertical movement (see 

Fig. 4.1). 

Four motor-driven screw jacks move the assembly up and down at a rate of 30mm/rnin. A 

rack and pinion activated potentiometer and digital display, indicate the height of the cutting 

tool to ±0- I mm accuracy. Again, the reference point for measuring the height is fixed 

arbitrarily by the rig operator. The screw jacks and d. v. m. height indicator are used to set 

the depth Of CLIt. 

Fig. 4.2 shows the slider. Any play in the slider due to wear can be taken-up by adjusting the 

wedge piece. A hydraulic cylinder is connected to the slider via a clevis. The ram causes 

the slider to traverse. A dynamometer is bolted onto the slider with the drag pick and water 

jet arrangement. 

The length of cut is determined by the position of two limit switches attached at either end 

of the slide bed. Slider velocity may be varied up to a maximum of I. I m/s. 

4.2,4 Vertical Stiffeners (Clamps) 

During previous cutting trials in hard rock, it was observed that the slide assembly flexed 

slightly under the high normal forces encountered. In order to reduce this vertical deflection, 

hydraulically actuated clamps have been mounted on the slide assembly which grip the 

adjacent guide columns and thereby restrict vertical displacement during a test (Fauvel, 

1981). 

Whilst engaged in a calibration, a check was made to ascertain if the vertical displacement 

could appreciably affect the depth of cut required in the coal study. 
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Initially, the relative movement between the cutter slider and the slide bed was examined. 

A dial gauge anchored on the slide bed with its pointer positioned on the slider was set up, 

Fig. 4.3. The wedge piece in the slider was loosened so the maximum displacement would 

be obtained. A vertically acting load was applied to the slider. 

At a load of 5.4kN the slider raised 0.28mm. Thereafter, up to 40kN, no further displacement 

was observed. 

A similar test was then made with the dial gauge base on the calibration plate and the pointer 

resting on the bottom edge of the toolholder, Fig. 4.3 

The load was increased to 40kN several times with the clamps both on and off. The maximum 

displacements recorded in both conditions were 0.60mm and 0.75mm respectively. 

Since the normal forces experienced in the coal cutting trials were typically below RN and 

the depth of cut was 30mm, it was concluded that at such force levels the degree of flexure 

would not affect the results. 

4.2.5 Clamping Hydraulic Sy tern 

This system is independent of the main hydraulic circuit and provides the fluid power to 

operate the vertical stiffeners at 15.1 MPa oil pressure. The electrical design of the rig does 

not allow the slide assembly to be raised or lowered whilst this hydraulic system is activated. 

The clamp power is initiated from the control panel. 

4.2.6 Main Hydratilig System 

The main hydraulic circuit is shown in Fig. 4.4. It is designed to enable the ram to extend at 

a constant speed; the maximum being 1.1 m/s. 

64 



Dial 

Calibration Arranqement 

Fig. 4.3 

65 

Not to Scale 



High Pressure Hydraulic Circuit 

Fig. 4.4 
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Kul 
1. Double acting hydraulic cylinder. 102mm Bore x 2083mm Stroke, 20.67MPa 

maximum pressure. 

2. Throttle check valve. 34.45/20.67MPa, max. reverse flow 113.751/min. 

Pressure reducing valve, 34.45MPa, with check valve 227.5 I/min. 

4. Flow Control Valve, 20.67MPa. Temperature and pressure compensated with 

reverse flow check valve. 

5. Directional control valve, solenoid pilot operated, 34.45MPa, 227.51/min. 

6. Fine throttle valve, 1/4in. B. S. P. 

7. Pressure gauge, 0-40MPa. 

8. Gas back-up bottle, 911,34.45MPa. 

9. Gas shut-off valve, 3/4in. B. S. P., 34.45MPa. 

10. Accumulator vent valve, 1/2in. B. S. P., 34.45MPa. 

11. Accumulator shut-off valve, I 1/2in. B. S. P., 34.45MPa. 

12. Hydraulic accumulator, draw-off 541. Pressure: max. 34.45MPa; min 20.67MPa. 

13. Check valve, 1/4in. B. S. P. 

14. Pressure gauge with isolating valve, 34.45MPa service pressure, 41.34MPa 

indicated. 

15. Pressure switch, 34.45MPa max, low pressure differential. 

16. Relief valve, 1/4in. B. S. P., line mounting 34.45MPa max. 8.191/min. 

17.15 micron pressure filter, 34.45MPa, 8.191/min. 

18. High pressure pump, 34.45MPa, 8.191/min. 

19. Bell-mounting housing and flexible coupling. 

20.7.5kW T. E. F. C. foot and flange mounted motor. 

21.911 hydraulic tank with sight glass, filler breather, drain-plug assembly 

and cover. 

22. Solenoid operated by-pass valve, 34.45MPa. 

23. Pressure reducing valve, 34.45MPa. 

24. Pilot operated check valve. 

25. Manually operated flow control valves. 
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Basically, a high pressure/low volume pump (18) charges two 54 litre nominal capacity 

hydro-pneumatic bladder accumulators with hydraulic oil (12). To allow a greater draw-off 

from the accumulators, a 91 litre auxiliary gas back-up bottle is connected in circuit (8). By 

this means enough oil may be stored in the accumulators to ensure that the ram travels its 

full stroke at a constant speed when they are discharged. 

A flow control valve (4) determines the ram velocity. When the directional control valve 

(5) is operated, the pneumatic energy stored in the accumulators and gas back-up bottle is 

released forcing hydraulic fluid into the ram (1) and thus extending it. The ram is double 

acting and is similarly retrieved. 

To obtain the oil flow rate required to reach a 1.1 m/s velocity, the fluid from the annulus of 

the ram is circulated via a pilot operated check valve (24) to the other side of the cylinder 

i. e. from side A to side B. 

The speed of the ram is depends upon the oil flow rate which is a function of the oil pressure. 

Therefore, provided enough fluid is available, the ram speed depends upon the oil pressure 

for any particular setting of the flow control valve. Hence, to obtain a constant velocity the 

oil pressure must be maintained constant. This is achieved by the pressure reducing valve 

(3). 

Fluid downstream of the pressure reducing valve is maintained at 20.67MPa by dumping 

excess oil to tank. To continue at this constant pressure, the accumulators must be discharging 

oil at a pressure greater than this value. 

Valves (16) and (23) safeguard against the system pressure increasing above 34.45MPa, the 

designed maximum. Pressure switch (15) automatically cuts out the high pressure pump at 

the maximum system pressure. 
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The accumulators have to be recharged for each successive cut; this takes about ten minutes. 

A low pressure/high volume gear pump (not shown in Fig. 4.4) is also part of the design. 

This pump by-passes the accumulators and directly delivers fluid to the ram. It is utilized 

to prepare specimens for a cutting regime e. g. trimming rock surfaces. 

Further details concerning the hydraulic cylinder and accumulators are given in the 

appendices. 

4.3 HiA Pressure Water System 

A 75kW Presswell Engineering Ltd. Hydraflo intensifier type pump supplies high pressure 

water up to 70MPa at a maximum flow rate of 45 litres/min. The water passes through 

stainless steel tubing and braided flexible hose to the nozzle. 

The double acting intensifier on this pump may be replaced with another unit to deliver 

water up to 207MPa at 15 litres/min if required. 

During the course of the experiment an additional Presswell Hydraflo pump was acquired 

enabling tests to be performed tip to 248MPa when desired. 

A 228 litre capacity header tank was the source of water to the pump. The outlet to the tank 

must be at least 2m above the inlet to the intensifier. Both pumps can also be adapted to 

accept mains water supply. 

Since the pumps are not used continuously, a small amount of soluble oil is added to the 

water reservoir to lubricate the intensifier piston and inhibit internal corrosion. 

69 



4.4 Rig Relocation 

On commencing the project, the experimental apparatus was assembled in the Department 

of Geotechnical Engineering, university of Newcastle upon Tyne. Hence it had to be dis- 

mantled, transported and erected in the Department of Mining Engineering before actual 

testing could begin. The relocation was carried out by the technical staff of the Mining 

Department. 

Plate 4.1, shows the basic main frame structure partially assembled. The screw jacks, for 

raising and lowering the slide assembly, are clearly visible. The hydraulic cylinder is not 

connected but the cutter slider is shown in the centre of the picture. The ram attaches to the 

clevis. 

One can see how the base is bolted together and how substantial the structure is. The specimen 

table (not shown) would carry the coal sample and be situated below the cutter slider. Other 

items were added later and included: the vertical stiffeners (immediately above the screw 

jacks); two more guide columns; the ram; the specimen table screw jacks; and the power 

pack for the clamps. 

One of the high pressure pumps is shown in Plate 4.2. The 75kW motor is to the bottom 

right. To the left of this is the oil tank which masks the main swashplate oil pump behind 

it. Left again, one can see a small round stainless steel cylinder adjacent the chain hook; 

turning this alters the water pressure. On top is the intensifier unit which may be changed 

for a higher rated one. The high pressure tubing is not shown connected. 

Electrical contractors were employed to re-wire the rig. 
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Plate 4.1 Rig main frame structure. 
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4.5 Repairs and Modifications 

After the rig had been assembled, difficulties were experienced in rendering it operational 

and effort was directed to this end. 

4.5.1 Hydraulic Accumulators 

The accumulators were charged with dry, oxygen free nitrogen. Four 175bar nitrogen cyl- 

inders were discharged into the accumulators and gas back-up bottle. A severe leak occurred 

in the pneumatic pipework requiring new seals to be fitted throughout. 

Upon operating the hydraulic cylinder it became apparent that gas was being introduced into 

the hydraulic circuit giving erratic, unpredictable response. Both accumulators were dis- 

mantled. The bladders were checked for leaks by inflating them to one and a half times their 

original size and immersing in water. One bladder exhibited pin-prick holes near the gas 

valve stem and was replaced. 

Another problem occurred when a leak was observed from the fluid port assembly of one 

accumulator. It was found that the anti-extrusion ring had split. A replacement was obtained 

and fitted. 

Details and diagrams of the accumulators are given in the appendices. 

4.5.2 Hydralilic Net ork 

The solenoid operated by-pass valve (22 in Fig. 4.4) was malfunctioning: the solenoid was 

changed. 

A hair-line fracture was discovered in the outlet pipe to the low pressure pump. This was 

repaired. A valve has been fitted on the suction side of the pump so that it can be separated 

from the oil tank without losing oil. 
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A problem was experienced with the pilot operated check valve. As stated previously, this 

valve allows fluid from the annulus of the ram to circulate to the cylinder and thereby 

complement the oil flow from the accumulators as the ram extends. One observed that after 

extending the ram it was necessary to wait a few minutes before it could be retrieved. Advice 

was sought on this matter and it was suggested that the pressure acting on the pilot piston 

inside the check valve was not dissipating as quickly as desired. A modification to the 

hydraulic network proved this to be the case and resolved the situation. 

Fig. 4.5, illustrates the change made to the circuit. Ignoring valve V2 for the moment, to 

extend the ram valve VI must be open. Pressure from the inlet to the ram is diverted via VI 

to X. This operates a pilot piston that opens the check valve thereby allowing fluid to pass 

from B to A. When the ram has travelled its stroke say, the pressure in the pilot line should 

dissipate through Y to tank. This was not occurring fast enough to allow the ram to be 

immediately retrieved, even when VI was closed. Therefore, valve V2 was added which 

could be opened at the end of the ram's stroke and instantly reduce the pressure acting on 

the pilot piston. This resolved the problem. 

To help purge the system additional bleed points were made on the pipework to the hydraulic 

cylinder. 

4.5.3 Electrical Factors 

Before it was relocated the controls for the fig and the high pressure pump were on separate 

electrical control panels. Therefore these were all transferred on the same panel to make 

operation easier. An emergency stop button was added to isolate all power to the apparatus 

when needful. 
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A few electrical faults were rectified: The pressure switch on one of the high pressure pumps 

had been connected incorrectly; the servo unloader valve was not being supplied at 240V 

ac but at II OV; and the Department electrical engineer installed a neutral line to the three 

phase power supply. 

4.6 Preparation and Mounting of Coal Samples 

Previous coal cutting tests conducted in the Mining Department at Newcastle have shown 

that it is essential to cast the coal specimen in a supporting medium before cutting it, otherwise 

the coal is liable to break up and split along the bedding or cleat planes. This is particularly 

pertinent to high pressure water jet assisted cutting. Therefore all the coal samples were cast 

in pitch before the cutting trials began. 

One bituminous and two anthracite coal samples were trimmed to the correct size and 

mounted on a 1630mm, x 1070mm x 25mm steel base plate, Plate 4.3. Each block was raised 

25mm above the plate's surface to allow molten pitch to flow underneath it during casting 

and firmly secure it to the plate. Fig. 4.6, illustrates the wooden formwork used in casting 

the coal; the sides were coated with aluminium foil to prevent the pitch adhering to the 

plywood. 

A 68 litre propane gas heated tar boiler was hired and the casting performed by the Department 

Technicians and the author. Plate 4.4, shows the final product bolted onto the specimen 

table. The channel section clamp inhibited large slabs of pitch breaking off at the end of a 

cut. 

4.7 Nozzle D 

The nozzles used were to M. R. D. E. /N. C. B. design, Fig. 4.7. One set of nozzles were made 

in tungsten carbide and another in brass. 
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Pla-ce- 4.4 Prepared coal sample on the ri-q. 
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The brass nozzles were manufactured in the Department workshop. A problem was in 

achieving the 30" convergence angle. A 45* angle could be obtained by grinding down the 

tip of a standard drill bit of the correct diameter. However, if the tip is ground further, one 

also gfinds off the cutting edge rendering the bit useless. Therefore, the Department 

Technicians machined a special cutting tool which produced the required 30* angle. 

4.8 Cutting Too] 

Wimet 75mm radial cutting tools with HP tips were used throughout the experiment: typical 

of the kind that equip underground coal cutting machines. 

Fig. 4.8, shows the specification of the artificial wear flat generated to make the blunt tool. 

The tool was prepared in a grinding machine. 

Any protruding solder around the tungsten carbide insert was filed down so each tool 

presented the same cross-sectional area to the coal and would not be a factor influencing the 

force readings when a tool change was undertaken. 

4.9.1et Mounfing 

The jet was mounted infront of the cutting tool at a 2mm lead distance. The lead distance 

was set by running the water pump at a low pressure e. g. 7- 1 OMPa, such that the jet stream 

did not curve under gravity due to its inclination and fixing the nozzle in the correct position. 

4.10 Debris Collection 

The dynamometers and jet mountings were shrouded to prevent the coal debris scattering 

off the coal block and being lost. Wooden guards were erected at the back and sides of the 

rig to ensure all the coal was available for collection after a series of cuts. 
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Before the coal debris was removed from the surface of the coal block it was allowed to dry. 

The large size could be cleared off by dustpan and brush. The smaller particles were vac- 

uumed into an industrial wet and dry vacuum cleaner. The immediate floor space and 

underneath the specimen table were checked for coal particles that may have escaped the 

shrouding or fallen off the coal block. 

The samples were emptied into plastic sacks. These were labelled and sealed so no extraneous 

material could be unwittingly added. 

4.11 Coal Size Determination 

A major part of the experiment was to determine the size distribution of the cut product. 

4.11 1 Sieves, Sample Divider and Sieve Vibrator 

Five 450mm diameter round hole laboratory test sieves, a collection pan and lid were pur- 

chased from Christison Scientific Equipment Limited. The nominal aperture sizes were 

50mm, 28mm, 12.5ffim, 6.3mm and 3.15mm. 

All the sieves were manufactured to conform with B. S. 410 'Test Sieves, and were delivered 

with a test certificate. They were made from perforated tinned steel plate except the 3.15mm 

hole sized one which was produced from brass. 

The -3.15mm coal was sieved into two further fractions: 3.15 - 0.5mm and -0.5mm. The 

-0.5mm coal is classed as fine coal. 200mm diameter wire mesh sieves were used to carry 

out this stage of the analysis. They also complied with B. S. 410. 
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4.11.2 Sieve Analysis 

The coal was sieved using the 450mm diameter round hole sieves into the following size 

fractions: 

+50 

50-28 

28- 12.5 

12.5-6.3 

6.3-3.15 

-3.15 

The amount of charge was limited to guarantee efficient sieving. A small plastic container 

proved useful for measuring the charge. Its dimensions were 190mm x 160mm x 160mm, 

giving a volume of 4864cm'. 

The maximum volume of material that could be placed on any sieve was taken as the 

cross-sectional area of the sieve multiplied by twice the sieve aperture size. The table below 

illustrates the maximum charge volume for each of the 450mm diameter sieves. 

Nominal Aperture Volume of 
Size Charge 

(mm) (cm') 

50 15904 
28 8906 

12.5 3976 

6.3 2004 

3.15 1002 

Table 4.1 
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The container ensured the charge satisfied the above conditions. 

The coal particles were individually presented to the orifices in the 50mm, 28mm and 12.5mm 

hole sieves. Charge remaining on the 6.3mm and 3-15mm sieves was hand sieved for four 

minutes, shaking the sieves to and fro horizontally at a rate of about 120 times per minute 

and amplitude 70mm. Every twenty seconds the sieves were given a circular movement to 

enhance sieving efficiency. When the 6.3mm sieve was emptied the 3.15mm one was further 

sieved for one minute to ensure a good end point. A start/stop clock timed the operation. 

The charge and each fraction was weighed on a Mettler PE II electronic balance to the nearest 

0.1 

An electric sieve shaker was adapted to accept the 450mm diameter sieves but its motion 

was considered too violent for the coal, especially the bituminous coal, and it was feared it 

would cause degradation of the coal and influence the results; hence it was not utilized. 

Since a 0.5mm nominal aperture size sieve could not be obtained in the 450mm diameter 

size, the -3.15mm size coal was sieved on 2(X)n1m diameter test sieves. These sieves take a 

smaller charge and so a representative sample from the -3.15mm fraction was procured via 

a Pascall Engineering Co. Ltd. rotary divider. 

The charge was weighed to the nearest 0.0 1g on an Oertling R20 balance and was maintained 

approximately 50g - 55g, for each analysis. It was machine sieved for 20 minutes on a Fritsch 

'Analysette' sieve shaker, followed by a final one minute hand sieve before the respective 

over- and undersize were weighed on the Oertling balance; again to the nearest 0.01g. The 

quantity of the -3.15mm fraction sieved as the representative sample depended upon the 

total amount in the fraction, but typically between 500g - 1200g were sieved to estimate the 

3.15 - 0.5 and -0.5mm fractions. A certain amount of loss occurred during the sievfng and 

this was recorded with the results. 
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Plates 4.5,4.6 and 4.7 show the large sieves, the sample divider and the small sieve on the 

vibrator, respectively. 

4.12 Force Measurement 

Force determination was achieved by a four post strain-gauged dynamometer. Two designs 

of dynamometer were actually utilized during the course of the experiment. 

The dynamometer automatically resolves the force required to cut the coal into three ort- 

hogonal components: normal (vertical); cutting (horizontal); and sideway (lateral). Each 

component is measured by a full Wheatstone bridge. The strain gauges for each bridge are 

strategically placed so as to strain only when the force acts in a certain direction. Thus, if a 

pure vertical force is applied to the dynamometer only the normal force bridge would 

unbalance and indicate the force magnitude. Interaction between bridges may take place 

however depending upon the design of the dynamometer. 

4.12.1 Steel Dynamo meter, Signal Conditioning and Calibration 

This dynamometer was originally used. Its design is described in Allington's Thesis (1969) 

and has been successfully applied in a number of research projects. It is equipped with 24 

strain gauges, eight in each bfidge, distfibuted about four pillars. The pillars support a central 

plate to which the cutting tool is attached through a toolholder. The surrounding body bolts 

on to a backplate and to the cutter slider. 

The dynamometer had to be protected by a thin sheet-metal casing since the coal particles 

proved very sharp and at one point cut through the original metallic tape that was protecting 

the strain gauges, disconnecting a wire from the sideway component bridge. This was 

repaired and no problems were thereafter encountered. 
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Plate 4.5 450irtin d4 iaineter round hole sieves. 

Plate 4.6 St-Anple divider. 
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Thom EMI SE 4300 Carrier Amplifiers energised the bridges and the signals were stored 

on a tape recorder before analysis. 

The general arrangement for calibrating the normal force is shown in Fig-4-9. The load was 

increased up to a maximum of 20kN for the normal and cutting components and 6kN for 

(fie sideway component. Voltage readings from the dynamometer were recorded at prede- 

termined force values; these being indicated by a calibrated load cell and P-3500 Vishay 

strain indicator. The tape recorder was played back through an A/D converter on to an IBM 

PC XT computer. Data was transferred from the PC on to Newcastle University's Mainframe 

computer and the calibration curves plotted as in Figs. 4.10,4.11, and 4.12. As one can see, 

there is significant interaction between the normal and cutting force bridges. 

Fig. 4.9 helps to explain the reason for the interaction: Since the tool tip is quite forward of 

the dynamometer's centre line, a moment as well as the normal force is acting which if too 

large causes the interaction. This was anticipated and 12mm of the tool shank was removed 

to bring the tool nearer the centre line and reduce the moment, but due to the pick design 

the interaction was still evident. 

The equations of the curves were calculated and the effect of the interaction was subtracted 

from the raw data mathematically in order to correct the force readings. An alternate 

dynamometer became available and this was subsequently used. 

4.12.2 Dynamometer. Signal Conditioning and Calibration 

A diagram of the calibration arrangement with the alternative four post dynamometer is 

given previously in Fig. 4.3. A base attaches the dynamometer to the slider. Four rectangular 

pillars, connected to the base, support another plate to which the toolholder is bolted. It 
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measures force in three mutually perpendicular planes, as before, and is fitted with 96 strain 

gauges i. e. 32 in each bridge. It has been used successfully in both coal and rock cutting 

research experiments (personal communication, HQTD, British Coal). 

The horizontal ofientation of the dynamometer allows the tool tip to be positioned exactly 

in the centre line and thereby not cause the prohlern encountered in the previous design. 

This dynamometer was also protected by a thin metal casing. 

Bryans Southern Instruments Ltd. dc bridge amplifiers energised each bridge at 15V dc and 

amplified the signal tip to a maximum of I OV for a 20kN load. The calibration was performed 

as previously stated and the curves produced as in Figs. 4.13,4.14, and 4.15. These curves 

illustrate negligible interaction between bridges and this dynamometer was used to complete 

the experiment. 

4.12.3 Data A 

AnalOgUe signals from the tape recorder were passed through an A/D converter and stored 

on floppy disk by an IBM PC. The data was transferred to the Mainframe computer and 

analysed by two FORTRAN 77 programmes; listings of which are included in the appendices. 

Since the coal was surrounded by pitch, not all of the analogue signal could be used to 

calculate the cutting forces. The areas of pitch had to be discounted. Fig. 4.16, illustrates 

regions termed cut(l) and cut(2) which were used by the programmes to determine the cutting 

forces; the lengths called tar(l), tar(2) and tar(3) were ignored and included the areas of 

pitch. After clearing the coal from the block the lengths cut in pitch and coal were measured 

and the programmes calculated cut(l) and cut(2) from this data. The sampling rate of the 

A/D converter allowed force readings to be taken approximately every 0.5mm. 
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The mean forces are taken as the average over both cut(l) and cut(2). The mean peak are 

the 95 percentiles over both blocks. The mean and mean peak forces in each individual 

region cut(l) and cut(2) were also calculated. 

4,133 Watv-rjtt Pressilre Measurement 

4.13.1 Instrumentation 

Waterjet pressure was monitored by an Intersonde Ltd. diaphragm type pressure transducer, 

with a range up to 20OMPa. The transducer power supply and signal conditioning units were 

Intersonde K2020 and K3020 modules respectively. 

The pressure was measured about 2m from the nozzle exit at a t-piece in the stainless steel 

piping so that the transducer would not be damaged. 

4.13.2 Calibration 

A calibration certificate was supplied from the manufacturers and allowed quick calibration 

without recourse to a dead weight pressure tester. 

A switch on the power supply module connects an internal calibration resistor across one 

arm of the transducer bridge. From the calibration certificate, this produces an imbalance 

of 75.94% of the full scale voltage output. In this state, the bridge voltage may be adjusted 

such that at a pressure of 20OMPa a voltage output of 20OOmV is obtained. Therefore, a 

d. v. m. can be used to directly indicate the water pressure. 

The water pressure from the intensifier was observed to vary due to its reciprocating motion, 

hence an average pressure was set for the tests by the aid of a programmable digital voltmeter. 
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4.14 Nozzle Diameter 

Tests were undertaken to determine the nozzle diameters for the project. An approximate 

value of the coefficient of discharge of the M. R. D. E. design of nozzle was required. Two 

nozzles were available with 0.92mm and 1.21mm diameters, and the flow rates for these 

nozzles were measured over a range of pressures. 

The jet was allowed to discharge in to a large bucket for 0.5 to 4 minutes depending on the 

pressure. A steel pipe with a bend in, was screwed in to the nozzle casing to dissipate the 

jet energy and allow the water to be collected without excessive splashing. From this the 

flow rates could be calculated. 

The coefficient of discharge is defined as the actual flow rate divided by the theoretical flow 

rate. Values between 0.833 to 0.866 were obtained for the discharge coefficients of the jets. 

An examination of the flow rates and pressures indicated that the nozzles needed would all 

be less than 0.92mm in diameter. 

Other researchers values were consulted as a comparison. Ip (1986) reports values ranging 

from 0.817 to 0.841 for jet diameters 0.60mm and 0.90mm. These were for nozzles with a 

45* convergence angle. Tecen (1982) gives figures of 0.80 to 0.82 for nozzles of 0.6mm and 

1.1 mm diameter and convergence angle 13 *. 

The relationship between nozzle diameter d, flow rate Q, pressure P, density p, and coefficient 

of discharge Cd, i s, 

0.5 

d 
Rcjpo-l 

(4.1) 

If the flow rate Q, is in litres/min, the pressure P, in MPa, the water density constant at 

IO'kglm' at these pressures, then the nozzle diameter is determined from the equation: 
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0.4745Q 
0.5 

d=I 
CIpo. s 

I 

1. Taking Q=4 I/min, P= 35MPa. 

a. For Cd = 0-800 d=0.63mm 

b. For Cd= 0.817 d=0.63mm 

c. For Cj = 0.833 d=0.62mm 

d. For Cj = 0.866 d=0.61mm 

2. Taking Q=8 I/min, P= 70MPa. 

a. For Cd= 0.800 d=0.75mm 

b. For Cd= 0.817 d=0.75mm 

c. For Cj = 0.833 d=0.74mm 

d. For Ci = 0.866 d=0.72mm 

3. Taking Q= 12 I/min, P= 105MPa. 

a. For Cd= 0.800 d=0.83mm 

b. For Cd= 0.817 d=0.82mm 

c. For Cd= 0.833 d=0.82mm 

d. For C,, = 0.866 d=0.80mm 

(4.2) 

Therefore nozzle diameters of the order shown above were sought. The actual diameters 

were determined by the drill sizes which were available to produce the orifice. Actual 

diameters were 0.62mm, 0.75mm and 0.82mm for the respective flow rates and pressures. 
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An examination of the possible errors associated with the nozzle diameter and coefficient 

of discharge was undertaken. Rearranging the previous equation: 

Cdd 2p 0,5 

(4.3) 
0.4745 

If a change 8Q is brought about by changes 8C, 8d and 8P then, 

8Q =. 
ýQ- 8c d+ýQ 8d +ýQ 8P (4.4) ac, j Dd ap 

Hence, 

6Q 
= 

8ci 
+2 

M+I 8p 
(4.5) 

Q Cd d 2P 

Taking an error range in Cj as ±0.03 from an average of 0.850, and in d as ±0.02mm then, 

1. For Q=4 I/min, P= 35MPa and d=0.62mm, 

5Q 0.03 
±2x0.02 ±0.10 

Q 0.85 0.62 

5Q = ±O. 10 x4= +-+0.40 Vmin 

2. For Q=8 I/min, P= 70MPa and d=0.75mm, 

K=+0.03 
+2x 

0.02 
= ±0.09 

Q -0.85- 0.75 

8Q = ±0.09 x8= ±0.72 I/min 

99 



3. For Q= 12 Urnin, P= 105MPa and d=0.82mm, 

K=0.03 
+2x0.02 = ±0.08 

Q 0.85- 0.82 

8Q = +-0.08 x 12 = ±0.96 I/min 

The pressure error is ignored since the jet pressure could easily be set to within 0.5MPa of 

the required value and thus the error would be small. Therefore, these are the maximum 

combined errors in the flow rate (8% to 10%) expected due to the nozzle diameter and 

coefficient of discharge not being exact. 

4.15 Ram Speed Determination 

It was important that the ram speed be fixed at I. Im/s. Therefore trials were conducted to 

set the cutting speed and ensure that it was constant over the entire length of cut. 

Limit switches were attached to the cutter slider assembly such that they would be activated 

by the cutter slider as it traversed. They were connected to the start and stop terminals of a 

timer counter and placed 1.5m apart. An average speed of I. Im/s was obtained when the 

flow control valve was turned to its extreme position. 
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5. IET PENETRATION TESTS 

5.1 Introduction 

The following tests were performed to characterise the coals with respect tojet penetration. 

Jet assisted rock cutting research has shown that an optimum penetration exists for the jet 

which gives maximum enhancement to the cutting process, therefore, this aspect had to be 

invesfigated in the coal also. In the present study though one is more interested in fines 

reduction and if the penetration depth can be shown to influence this. 

As shown in the literature review, jet penetration is quite sensitive to traverse velocity. The 

maximurn cutting speed of the linear fig is currently I. InVs, but on actual coal cutting 

machines the cutting speed is between 3-4m/s, thus an idea of how the jet penetration is 

influenced by traverse speed in the coals is required and if this can be offset by increasing 

the jet power and to what degree. 

Tests were carried out in each coal block. For the purposes of comparison the Erin coal 

results will be compared to those of the anthracite block in which the cleat was orientated 

parallel to the cutting direction. Then the effect of cleat on jet penetration within the anthracite 

coal shall be examined. 

5.2 An-aivsis-of Bituminous Coal and Anthracite Coal 

Table 5.1 below gives the results for the jet penetration tests in the anthracite and bituminous 

coals. It represents a4x4x2 factorial experiment. The slot was vacuumed clear of water 

and debris and its depth measured with a depth gauge to +-0.25mm. An average of 17 

measurements were taken over the length of the slot (about 1.2m) to determine its mean 

depth. 
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Anthracite Coal Erin (bituminous) Coal 

Speed 35 52.5 70 105 35 52.5 70 105 
(m/s) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) 

0.24 11.1 18.0 37.6 51.4 15.9 23.4 42.5 76.0 

0.64 9.2 14.3 26.6 40.0 11.9 16.3 33.9 51.1 

0.90 8.4 11.1 23.0 26.7 11.2 15.5 28.0 38.1 

1.10 6.5 10.5 21.3 22.1 10.7 10.7 28.2 26.4 

Table 5.1 

The statistical analysis employed to ascertain the effects on penetration of jet pressure (or 

power), traverse speed and coal type is given below. It is conducted in stages so that if 

interactions exist between the main variables they may be estimated. 

5.2.1 Analysis of Traverse Speed and Jet Pressure 

Table 5.2 comprises the summed results of Table 5.1 for the two different coals. This is 

required so that the effect of jet pressure and traverse speed can be examined independently 

of the coal type. 

Jet Pressure 

Speed 35 52.5 70 105 Sums 
(ni/s) (MPa) (MPa) (MPa) (MPa) (mm) 

0.24 27.0 41.4 80.1 127.4 275.9 

0.64 21.1 30.6 60.5 91.1 203.3 

0.90 19.6 26.6 51.0 64.8 162.0 

1.10 17.2 21.2 49.5 48.5 136.4 

Sums 84.9 119.8 241.1 331.8 777.6 
(mm) 

Table 5.2 
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An inspection of the sums columns appears to show that the effect on penetration of jet 

pressure (or power) is much greater than the traverse speed over the range tested. 

The calculadons below are a shorthand method of determining the sums of squares for the 

analysis of variance table for the pressure and traverse speed. By constructing Table 5.3, an 

estimate of the mean square or variance due to the interaction between jet pressure and 

traverse speed as well as the main effects can be obtained. 

Correction due to mean = 777.6'/32 = 18 895.7 

Total sums of squares: 

(27 2....... 
+48.5 

2 )/2 - 18 895.7 = 25 935.2 - 18 895.7 =7 039.5 

Sums of squares due to traverse speed: 

(275 . 
92 +203.3 

2+ 162 . 02+ 136.4 2 )/8 - 18 895.7 = 1391.9 

Sums of squares due to jet pressure: 

(84 . 
92+ 119.8 2 

+241 . 
12 +331.8 

2 )/8 - 18 895.7 =4 826.9 

Source of 
Variation 

Sums of 
Squares 

Degrees of 
Freedom 

Mean Square 

Between Pressures 4826.9 3 1609.0 

Between Speeds 1391.9 3 464.0 

Interaction between 820.7 9 91.2 
Pressures and Speeds 

Sub Total 7039.5 15 

Table 5.3 
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5.2.2 Analysis of Traverse Speed and Coal Ty" pý 

Each value in Table 5.4, is an average over the four pressures used in the tests. Hence now 

the effect of jet pressure has been eliminated and the effects of coal type and any interaction 

between coal type and traverse velocity may be determined. 

Coal Type 

Speed Anthracite Bituminous Sums 
(m/s) (mm) I 
0.24 118.1 157.8 275.9 

0.64 90.1 113.2 203.3 

0.90 69.2 92.8 162.0 

1.10 60.4 76.0 136.4 

Sums 337.8 439.8 777.6 
(mm) 

Table 5.4 

The analysis of variance table for the two effects is constructed as before. 

Total sums of squares: 

(118.12 . ...... +76 
2)/ 16 - 18 895.7 = 1755.6 

Sums of squares due to traverse speed: 

(275 . 92 +203.3 
2+ 162 . 02+ 136.4 2 )/8 - 18 895.7 =1 391.9 

Sums of squares due to coal type: 

(337.8 2 
+439.8 

2)/ 16 - 18 895.7 = 325.1 
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Source of 
Variation 

Sums of 
Squares 

Degrees of 
Freedom 

Mean Square 

Between Coals 325.1 1 325.1 

Between Speeds 1391.9 3 464.0 

Interaction between 38.6 3 12.9 
Coals and Speeds 

Sub Total 1755.6 7 

Table 5.5 

5.2.3 Analysis of jet Pressure and Co 

The final two-way table to complete the analysis is that between jet pressure and coal type 

as shown in Table 5.6. The same procedure is followed as above. In this case the influence 

of traverse velocity has been isolated since each value in the table is the sum over the four 

traverse speeds. The analysis of variance table is given in Table 5.7. 

CoalType 

Pressure Anthracite Bituminous Sums 
(MPa) (mm) 

35.0 35.2 49.7 84.9 

52.5 53.9 65.9 119.8 

70.0 108.5 132.6 241.1 

105.0 140.2 191.6 331.8 

Sums 337.8 439.8 777.6 
(mm) 

Table 5.6 
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Total sums of squares: 

(35.2 2....... 
+ 191.6 2 )/4 - 18 895.7 =5 274.0 

Sums of squares due to jet pressure: 

(84 . 92+ 119.8 2 
+241 . 

12 +331.8 
2 )/8 - 18 895.7 =4 826.9 

Sums of squares due to coal type: 

(337.8 2 
+439.8 

2)/ 16 - 18 895.7 = 325.1 

Source of 
Variation 

Sumsof 
Squares 

Degrees of 
Freedom 

Mean Square 

Between Coals 325.1 1 325.1 

Between Pressures 4826.9 3 1 609.0 

Interaction between 122.0 3 40.7 
Coals and Pressures 

Sub Total 5274.0 7 

Table 5.7 

5.2.4 Complete Analysis of Variance 

One now has calculated the variance or mean squares for the three main effects; pressure, 

traverse velocity and coal type, on the jet penetration in the two coals. Also, all the two-way 

interactions have been quantified in terms of variance. From these results the final analysis 

of variance table for the whole experiment may be constructed. 

The total sums of squares for the whole experiment is calculated as follows from the results 

in Table 5.1: 

(11.12 . 
...... +26.4 

2 )/32 - 18 895.7 =7 607.0 

By subtracting all the other sums of squares terms from this grand total, the final three-way 

interaction between coals, pressures and speeds may be found. Table 5.8 below shows the 

complete breakdown of the results. 
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Source of 
Variation 

Sums of 
Squares 

Degrees of 
Freedom 

Mean Square F-ratio 

Between Coals 325.1 1 325.1 35.8 

Between Pressures 4826.9 3 1 609.0 177.0 

Between Speeds 1391.9 3 464.0 51.0 

Interaction between 122.0 3 40.7 4.5 
Coals and Pressures 

Interaction between 38.6 3 12.9 1.4 
Coals and Speeds 

Interaction between 820.7 9 91.2 10.0 
Pressures and Speeds 

Interaction between 81.8 9 9.1 
Coals, Pressures and 
Speeds 

Total 7607.0 31 

Table 5.8 

Since the experiment was not replicated there is no experimental error term in the table. 

Thus, since its variance is small compared to the main effects and it has nine degrees of 

freedom, one must assume that the three-way interaction is most unlikely to be a significant 

factor onjet penetration and use this as an estimate of the experimental error variance (Davies, 

1961). 

The statistical significance of each term is detennined by the F-ratio. This is the ratio of the 

particular treatment variance to that of the experimental error or residual variance. If the 

value of the F-ratio is greater than that given in F-tables, then the treatment is statistically 

significant i. e. the probability that the effect of the treatment is due to the experimental error 

is very small. 
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From Table 5.8, it was found that thejet penetration was significantly affected byjet pressure, 

traverse speed and coal type at the I% level. From the F-ratios one might say the jet pressure 

generally has a greater effect than traverse speed and coal type. However, one must take 

into account the range over which each factor is varied before making general conclusions. 

For example if the traverse speed had covered extremely slow speeds, the situation may 

have reversed, and the traverse speed seemed more influential on penetration. Nevertheless, 

in the range tested jet pressure or power appears the most dominant factor. 

Another highly significant factor (1% level) was the interaction between jet pressure and 

traverse speed. The interaction may be interpreted as follows: The difference between the 

penetrations of the jet at two different pressures say, is not identical at a slow and faster 

traverse speed. Thus if a jet is traversing at 0.64m/s say and giving penetrations of h35and 
h7o at pressures of 35MPa and 70MPa respectively and a similar jet traversing at LIMA 

gives corresponding penetrations of h"35and h'70, then if hO. 
64 : -- h70- h35and h,., 

=h 
$70 

-h 
$35 

then the interaction term means ho. 
64 # hI. I. 

Another significant term, though at the 5% level, is the interaction between jet pressure and 

coal type. This effect may be understood in a similar fashion as above. Consider two jets at 

35MPa and 70MPa giving penetrations h35 and h70in the anthracite say. The difference in 

penetration depth is hA,, = h70- h35. A similar experiment in the bituminous (Erin) coal would 

give a difference hBi, = h7o - 
h35. But hA,, #hB,,, hence the significant interaction term. This 

bears out by examining the data in Table 5.6. 

The interaction term between coal types and traverse speed is not significant and very close 

to unity. The converse conclusion from that detailed above would be that the differences in 

penetrations between the twocoals seems very unlikely tovary as the traverse speedchanges. 
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As the interaction between pressure, coal type and traverse speed is taken as an estimate of 

the experimental error variance, then the experimental error = Nf9.1 = 3. Omm. Therefore, the 

95% confidence limits (with nine degrees of freedom) for tesfing for significant differences 

between each measurement are ±2.26 x 3.0 x 1.41 = ±9.6mm. 

Thus significant differences in jet penetrations are observed as the jet pressure increases, as 

the traverse speed decreases and between the two coals. 

5.3 Analysis of Cleat Orientation in the Anthracite Coal 

Table 5.9 below includes the results for the tests undertaken with the cleat arranged in a 

horizontal orientation to the traverse direction. 

Cleat Parallel Cleat Perpendicular 

Speed 35 52.5 70 105 35 52.5 70 105 
(nVs) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) 

0.24 11.1 18.0 37.6 51.4 8.9 13.5 31.8 55.6 

0.64 9.2 14.3 26.6 40.0 9.6 10.0 23.7 33.2 

0.90 8.4 11.1 23.0 26.7 5.8 9.0 16.4 34.8 

1.10 6.5 10.5 21.3 22.1 6.2 7.7 15.8 27.5 

Table 5.9 

The analysis was performed as previously described and so will not be repeated. The final 

analysis of variance table is given in Table 5.10. 
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5.3.1 Complete Analysis of Variance 

Source of 
Variation 

Sumsof 
Squares 

Degrees of 
Freedom 

Mean Square F-ratio 

Between Cleat 25.0 1 25.0 3.5 

Between Pressures 3971.5 3 1323.8 186.5 

Between Speeds 881.6 3 293.9 41.4 

Interaction between 70.1 3 23.4 3.3 
Cleat and Pressures 

Interaction between 9.3 3 3.1 0.4 
Cleat and Speeds 

Interaction between 432.8 9 48.1 6.8 
Pressures and Speeds 

Interaction between 64.3 9 7.1 
Cleat, Pressures and 
Speeds 

Total 5454.6 31 

Table 5.10 

Similarly, the F-ratios indicate that the jet pressure and traverse speed are highly significant 

factors on jet penetration. The effect of cleat orientation is not significant except at the 10% 

level and is very small compared to the F-ratios of the other two main effects. 

The interaction between jet pressure and traverse speed is highly significant but nevertheless 

small compared to the main effects of pressure and speed. Interaction between cleat 

orientation and jet pressure is only significant at the 10% level and thus can virtually be 

discounted as an influence on the penetration. The other two-way interaction, that of cleat 

orientation and traverse speed is not significant and has no bearing on the results in this coal. 

110 



As before the highest order interaction term is chosen as an estimate of the experimental 

error variance. The interaction term between cleat and traverse speed could be added to 

increase the degrees of freeedom of the experimental error estimate, but it would not sub- 

stantially alter the conclusions. Thus the experimental error = -ý7.1 = 2.7mm, and the 95% 

confidence limits for testing for significant differencs between each measurement are ±2.26 

x 2.7 x 1.41 = +-8.6mm. 

Again the trend is for the differences in the results to be significant as thejet pressure increases 

and as the traverse speed decreases. There is practically no effect between the two extreme 

cleat orientations. 

5.4 Graphical Representation of jet Penetration results 

The results are presented graphically in Fig. 5.1-4. Since the cleat made little difference to 

the penetration in the anthracite coal, Fig. 5.4 shows the averaged results for this coal. This 

has smoothed out the randomity due to the experimental error and illustrates the trend which 

is similar to that of the Erin coal. 

A straight line equation, y=m -x + c, fits the curves quite well with correlation coefficients 

around 0.960 and above, except for the fastest traverse speeds in Fig. 5.1 and Fig. 5.2, where 

they are 0.806 and 0.896 respectively. However, when the curves are extrapolated to the 

abscissa, the threshold pressure does not decrease as the traverse speed decreases but usually 

increases, especially in the Erin coal. A visual inspection of the gradients of the curves makes 

the point clearer; at a slower traverse speed the gradient is steeper. This suggests the curves 

tend towards the origin rather than directly to the abscissa, and a better fit is obtained to a 

power relationship rather than a linear one. 
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Since I argcr d ianietcrnozzics were used at the different pressures (except between the 35MPa 

and 52.5MPa jets which had the same diameter), plots showing how the penetration is 

affected as the jet power is increased in the same proportions as in the jet assisted cutting 

trials (excepting the 4.37kW jet) are given in Fig. 5.5-8. The powers of the jets are 2.33kW, 

4.37kW, 9.33kW and 2 LOOM Thus the power increases approximately in the ratio 1: 2: 4: 9. 

Good linear fits may be achieved except at the fastest speed in the Erin coal. However, all 

the curves but one extrapolate to the negative abscissa at zero penetration. Better fits were 

found with an equation of the form y=a -x', with an average correlation coefficientof 0.975. 

The exponent m, lies between 0.50 and 0.87, the exponent increasing as the traverse speed 

decreases and vice versa. 

The graphs illustrate, for both coals, that it requires progressively more and more power to 

maintain a constant penetration as the traverse speed is increased. Considering Fig. 5.8, if 

one wants to keep a kerf depth greater than about l8mm, a change in the traverse speed leads 

to a large adjustment in the jet power necessary to maintain that penetration. As the kerf 

depth increases this phenomenon exacerbates and the power requirement becomes quite 

sensitive to small speed variations. 

One can see that a fourfold increase in jet power for example, does not result in a similar 

increase in penetration. Also, the difference in penetrations between the 2.33kW and 9.33kW 

jets say, decreases as the traverse speed increases, illustrating graphically the effect of jet 

pressure (power) interaction with the traverse speed. 

Fig. 5.1-4, indicate that if one doubles the pressure from 35MPa to 70MPa or from 52.5MPa 

to 105MPa, one obtains more than double the penetration and this applies over the entire 

speed range. This does not contradict the plots ofjet power but merely illustrates that pressure 

is not the only factor involved and should not be considered in isolation to the other variables. 
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Fig. 5.9-12, represent the results with jet pressure (or power) as the parameter and the traverse 

speed varying along the abscissa. One can immediately comment that the greater the jet 

pressure (power) the greater the influence traverse speed has on kerf depth over the range 

tested. 

Very good straight line curve fits were achieved (except with the 105MPa curve of Fig. 5.1 1, 

r= -0.773), with an average correlation coefficient of r= -0.958. The gradients of the curves 

uniformily become steeper (but negatively) as the jet pressure (power) is increased. If they 

remained constant there would be no interaction effect between pressure and traverse speed. 

If one extrapolates the curves to the abscissa, one finds that the traverse speed at which zero 

penetration occurs decreases as the jet pressure increases. This suggests the graphs are not 

straight lines but actually curves, but approximately linear over this range. A curve of the 

form y=A. e-B' fits with an equally good average correlation coefficient, r= -0.958. This 

fit would make the jet penetration increase rapidly as the traverse speed fell below a certain 

level for a particular jet power. From Fig. 5.9, this level seems to have been reached for the 

105MPa (2lkW) jet in the Erin coal. Beyond this level the penetration would gradually 

decrease as shown by the lower pressure (and power) curves. 

5.4.1 Equation Fitting 

Empirical equations to predict the slot depth were fitted to the data and assessed for their 

accuracy. These include the Dimensionless Cutting Equation (D. C. E. ); Kuzmich's equation; 

the modified Kuzmich equation; and Cooley's equation for coal. Since the results exhibited 

high correlation coefficients to the forms y=a -xM and y=A. e-Bx , fits of depth h=B. Pm. e-"'vl w 

were attempted. 
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The criteria of accuracy are the correlation coefficients, the residuals (mean sum of squares 

of the deviations from the actual values) and how well the predicted data fitted to the actual 

results in the form y=m. x + c, where theoretically the gradient and the intercept should be 

one and zero respectively. 

The equations fitted to the coals are given below. The constants were derived by the method 

of least squares. 

Equation Type Equation Erin Anthr. Anthr. 
Coal Cleat Cleat 

Parallel Horiz. 
Dimensionless P V, 

Cutting h=0.5d - 0.2 
)( ) 

Equation Cyc V 

Kuzmich P --40.5 0.75 V( 

Equation 
( ) ) 

h =O. Ild 
cvc v 

Modified P m v, n B=0.54 B=0.78 B=0.26 
Kuzmich 

) ( ) 
h =B. d -- M=0.69 m=0.80 m, = 1.05 

Equation Gc v n -0.47 n -0.39 n -0.38 
Power Power Me h=B B 12.90 B 9.02 B 6.14 

Equation . m 0.59 m 0.66 m 0.76 
n 0.86 n 0.77 n 0.69 

Cooley P V, -0,5 B 0.27 B 0.32 B 0.13 
Equation 0.2 h =B. d 
for Coal Cyc v 

Table 5.11 

Where, 

h= Kerf depth Jet stagnation pressure 

Nozzle diameter 

V, = Jet traverse speed 

B, m and n are constants for each coal 

V= Jet velocity 

ac = Unconfined compressive strength 
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Erin Coal 

Actual D. C. E Kuzmich Modified Power Cooley 
Kerf Depth Kuzmich 

(mm) (mm) (mm) (mm) (mm) (mm) 

15.9 26.6 4.9 18.6 17.2 14.4 

23.4 45.2 7.3 27.1 24.9 24.5 

42.5 79.3 11.8 42.8 38.9 43.0 

76.0 145.7 19.3 68.1 62.5 79.0 

11.9 16.3 3.0 11.7 12.2 8.8 

16.3 27.7 4.5 17.0 17.7 15.0 

33.9 48.5 7.2 26.9 27.6 26.3 

51.1 89.2 11.8 42.9 44.4 48.3 

11.2 13.7 2.5 10.0 9.8 7.4 

15.5 23.3 2.6 14.5 14.2 12.6 

28.0 40.9 6.1 22.9 22.1 22.2 

38.1 75.2 10.0 36.5 35.5 40.8 

10.7 12.4 2.3 9.1 8.2 6.7 

10.7 21.1 3.4 13.2 11.9 11.4 

28.2 37.0 5.5 20.8 18.6 20.1 

26.4 68.0 9.0 33.2 29.9 36.9 

Correlation 0.973 0.970 0.972 0.978 0.973 
Coefficient 
Residuals 759.1 591.7 21.3 27.7 21.6 

y= MA +C m 1.95 m=0.25 m=0.86 m=0.81 m 1.06 
c= -5.50 c=0.08 c=2.40 c=2.42 c= -3.00 

Table 5.12 
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Anthracite (Cleat Parallel) 

Actual D. C. E Kuzmich Modified Power Cooley 
Kerf Depth Kuzmich 

(mm) (mm) (mm) (mm) (mm) (mm) 

11.1 16.5 3.5 12.2 13.1 10.5 

18.0 28.5 5.3 18.3 19.8 18.2 

37.6 50.5 8.5 29.5 32.5 32.1 

51.4 93.4 14.0 48.3 55.4 59.4 

9.2 10.1 2.2 8.3 9.6 6.4 

14.3 17.5 3.2 12.4 14.5 11.1 

26.6 30.9 5.2 20.0 23.9 19.7 

40.0 57.2 8.6 32.9 40.7 36.4 

8.4 8.5 1.8 7.2 7.9 5.4 

11.1 14.7 2.7 10.9 11.9 9.4 

23.0 26.1 4.4 17.5 19.6 16.6 

26.7 48.2 7.2 28.8 33.3 30.7 

6.5 7.7 1.6 6.7 6.7 4.9 

10.5 13.3 2.5 10.0 10.2 8.5 

21.3 23.6 4.0 16.2 16.8 15.0 

22.1 43.6 6.5 26.6 28.6 27.7 

Correlation 0.959 0.963 0.963 0.967 0.985 
Coefficient 

Residuals 209.8 347.0 16.1 11.4 20.0 

y=m. x+c m= 1.71 m=0.24 m 0.86 m 1.01 m 1.09 
c= -5.50 c=0.04 c=1.06 C=0.10 c= -3.50 

Table 5.13 
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Anthracite (Cleat Horizontal) 

Actual D. C. E Kuzmich Modified Power Cooley 
Kerf Depth Kuzmich 

(mm) (mm) (mm) (mm) (mm) (mm) 

8.9 40.4 6.6 10.0 9.9 10.7 

13.5 68.1 9.8 16.5 15.9 18.0 

31.8 118.9 15.8 28.6 28.2 31.4 

55.6 217.7 26.0 51.7 52.1 57.5 

9.6 24.7 4.0 6.9 7.5 6.5 

10.0 41.7 6.0 11.4 12.1 11.0 

23.7 72.8 9.7 19.8 21.4 19.2 

33.2 133.3 15.9 25.8 39.6 35.2 

5.8 20.8 3.4 6.1 6.3 5.5 

9.0 35.2 5.1 10.1 10.1 9.3 

16.4 61.4 8.2 17.4 17.9 16.2 

34.8 112.4 13.4 31.5 33.2 29.7 

6.2 18.9 3.1 5.6 5.5 5.0 

7.7 31.8 4.6 9.3 8.8 8.4 

15.8 55.6 7.4 16.1 15.6 14.7 

27.5 101.7 22.7 29.2 28.9 26.8 

Correlation 0.985 0.918 0.987 0.984 0.985 
Coefficient 
Residuals 4268.1 147.0 - 5.4 6.1 5.7 

y=m. x+c m= 3.76 m=0.45 m=0.92 m 0.95 m=0.99 
c= -0.40 c=1.30 C= 1.42 c 1.30 c= -0.05 

Table 5.14 
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All the predictions proved to be highly correlated with the actual kerf depths. However the 

Dimensionless Cutting Equation and Kuzmich's Equation gave results that were consistently 

too high and too low respectively as reflected in the large residual values. The two equations 

are generalised forms and the constants in Kuzmich's equation have been derived from rock 

cutting experiments and so the results are not too surprising. 

When modified versions of the two equations are fitted viz. Cooley's equation and the 

modified Kuzmich equation (1p, 1986), then excellent predictions are obtained; the Cooley 

equation being particularly good. 

The 'Power' equation is an attempt to incorporate the relationships suggested in Section 1.4, 

and an equally accurate prediction to the other equations is obtained. The form of the equation 

allows one to predict the kerf depth at any traverse speed including that of a stationary jet, 

but with the reservation that one is extrapolating outside of the range the variables were 

tested. 

5.4.2 Hydraulic Specific Energies 

The hydraulic specific energies were calculated from the equation below: 

Hydraulic Specific Energy = 
Jet Power 

(5.1) 
2.5d. h. V, 

Where d= nozzle diameter 

slot depth 

V, = traverse speed 

The average width of the slot was assumed to be two and a half times the nozzle diameter. 
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Fig. 5.13-16, illustrate the relationship between specific energy and the jet pressure. The 

graphs show a trend for the specific energy to increase with jet pressure. Specific energies 

are extremely high and indicate that fine waterjets by themselves are not a feasable method 

of coal excavation. Generally the values were higher in the anthracite coal, particularly at 

the 0.24m/s traverse speed. 

A marked increase (at least double) in specific energy is evident at the slowest traverse speed 

in both coals. At the other traverse speeds the graphs are close together irrespective of jet 

pressure. 

Fig. 5.17-20, show the same results against jet power. Again the curves indicate the inef- 

ficiency of traversing a jet at a slow speed. The 2.33kW jet seems to be the most efficient 

in terms of specific energy. 

Fig. 5.21-24, highlight the influence of the traverse speed. Although the traverse speeds are 

not equally spaced, the difference in the energy requirements between the 0.24m/s and 

0.64m/s to the 0.64m/s and 1.1 m/s traverse speeds is quite disproportionate and is manifest 

in both coals. Above 0.64m/s the specific energy decreases monotonically. 

The Erin coal seems to exhibit a minimum for two of the curves. This could be explained 

by the penetrations achieved by these two particular jets as shown in Fig. 5.5 and Fig. 5.9. 

The least efficient jet is that at 105MPa (2 1 kW) and the most efficient at 35MPa (2.33kW). 

The 70MPa (9.33kW) jet is more efficient throughout the speed range than the 52.5MPa 

(4.37kW) one, the larger diameter of the 70MPa jet may account for this. 
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5.5 Conclusions 

Jet pressure (orpower), traverse speed and coal type significantly influence thejet penetration 

in the coals; deeper penetration was achieved in the weaker Erin coal. 

The effect of cleat orientation can be considered negligible in this experiment and hence for 

the coal cutting trials. 

There is no interaction between coal type and traverse speed and cleat orientation and traverse 

speed. This suggests the principle by which the traverse speed reduces the penetration is the 

same for both coals. 

Significant interaction exists between coal type and jet pressure on penetration. This could 

be explained by the inherent differences in the coals. Rehbinder (1977), proposes that the 

stagnation pressure at the bottom of a slot decreases exponentially with slot depth as below: 

p 
--Ph 

Where, PO = Stagnation pressure at the 

bottom of the slot 

P =Jet stagnation pressure 

(5.2) 

h= Slot depth 

D= Slot width 

p= Material constant 

This equation may be rearranged (this is an approximation to the pressure drop; 0 is akin to 

the 'friction factor' in pipe flow) to: 

dP p 
AD 

(5.3) 
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Thus the pressure drop depends upon the material the jet is cutting through, the jet pressure 

and inversely to the slot width. Presumably p would differ for the two coals resulting in 

different pressure drops even when the pressure and slot width were identical. Hence the 

reason for this interaction. 

Interaction is highly significant between jet pressure and traverse speed. This means that 

the effect of jet pressure on penetration is influenced by the traverse speed: the two factors 

are not independent. An explanation to this could be that the effect of the pressure drop is 

amplified by the traverse speed (since this interaction is larger). Also, the effect was sig- 

nificant within the anthracite when considering cleat. In this circumstance, 0 would be 

constant, but the pressure drop would still vary as the nozzle pressure and diameter were 

changed. By this means the interaction effect could be maintained even within the same 

coal, which is the case. 

Jet penetration becomes more sensitive to traverse speed as the jet power is increased and 

this is evident in both coals. 

The data suggests the relationship between kerf depth and jet power is not quite linear but 

has a curvature component, although the graphs become more linear as the traverse speed 

decreases. An explanation to this may be obtained from a consideration of the pressure drop 

in the kerf in a similar manner as above. If the acceleration of the eroded coal particles by 

the jet is considered negligible and by considering the effects of frictional resistance at the 

kerf wall, the approximate equation above can be derived, to account for the pressure drop 

down the slot. From the equation, the pressure drop would change when the jet pressure and 

diameter were altered. Thus each jet in this experiment would have separate values for 

pressure loss down the slot, leading to the non-linear difference in penetrations achieved. 
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Empirical equations fitted to the data predicted accurate and highly correlated kerf depths. 

The exceptions were the generalised forms viz. the Dimensionless Cutting Equation and 

Kuzmich's Equation. Cooley's equation (a simple modification to the D. C. E. ) was par- 

ticularly good. 

With respect to specific energy, slowly traversing jets are inefficient. The low power/fast 

traverse rate jet gave the best result in both coals. 
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CHAPTER SIX 



NTHRACITE COAL RESULTS 

troduction 

This chapter presents the results of the research programme. The cutting tool experienced 

relief in the tests and models as far as possible a typical vane tool on a shearer drum: the 

major differences being tool speed and the linear path travelled. 

The influence of jet assistance on the cutting forces, breakout and particle size is given with 

reference to the two coals and cleat orientations. Some attention is given to specific energy 

since this is important with respect to the unit costs of coal mining. 

6.2 Coal Description 

6.2.1 Erin Coal 

This coal was supplied by British Coal from the Erin Remainder opencast site near Ches- 

terfield, Nottinghamshire. The seams mined at the site are the Swinton Pottery, Clowne, 

Upper Foxearth, Lower Foxearth, Sough and Furnace. It is a bituminous coal, generally a 

dull grey colour indicating the durain content, but also with quite frequent shiny black vit- 

reous bands. The bedding planes were easily visible and the coal was heavily cleated. The 

cleat was arranged to be vertical and parallel to the cutting direction, and can be seen in 

photographs that appear later in the text. The coal was friable, dusty to handle, contained a 

few areas of very dull, almost powdery coal, and had a band of iron pyrites in one block. 

Coal cubes were prepared to assess its compressive strength. The cubes were nominally 

78mm x 78mm x 78mm in dimensions. Two surfaces of each cube were ground parallel 

and smooth such that the compression load would act perpendicularly to the bedding planes. 

Six cubes were tested in an Avery-Denison 30OOkN capacity compression machine at a 

loading rate of 12.5kN/min, within the range suggested by the I. S. R. M. The average com- 
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pressive strength was 12.6MPa ±3.9MPa. The density was estimated from the coal cubes at 

1212kg/m'. This value is judged to be on the low side since the cubes had lost moisture and 

their sides were rough and pitted despite being cut by a diamond saw. Cylinders could not 

be prepared from this coal since it kept shearing in the core barrel along the bedding planes. 

6.2.2 Anthracite Coal 

The anthracite was acquired again from British Coal, from the Ffos Las opencast site near 

Kidwelly, Pontypridd, South Wales. The seams mined are the Drap, Mole Rider, Mole, 

Graigog Rider, Graigog, Green, Kings, Big, Yard Rider, Yard, and Two Feet. Four large 

blocks were available and so the cleat was invesfigated in this coal. 

The coal was black and shiny. The photographs later in the text show how the flash of the 

camera was reflected by the clean vitreous surfaces. Bedding planes could be seen which 

were arranged such that the tool cut through them. The coal consisted mainly of clarain and 

vitrain, fusain was noticeable on some fracture planes whilst collectingthe debris aftercutting 

and during the size analysis. 

The coal was not very friable or dusty but coherent and quite clean on the hands. The cleat 

was not as dense as in the Erin coal. One block contained a very dense band of fused coal 

and iron pyrites about 40mm wide. The pyrites occurred as small spheres about Imm, in 

diameter. 

Cubes were prepared as with the Erin sample for compressive testing. With the load applied 

perpendicularly to the bedding planes, the average compressive strength was 19AMPa 

±6. OMPa from twelve cubes. Some cubes contained pyrites and consequently were stronger 

and contributed to the standard deviation. 
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Since more coal was available, cubes with the load applied in a parallel direction to the 

bedding planes were also tested and gave a compressive strength of 8.5MPa ±3.7MPa, 

indicating the degree of anisotropy. The density, estimated from the cubes, was 1496kg/m'. 

Since the anthracite was not very friable, Brazilian Discs could be obtained. Each disc was 

38mm in diameter and 21 mm long. They were compressed in a 250kN capacity Avery testing 

machine at a loading rate of 1.25kN/min. 

Fifteen disc were crushed until failure with the load acting perpendicularly to the bedding. 

Ten discs contained between 20%-30% pyrites (visual approximation) and gave an average 

tensile strength of 1.89MPa ±0.25MPa. The other five discs contained no pyrites and their 

mean strength was 0.54MPa +-+0.15MPa. 

Five more discs were loaded to failure with the bedding planes parallel to the loading 

direction. Two samples with 20%-50% pyrites had an average strength of 1.44MPa 

±0.37MPa. The last three samples had no pyrites and their tensile strength was 0.43MPa 

±0.07MPa. 

The strength of the anthracite is greater when the load is applied perpendicularly to the 

bedding than in a parallel direction. In this experiment the tcol cuts perpendicularly or 

through the bedding planes for both coals and cleat orientations. 

The strengths of the coals are given for comparative purposes. Coal strength depends greatly 

on the size and orientation of the specimen tested and should strictly be treated on a statistical 

basis (Pomeroy and Brown, 1968). The smaller the sample the more likely one is to be testing 

the strengths of the constituent lithotypes and lose the macro influences of cleat and bedding. 

In this sense coal is much more complicated than other rocks. 
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Despite the bands of pyrites in both coals neither sharp nor blunt cutting tool exhibited any 

signs of abrasive wear. And this after each tool had cut at least 250m in the coals throughout 

the course of the experiment. 

6.3 Coal Cutting Results 

Due to the variability within and between the coals, as indicated above, a statistical approach 

to the evaluation of treatment effects is taken. A gaphical representation and discussion is 

given but the stafistical significance of the differences indicated on the graphs should be 

keptin mind. 

The force values were calculated for relieved cutting. Hence the first cut of each treatment 

had to be ignored during the analysis since this cut would be taken in solid coal, unrelieved 

from a preceding cut. The first cut taken in each treatment did have an effect on the average 

if included but not in all cases. Another reason to discount the first cut was because of the 

unequal number of replications per treatment that were taken, so if included the first cut 

effect would not be averaged out evenly among the treatments. 

The stafistical analysis was performed on Newcastle University's Mainframe computerusing 

the statistics software GLIM 3.12. 
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Amthracite Trials 

The purpose of these tests was to invesfigate the effect of high pressure water jet assistance 

on cutting performance in the different coal types. 

The factorial experiment is described in Table 6.1. Each cell contains the number of repli- 

cations taken for that treatment. The mean and mean peak normal, cutting and sideway forces 

were recorded for each treatment. All the coal debris was collected and sieved but the size 

analysis will be detailed in a separate section. 

Erin Coal Anthracite Coal 

Sharp Pick Blunt Pick Sharp Pick Blunt Pick 

OMPa lox 9x 6X 4X 

35MPa 8X 8X 4X 6x 

70MPa 8X 8X 4X 4X 

105MPa 8X 7X 7X 6X 

Table 6.1 
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Mean Normal Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 3.900 3 1.300 27.7 (4.0) 
Between Pick Wear 4.600 1 4.600 97.9 (6.9) 

Between Coals 2.850 1 2.850 60.6 (6.9) 
Interaction between 
Pressures & Pick Wear 

1.350 3 0.450 9.6 (4.0) 

Interaction between 
Pressures & Coals 

1.480 3 0.493 10.5 (4.0) 

Interaction between 
Coals & Pick Wear 

5.381 1 5.381 114.5 (6.9) 

Interaction between 
Pressures, Coals & Pick Wear 

1.524 3 0.508 10.8 (4.0) 

Experimental Error 4.155 89 0.047 

Total 25.250 104 

Table 6.2 

Experimental Error Variance, cýo = ±0.047kN. Using an average number of replications of 

F F2 0.12M. From this 105/16 = 6.6, then the standard error between any two means iSC6.6 

the 95% confidence limits for tests of significance may be calculated. With eleven degrees 

of freedom the test statistic, t=2.20, hence the 95% confidence limits = ±2.20 x 0.12 = 

±0.26kN. This is a two tailed test which allows one to judge if there has been a significant 

increase or decrease in force value. 

From the F-ratios in Table 6.2, it appears all the effects and interactions are highly significant 

(the degree of significance is shown for that at the I% level). However, the interaction effects 

are much smaller than the main effects and may largely be ignored. The exception is for the 

coals and pick wear interaction which has the greatest influence on the mean normal force. 
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This interaction coupled with the large pick wear effect indicates that the mean normal force 

is influenced more by changes in pick wear (bluntness) and between coals rather than by 

changes in the water jet pressure. 

One normally expects the normal force to be sensitive to the size of the pick wear flat and 

this is corroborated in the statistical analysis. 

The results are plotted in Fig. 6.1-4. For the sharp pick in the Erin coal there is little difference 

in mean normal force with jet pressure. From the t-test, there is only a significant difference 

between the dry cuts and those taken at 105MPa, and this in absolute tenns represents 0.27kN 

and is borderline. The blunt pick in Fig. 6.2, shows a greater difference between treatments. 

In this case all the jet assisted cuts have been significantly reduced compared to the dry cuts. 

Within the jet assisted blunt tool cuts there is significant difference between the 70MPa. and 

105 MPa cuts but this difference is only just significant (by 0.03kN). The rise in force value 

from the 35MPa to the 70MPa value is not statistically significant, Fig. 6.2. 

The increase in force between the dry sharp pick cuts and the dry blunt pick ones is just 

significant, Fig. 6.1-2. There are no significant differences between correspondingjet assisted 

cuts within the Erin coal and thus the forces have been reduced to about the same level in 

both cases of sharp and blunt picks. 

Larger differences are experienced in the anthracite coal. The normal force sharp pick, dry 

cut result, Fig. 6.3, is significantly higher than all the related jet assisted ones. There are no 

significant differences between the jet assisted cuts themselves and indeed the force values 

are remarkably close, almost constant over the jet pressure range. 

The blunt pick results, Fig. 6.4, exhibit a relatively large increase in normal force in this coal. 

All the forces, except those at the 105MPa mark, have increased between 2.9 to 5.6 times 
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their sharp pick value and represent a significant increase. Significant benefit from jet 

assistance is only gained at 105MPa pressure with the blunt pick, the 35MPa and 70MPa 

pressure jets making little impression. 

The differences in force values between the two coals are only significant when comparing 

the blunt pick results. Corresponding sharp pick normal forces between the coals are not 

significantly different from a statistical viewpoint. This would account for the large inter- 

action term in Table 6.4. 

Fig. 6.5-8, illustrate the same results plotted against jet power. In terms of jet power and for 

the Erin coal, most benefit has been attained with the 2.33kW jet for both pick wear states. 

The anthracite gives a similar response with the sharp pick, Fig. 6.7, but as the pick wears, 

as it were, more jet power is required to furnish a force decrease, Fig. 6.8. A slight increase 

in mean normal force is indicated in Fig. 6.8 by the 2.33kW jet but this is not statistically 

significant. If one follows the trend of the normal force curve then significant force reduction 

will be achieved between the power range of 9.33kW to 21 M 

The percentage force reductions against jet pressure and power are given in Fig. 6.9-16. For 

the Erin coal, most advantage has been achieved with the 35MPa, 2.33kW water jet. The 

70MPa jet yields a consistently lower value for the sharp and blunt pick but according to 

the force values this is not statistically significant. The 105MPa, 21kW water jet gives most 

percentage reduction but at the expense of a nine-fold increase in jet power over the 2.33kW 

jet. Also, most gain from jet assistance to the mean normal force in the Erin coal is realised 

when the tool wears, Fig. 6.11-12. 

Fig. 6.13-16, show the anthracite results. The sharp pick graphs have a similar form to the 

Erin coal - most benefit being obtained by a 2.33kW jet. The blunt pick curves are quite 

different. Comparable force reduction does not occur until after the 70MPa or 9.33kW points 
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on the abscissa. Tool wear has a considerable effect on the reduction in mean normal force 

that may be obtained from jet assistance in the anthracite; the 35MPa and 70MPa waterjets 

prove ineffective. Only the 105MPa pressure jet renders substantial advantage and this is 

more than with the sharp tool which is consistent with the Erin coal results. 

Mean Ciffling Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 18.320 3 6.107 47.3 (4.0) 
Between Pick Wear 0.040 1 0.040 0.3 (6.9) 
Between Coals 8.250 1 9.120 64.0 (6.9) 

Interaction between 
Pressures & Pick Wear 

0.790 3 0.263 2.0 (4.0) 

Interaction between 
Pressures & Coals 

0.960 3 0.320 2.5 (4.0) 

Interaction between 
Coals & Pick Wear 

1.610 1 1.610 12.5 (6.9) 

Interaction between 
Pressures, Coals & Pick Wear 

0.570 3 0.190 1.5 (4.0) 

Experimental Error 11.460 89 0.129 

Total 42.000 104 _ 7 

Table 6.3 

Experimental Error Variance, (320 = +-0.129kN. The standard error between mean values = 

2 
oj)ýT6= 0.20W. Therefore, the 95% confidence limits for a two tailed significance test 

±2.20 x 0.20 = ±0.43kN. 

In the case of the mean cutting force, jet assistance has a large influence on the force value. 

Also, the coal type, as one would expect, has a great effect. Contrary to the normal force, 
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the pick wear does not have a significant effect on the mean cutting force, however, this is 

modified by the interaction term between coals and pick wear. The data suggest that within 

the same coal, pick wear has negligible influence on cutting force. But, when comparing the 

force levels between the two coals then the too] sharpness is a significant factor. 

Fig. 6.1-16, give the results for the mean cutting force also. The trends are similar to the 

mean normal force but clearer. The significant differences in the Erin coal, Fig. 6.1-2, are 

those between dry cutting and the group of jet assisted cuts. There are no significant force 

differences between the 35MPa, 70MPa and 105MPa pressure assisted cuts with the sharp 

pick, Fig. 6.1. In the blunt pick, Fig. 6.2, the 70MPa pressure jet value is significantly higher 

than that of the 105MPa tests but not the 35MPa cuts. When comparing the force levels 

between the sharp and blunt tools, the t-tests also indicate that tool bluntness has not made 

a significant change in mean cutting force in the Erin coal. 

The sharp pick in the anthracite shows the same trend as in the Erin coal, Fig. 6.3. There is 

the slight rise in mean cutting force with the 70MPa jet, but statistically it is not significant. 

As the tool wears the response tojet assistance in the anthracite changes: greaterjet pressure 

is required to procure a force reduction of significance. Fig. 6.7-8, suggest that the main 

influence of the blunt tool is to make the 2.33kW jet ineffective, the other points on the. 

graph have risen but follow the same trend as with the sharp pick. From the t-test, although 

the mean cutting forces have generally increased with the blunt tool compared to the sharp 

tool, the only statistically significant increase is that of the 35MPa jet. It seems the 9.33kW 

and 21 kW jets still have enough power to produce a large force decrease. The mean cutting 

force curve in Fig. 6.8, has become linear over the power range with a correlation coefficient 

of -0.989. 
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Table 6.3, indicates a significant difference in mean cutting force between the coals. The 

graphs show that the mean cutting forces for the sharp pick in the Erin coal are significantly 

greater than the respective anthracite ones, with and withoutjet assistance. This also generally 

applies to the blunt pick tests but the force margins are narrower. The author expected larger 

forces in the anthracite. 

An explanation to this phenomenon is given with regard to the lithotypes that comprise the 

two coals. The anthracite contains a greater proportion of vitrain and clarain than the bit- 

uminous coal and conversely the Erin coal consists of more durain than the anthracite. 

On a microscopic level vitrain is composed of vitrinite and clarain mainly comprises vitrinite 

but also a smaller percentage of exinite and inertinite. Durain consists mainly of inertinite 

with lesser components of vitrinite and exinite. 

A characteristic of vitrinite is its brittleness (Leonard, 1979), hence although of a higher 

rank and harder, the anthracite is more brittle compared to the bituminous Erin coal and 

tends to fracture and splinter more easily. The bituminous coal is tougher and requires a 

larger cutting force to induce fracture. 

From Fig. 6.8-16, one can see that the percentage force decreases are not greatly influenced 

by tool wear for the mean cutting force in the Erin coal. This contrasts with the mean normal 

force where the benefit from jet assistance doubles as the pick wears (excepting the 70MPa 

pressure jet). Thus most gain from jet assistance in the Erin coal is obtained with the normal 

force as the tool wears. 

Considering the force reductions in the anthracite, Fig. 6.12-16, illustrate the point that the 

effectiveness of the 35MPa water jet is severely impaired when the tool wears. The force 

reductions of the other two jets are not as drastically affected - at least for the cutting force, 

the mean normal force is reduced even more. 
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The cutting force curve in Fig. 6.16, displays linearity and fits to a straight line with a 

correlation coefficient of 0.947. 

Mean Sideway Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 

Between Pressures 0.869 3 0.290 14.5 (4.0) 

Between Pick Wear 0.057 1 0.290 14.5 (6.9) 

Between Coals 0.517 1 0.057 2.9 (6.9) 

Interaction between 
Pressures & Pick Wear 

0.383 3 0.517 25.9 (4.0) 

Interaction between 
Pressures & Coals 

0.040 3 0.128 0.7 (4.0) 

Interaction between 
Coals & Pick Wear 

0.085 1 0.085 4.2 (6.9) 

Interaction between 
Pressures, Coals & Pick Wear 

0.197 3 0.066 3.3 (4.0) 

Experimental Error 1.740 89 0.020 

Total 3.888 104 
1 1 

Table 6.4 

Experimental Error Variance, (320 = ±O. O2OkN. The standard error between mean values = 

(YO 
4ý: 27 

= 0.08kN. Therefore, the 95% confidence limits for a two tailed significance test 6.6 

±2.20 x 0.08 = ±0.17kN. 

One would expect the mean sideway force to tend close to zero over the length of a cut. 

However, since the present study was undertaken in the relieved cutting mode, a small 
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residual sideway force was measured acting towards the relieved side of the cut. This force 

has been significantly affected by jet assistance and by differences between the pick wear 

states. 

The interaction between jet pressure and pick wear indicates an effect on sideway force due 

to pick wear as the jet pressure is changed. The other interaction effects have no bearing on 

the results. 

The t-tests elaborate on the significant factors indicated in Table 6.4. Apparently, the sharp 

pick cuts in both coals yield no significant force differences, although the mean sideway 

forces in the Erin coal are generally higher than in the anthracite, Fig. 6.1-3. Thus the sig- 

nificant pressure term is derived from the effects with the blunt tools and the results show 

that in both coals, the dry unassisted cuts are significantly higher than all the related jet 

assisted tests. As with the other force components, with the blunt tools, the significance lies 

between the unassisted and all the jet assisted cuts. There are no significant effects between 

the jet assisted cuts themselves. 
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Mean Peak Normal Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 20.500 3 6.833 11.5 (4.0) 
Between Pick Wear 59.300 1 59.300 99.7 (6.9) 
Between Coals 14.000 1 14.000 23.5 (6.9) 
Interaction between 
Pressures & Pick Wear 

11.800 3 3.933 6.6 (4.0) 

Interaction between 
Pressures & Coals 

6.800 3 2.267 3.8 (4.0) 

Interaction between 
Coals & Pick Wear 

50.360 1 50.360 84.6 (6.9) 

Interaction between 
Pressures, Coals & Pick Wear 

13.280 3 4.427 7.4 (4.0) 

Experimental Error 52.960 89 0.595 
Total 229.000 104 

Table 6.5 

Experimental Error Variance, 602= ±0.595kN. Taking the average number of replications to 

2 
be 6.6, then the standard error between means= (YO -L = 0.42kN. Hence, the 95% confidence NQ 6 
limits for a two tailed comparison = ±2.20 x 0.42 = ±0.84kN. 

The mean peak normal force mirrors the mean forces. The state of the pick wear appears to 

be the largest influence on this component and similarly the force value with a particular 

pick condition is greatly influenced by the coal type, as shown by the large interaction. 

The analysis suggests the effect of jet assistance, although significant, is not as great as the 

other main variables. The remaining interaction effects shall be considered negligible. They 

are small in comparison to the other effects and close to the significance level. Interaction 

between jet pressure and coal type is actually significant but at the lower 5% level. 
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The mean peak forces are represented in Fig. 6.17-32. A similar trend to that of the mean 

forces is indicated from the graphs. For the sharp pick in the Erin coal, Fig-6-17, only the 

105MPa jet assisted cuts have been significantly reduced. In the blunt case, Fig. 6.18, both 

the 35MPa and 105MPa treatments have produced a significant force reduction but the 

70MPa pressure jet assisted tests did not. The blunt tool forces are 25% higher when 

unassisted and 20% higher when jet assisted, compared to the sharp tool results. 

With the anthracite sharp pick cuts there are no significant differences in force value in the 

mean peak normal force, Fig. 6.19. The sharp pick forces are uniformly lower than the 

corresponding ones in the Erin coal, but only the dry cut value is significantly lower. 

However, the 35MPa and 70MPa pressure jet cuts are borderline. 

Fig. 6.19-20 and Fig. 6.23-24, show that the mean peak normal force has increased markedly 

with the blunt tool, illustrating the effect of the wear flat in the anthracite. The blunt pick, 

dry cut force is 3.7 times greater than the corresponding sharp pick force. The jet assisted 

forces have increased by 4.7,4.1 and 1.4 times for the 35MPa, 70MPa and 105MPa pressure 

jet assisted cuts respectively. Although the force values with jet assistance at 35MPa and 

70MPa, have increased more than the unassisted forces, their absolute values are close to 

the unassisted force values, indicating that for practical purposes, in terms of force reduction, 

these two jets are contributing very little. 

Generally, the mean peak normal force experiences less force reduction compared to the 

mean normal force in both coals, Fig. 6.25-32. 

In the Erin coal the increased force reduction due to tool wear is small compared to that of 

the mean normal force. Mean peak normal force reductions with the blunt pick are only 

6.5%, 1.9% and 8.8% greater than those for the sharp pick, for the three pressures used. 
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Reductions for the sharp pick in the anthracite are indicated in Fig. 6.27,31, and are about 

half those of the mean normal force. With the blunt tool though a close match to the mean 

force is indicated. 

Mean Peak Cutting Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 85.400 3 28.467 27.0 (4.00) 
Between Pick Wear 0.900 1 0.900 0.9 (6.93) 
Between Coals 62.400 1 62.400 59.2 (6.93) 
Interaction between 
Pressures & Pick Wear 

3.700 3 1.233 1.2 (4.00) 

Interaction between 
Pressures & Coals 

9.080 3 3.027 2.9 (4.00) 

Interaction between 
Coals & Pick Wear 

3.330 1 3.330 3.2 (6.93) 

Interaction between 
Pressures, Coals & Pick Wear 

0.090 3 0.030 0.0 (4.00) 

Experimental Error 93.800 89 1.054 
Total 1 258.700 1 104 1 1 

Table 6.6 

Experimental Error Variance, (Y20 = ±1.054kN. The standard error between mean values = 

(To 
66 = 0.57kN. Thus, the 95% confidence limits for a two tailed significance test = ±2.20 

0.57 = ±1.24kN. 

Peak cutting force values are sensitive to changes in jet pressure and coal tYpe. Differences 

due to. pick wear condition are not significant within the same coal. 
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There is only one significant interaction term, that between jet pressure and coal type, and 

this is only significant (just) at the 5% level. Basically, all the interactions are very small 

and shall be ignored. 

Mean peak cutting forces follow a similar pattern to the mean cutting force. Again tool wear 

has little effect on these forces in the Erin coal, Fig. 6.17-18. The jet assisted cuts are all 

significantly reduced from the unassisted tests except in the case of the sharp pick at 70MPa 

jet pressure, but this is close to being significant. 

Fig. 6.19-20, illustrate the anthracite results. With the sharp pick, force reductions are 

achieved at all three jet pressures. A small increase in mean peak cutting force is experienced 

with the blunt tool over the sharp pick but this is not stafistically significant. Hence, the blunt 

tool has had little effect on the mean peak cutting force - the largest single effect has been 

on the cuts taken with the 35MPa jet. 

As with the mean cutting forces, the mean peaks in the Erin coal are generally higher than 

those in the anthracite. The unassisted dry cut forces in the Erin are significantly larger than 

those in the anthracite for both sharp and blunt picks. The jet assisted sharp pick force values 

in the Erin coal are also significantly higher than the corresponding anthracite cuts but this 

significance disappears and reduces with the blunt tools. 

Fig. 6.25-32, give the plots for the percentage force reductions. For both coals with both tool 

wear conditions the mean peak cutting force reductions are uniformly less than those gained 

for the mean cutting force. Between the two coals, the Erin coal has benefited more in terms 

of force reduction than the anthracite. 

Greater mean peak cutting force reductions have been achieved with the blunt pick than 

with the sharp pick in the Erin and anthracite coals, except at the lowest pressure. 
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Mean Peak Sideway Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 4.430 3 1.477 7.8 (4.0) 
Between Pick Wear 0.170 1 0.170 0.9 (6.9) 
Between Coals 19.720 1 19.720 102.2 (6.9) 
Interaction between 
Pressures & Pick Wear 

2.510 3 0.837 4.4 (4.0) 

Interaction between 
Pressures & Coals 

4.460 3 1.487 7.8 (4.0) 

Interaction between 
Coals & Pick Wear 

0.830 1 0.830 4.4 (6.9) 

Interaction between 
Pressures, Coals & Pick Wear 

1.210 3 0.403 2.1 (4.0) 

Experimental Error 16.950 89 0.190 

Total 50.280 104 

Table 6.7 

Experimental Error Variance, (TO2 = ±O. l9OkN. The standard error between the means = 

CFO 
2=0. 

NOW. Therefore, the 95 % confidence limits for a two tailed significance test 
4ý6 

±2.20 x 0.19 = ±O. 17 k N. 

The only relevant effect in this case is that due to the difference in coal properties. Other 

terms are significant but only by a small margin and consequently shall be regarded as 

negligible. The characteristics of the mean peak sideway forces are very similar to the mean 

forces. The forces are higher in the Erin coal and most gain may be obtained by the 35MPa, 

2.33kW water jet, even with the blunt too] in the anthracite. 
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ions 

In the Erin coal, the mean and mean peak forces receive significant benefit in terms of force 

reduction from water jet assistance. A water jet at 35MPa and with a power of IBM is 

sufficient to provide significant advantage both whilst cutting with a sharp or blunt pick. 

Any further increase injet power cannot bejustified in terms of additional proportional force 

decrease. 

With jet assistance a significant force increase in the normal or cutting forces is not 

experienced as the tool wears - Erin coal. Without jet assistance however, a small but sig- 

nificant increase in mean normal force occurred with the blunt mol. 

In the Erin coal, the mean normal force receives more benefit from jet assistance as the tool 

wears than the cutting force. With the sharp pick, at a jet pressure of 35MPa, the force 

reductions are 25.4% and 33.3% for the mean normal and cutting forces respectively. With 

the blunt pick and the same jet pressure, the respective reductions are 54.6% and 33.9%. 

In the anthracite coal significant force reductions may be procured by jet assistance over the 

entire pressure range but only when cutting with a sharp pick. With the blunt tool, only the 

105MPa pressure jet yields significant force reduction (excluding the sideway force). 

A large, significant rise in the normal force occurs in the anthracite when cutting with the 

blunt tool compared to the sharp pick. With the blunt tool, the 35MPa and 70MPa pressure 

jets become quite ineffective in assisting the cutting process and the normal force reduction 

at these pressures is negligible. The 105MPa pressure jet is still effective though, and force 

reductions of 61.9% and 41.3% are obtained for the mean normal and cutting forces 

respectively. 

169 



0a 6.3.2 Cleat Orientation Trials 

The purpose of these tests was to investigate the effect of high pressure waterjet assistance 

on cutting performance with the cleat orientated in different positions relative to the cutting 

direction. 

The factorial experiment is described in Table 6.1. Each cell contains the number of repli- 

cations taken for that treatment. The mean and mean peak normal, cutting and sideway forces 

were recorded for each treatment. The coal debris was collected and sieved to find out the 

effect of cleat orientation on the size of the product. 

Cleat Parallel Cleat Hofizontal 

Sharp Pick Blunt Pick Sharp Pick Blunt Pick 

OMPa 6X 4X lox 8X 

35MPa 4X 6X 8X 9x 

70MPa 4X 4X 9x lox 

105MPa 7X 6X 9x 9x 

Table 6.8 
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Mean Normal Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 6.230 3 2.077 29.2 (4.0) 
Between Pick Wear 17.590 1 17.590 247.0 (6.9) 
Between Cleat 1.040 1 1.040 14.6 (6.9) 
Interaction between 
Pressures & Pick Wear 

3.782 3 1.261 17.8 (4.0) 

Interaction between 
Pressures & Cleat 

0.879 3 0.293 4.1 (4.0) 

Interaction between 
Cleat & Pick Wear 

0.511 1 0.511 7.2 (6.9) 

Interaction between 
Pressures, Cleat & Pick Wear 

0.640 3 0.213 3.0 (4.0) 

Experimental Error 6.778 96 0.071 
Total 37.450 111 

1 

Table 6.9 

Experimental Error Variance, (Y20 = ++-0.07 1 kN. Using an average number of replications of 

112/16 = 7.0, then the standard error between any two means is (Y,, 2=0.14kN. With 

twelve degrees of freedom the test statistic, t=2.18, hence the 95% confidence limits for a 

two tailed significance test = ±2.18 x 0.14 = ±0.3 I kN. 

Table 6.9, indicates that the greatest effect in the coal has been that due to tool wear and the 

other main effects are dwarfed by this effect. There also appears to be a sizeable interaction 

effect between jet pressure and tool wear. The other interactions, except the three-way one, 

are significant, but marginally so and hence are not as influential as the main effects. 
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The individual characteristics of the anthracite coal with the cleat orientated parallel to the 

direction of cut have already been detailed in the previous section and thus as far as possible 

shall not be repeated. 

Considefing the anthracite with the cleat hofizontal to the direction of cut then, and applying 

the t-test to the mean normal force results, one can see from Fig. 6.33, that with the sharp 

pick there has not been any significant effect over the whole pressure range. The 70MPa, 

and 105MPa points have decreased but only by approximately 0.1 kN. Also, the sharp pick 

mean normal force cuts in Fig. 6.33, are not significantly lower than the corresponding results 

with the cleat parallel, over the pressure range and including the unassisted cuts. 

Fig. 6.34, illustrates the blunt tool results with the cleat horizontal. A force increase is 

observed with the 35MPa pressure jet but this is not statistically significant. Both the 70MPa 

and 105MPa pressure assisted treatments have produced a significantly reduced mean normal 

force. On the whole, the blunt pick mean normal forces have significantly increased over 

the sharp pick results. The increases are 3.2,3.2,2.7 and 1.9 times the sharp pick values at 

the jet pressures 0,35MPa, 70MPa and 105MPa respectively. The corresponding increases 

with the cleat parallel, from Fig. 6.3-4 are 2.9,5.6,4.4 and 1.5 times respectively. 

The blunt pick, cleat horizontal results are significantly lower than the blunt pick, cleat 

parallel results (except the 105MPa treatment). This includes the dry cuts and so it seems 

that the mean normal force is less when cutting with the cleat horizontal to the cutting 

direction compared to the cleat parallel orientation. The reason why the sharp pick results 

did not prove significant in the same comparison then, is a matter of tool wear. 

Fig. 6.35-36, display the results with respect tojet power. With the blunt pick, only the 70MPa 

waterjet has become effective in producing a significant mean normal force reduction when 

(fie cleat orientation has been changed from being parallel to horizontal. 
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Mean Cutting Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 3.300 3 1.100 15.5 (4.0) 
Between Pick Wear 1.120 1 1.120 15.8 (6.9) 
Between Cleat 0.880 1 0.880 12.4 (6.9) 
Interaction between 
Pressures & Pick Wear 

1.020 3 0.340 4.8 (4.0) 

Interaction between 
Pressures & Cleat 

2.885 3 0.962 13.5 (4.0) 

Interaction between 
Cleat & Pick Wear 

0.234 1 0.234 3.3 (6.9) 

Interaction between 
Pressures, Cleat & Pick Wear 

0.437 3 0.146 2.1 (4.0) 

Experimental Error 6.594 93 0.071 

Total 16.470 108 

Table 6.10 

Experimental Error Variance, cy2o = ±0.07lkN. The standard error between mean values = 

0. l4kN. Therefore, the 95% confidence limits for a two tailed significance test 

±2.20 x 0.14 = ±O. 31 kN. 

In this case all the main effects are highly significant but not greatly so. Also, the interaction 

between jet pressure and cleat is highly significant, suggesting that the mean cutting force 

varies not only due tojet pressure but how the pressure is combined with the cleat orientation. 

Table 6.10, indicates that the force variation due to a change in jet pressure is significant. 

I lowever, Fig. 6.33-36 and the t-test reveal that this effect is not significant when the cleat 

is orientated horizontally, but only when it is parallel to the cutting direction. This point is 

true for both sharp and blunt picks. 
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This is also true for the significant effect due to pick wear. With the cleat horizontal, the 

t-test discloses no significant increase in the mean cutting force between the sharp and blunt 

picks over the whole pressure range, Fig. 6.33-36. The significance derives from the results 

with the cleat parallel. 

Cleat orientation does prove significant though and in both the sharp and blunt pick cutting 

tests. With the sharp pick, the cleat parallel forces are significantly higher in the dry cuts 

and with the treatment at 70MPa jet pressure. All the treatments with the blunt tool give 

significantly greater force values with the cleat parallel than those with the cleat horizontal. 

However, the jet assisted results are only marginally significant. 

Thus the mean cutting force is lower with the cleat orientated horizontally to the cutting 

direction compared to the parallel orientation and especially when the pick is blunt. 

Fig. 6.37-40, show the percentage force reduction plots. The 35MPa pressure jet treatment 

causes a force increase with both sharp and blunt picks. The mean cutting force is affected 

more in terms of force reduction than the mean normal force by a change from a sharp to a 

blunt pick. The normal force experiences more benefit from jet assistance as the tool wears, 

as it were, and the cutting force generally less. This almost contrasts with the cleat parallel 

results, Fig. 6.14,16. At the lower pressures the mean normal force reductions are drastically 

lowered when the blunt tool is used. The mean cutting forces are reduced also but not as 

much. 

174 



Mean Sideway Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 0.117 3 0.039 3.2 (4.0) 
Between Pick Wear 0.135 1 0.135 11.2 (6.9) 
Between Cleat 0.018 1 0.018 1.5 (6.9) 
Interaction between 
Pressures & Pick Wear 

0.180 3 0.060 5.0 (4.0) 

Interaction between 
Pressures & Cleat 

0.475 3 0.158 13.2 (4.0) 

Interaction between 
Cleat & Pick Wear 

0.007 1 0.007 0.6 (6.9) 

Interaction between 
Pressures, Cleat & Pick Wear 

0.288 3 0.096 8.0 (4.0) 

Experimental Error 1.121 93 0.012 

Total 1 2.341 1 108 1 1 

Table 6.11 

Experimental Error Variance, (Y20 = -+-0.012kN. The standard error between mean values = 

0.06kN. Therefore, the 95% confidence limits for a two tailed significance test 

±2.20 x 0.06 = ±0. IRN. 

The significant items in the mean sideway force are not greatly significant from the results 

in Table 6.11. The largest effect is that of the interaction between jet pressure and cleat 

orientation. Pick wear is also significant. 

From Fig. 6.3-4 and Fig. 6.33-34, one can see that the cause of the significances in Table 

6.11, can be attributed entirely to the large blunt pick sideway forces in Fig. 6.4, when the 

cleat is parallel. There is an increase in sideway force between the sharp and blunt picks 

with the cleat horizontal, but this is not statistically significant, Fig. 6.33-34. 
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Mean Peak Normal Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 22.800 3 7.600 8.7 (4.0) 
Between Pick Wear 144.700 1 144.700 165.6 (6.9) 

Between Cleat 2.100 1 2.100 2.4 (6.9) 

Interaction between 
Pressures & Pick Wear 

28.200 3 9.400 10.8 (4.0) 

Interaction between 
Pressures & Cleat 

5.900 3 2.000 2.3 (4.0) 

Interaction between 
Cleat & Pick Wear 

14.220 1 14.220 16.3 (6.9) 

Interaction between 
Pressures, Cleat & Pick Wear 

9.010 3 3.003 3.4 (4.0) 

Experimental Error 83.870 96 0.874 

Total 310.800 111 

Table 6.12 

Experimental Error Variance, (TO2= ±0.874kN. Taking the average number of replications to 

2 
T 

.0 
be 7.0, then the standard error between means = cyo 0=0.50kN. 

Hence, the 95% confidence 7.0 

limits for a two tailed comparison = ±2.18 x 0.50 = ±1.09kN. 

Table 6.12, indicates that the dominant factor with regard to mean peak normal force is the 

effect of pick wear i. e. the differences between the sharp and blunt tools. In this case the 

cleat has no direct effect except in interaction with tool wear. The other significant interaction 

component also involves pick wear and probably derives its significance from the large main 

effect. 
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Fig. 6.41-48, represent the mean peak forces with the cleat horizontal. Employing the t-test, 

from Fig. 6.41, it is evident that there are no significant force changes with the sharp pick 

over the pressure range. The mean peak forces merely oscillate randomly about a mean of 

2kN. 

Compared to the cleat parallel tests, the sharp pick forces are not significantly different. This 

also holds for the blunt picks, hence the insignificant main effect in Table 6.12. 

Compared with the sharp pick, cleat horizontal tests, the mean peak normal force blunt pick 

values have all significantly increased, Fig. 6.41-42. The increases are 2.5,1.8,1.9 and 1.4 

times at 0,35MPa, 70MPa and 105MPa jet pressures respectively. 

From Fig. 6.42, the blunt pick forces have steadily decreased as thejet pressure has increased. 

All the jet assisted results are significantly lower than the dry cuts. 

Fig. 6.20 and Fig. 6.42, indicate that the cleat horizontal results are lower than the cleat parallel 

ones except for the test treatment at 105MPa jet pressure. The dry cuts have not been sig- 

nificantly reduced but the treatments carried out at 35MPa and 70MPa jet pressure have 

been. Changing the cleat orientation has rendered the jet assistance effective at the lower 

pressures as well as at the 105MPa pressure. Fig. 6.43-44, illustrate the results against jet 

power. 

The plots of percentage force decrease in Fig. 6.45-46, show that the mean normal force 

receives benefit at all pressures with the blunt pick and the advantage gradually increases 

with jet pressure. This contrasts with the cleat parallel results in Fig. 6.28, where appreciable 

gain is not obtained until a greater jet pressure than 70MPa. The same results against jet 

power are shown in Fig. 6.48. 
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Mean Peak Cutting Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Betwcen Pressures 11.710 3 3.9(X) 7.8 (4.0) 
Between Pick Wear 1.470 1 1.470 2.9 (6.9) 
Between Cleat 1.120 1 1.120 2.2 (6.9) 
Interaction between 
Pressures & Pick Wear 

1.970 3 0.657 1.3 (4.0) 

Interaction between 
Pressures & Cleat 

2.760 3 0.920 1.8 (4.0) 

Interaction between 
Cleat & Pick Wear 

0.010 1 0.010 0.0 (6.9) 

Interaction between 
Pressures, Cleat & Pick Wear 

0.760 3 0.253 0.5 (4.0) 

Experimental Error 46.780 89 0.503 

Total 66.580 104 

Table 6.13 

Experimental Error Variance, (y2o = ±0.503kN. The standard error between mean values = 

2 
(Y, 3'E8= 0.38kN. Thus, the 95% confidence limits for a two tailed significance test = ±2.20 

0.38 = ±0.84kN. 

Only one significant item is indicated by the F-ratios in Table 6.13; that variability caused 

by the jet pressures. 

From the t-test, the jet assisted cuts with the sharp pick and cleat horizontal, have all been 

significantly reduced, Fig. 6.41. However, there is no significant variation within the jet 

assisted tests. 
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Compared to the sharp pick results in Fig. 6.19, there are no significant differences between 

the two cleat orientations at any pressure. Effectively, the mean peak cutting forces are 

approximately the same with the sharp pick between the two cleat positions. 

A comparison between the sharp and blunt picks with the cleat horizontal, Fig. 6.41-42, also 

returns an insignificant result. 

There are no significant changes in peak cutting force within the blunt pick tests but the 

forces appear to be gently reducing with jet pressure. 

Again, no significant difference using the t-test is observed between the blunt pick results 

with the cleats at 90* to one another. 

As indicated in Table 6.13, the only significant effects are those due to the jet assistance. 

The results plotted against jet power are given in Fig. 6.43-44. 

The graphs of Fig. 6.45-48, show that with the sharp pick a force reduction of 16.1 % for the 

mean peak cutting force is procured with the 35MPa pressure jet, no additional gains being 

made by increasing the jet pressure further. This agrees with Fig. 6.27, when the cleat is 

parallel. 

In the case of the blunt picks, similar trends are observed, Fig. 6.32,46, but the slopes are 

different. With the cleat parallel, the mean peak cutting force will receive more assistance 

as the jet pressure is increased. When the cleat is horizontal, the mean peak cutting force 

loses its assistance at a greater rate than when the cleat is parallel as the tool wears. The cleat 

is obviously affecting the jet assistance especially when one considers that cleat makes no 

di fference to jet penetration. 

183 



The mean peak cutting force percentage reductions are much smaller than those of the mean 

peak normal force, thus the mean peak normal force gains most from jet assistance when 

the cleat is horizontal. 

Mean Peak Sideway Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 0.680 3 0.227 2.4 (4.0) 
Between Pick Wear 0.890 1 0.890 9.6 (6.9) 
Between Cleat 7.420 1 7.420 79.8 (6.9) 
Interaction between 
Pressures & Pick Wear 

3.650 3 1.217 13.1 (4.0) 

Interaction between 
Pressures & Cleat 

4.526 3 1.509 16.2 (4.0) 

Interaction between 
Cleat & Pick Wear 

0.083 1 0.083 0.9 (6.9) 

Interaction between 
Pressures, Cleat & Pick Wear 

0.653 3 0.218 2.3 (4.0) 

Experimental Error 8.638 93 0.093 

Total 26.540 108 

Table 6.14 

Experimental Error Variance, (Y20 = +-0.093kN. The standard error between the means = 

CFO 
2=0.165kN. 

Therefore, the 95% confidence limits for a two tailed significance test 
ý 

T8 

±2.20 x 0.16 = ±O. 36kN. 
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The most significant influence on the mean peak sideway force is the cleat orientation, Table 

6.14. Fig. 6.19-20,41-42, suggest this is due to the cleat parallel cuts. In the sharp pick tests, 

jet assistance has increased the sideway force in both cleat orientations and the jet assisted 

cleat horizontal values are significantly higher than the corresponding cleat parallel forces. 

The cleat horizontal blunt pick jet assisted tests exhibit no significant force deviation from 

the dry cut values. 

The cleat parallel blunt pick jet assisted results, Fig. 6.20, show a significant reduction from 

the unassisted tests. Also, the jet assisted cleat parallel test results are significantly lower 

than the cleat horizontal values for the blunt tool. 
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6.3-2.1 Conclusions 

From the point of view of cleat orientation, significantly lower mean normal and cutting 

forces are required to cut the anthracite when the cleat is orientated horizontally to the cutting 

direction rather than parallel. There is little difference when cutting with a sharp pick but 

the effect is larger with the blunt pick. Since the majority of mining machinery will be cutting 

with blunt tools, then the blunt pick result is the most important. 

Both cleat orientations produced a large increase in the nonnal force with the blunt pick 

over the sharp pick. This would also be a function of the anthracite but the relative increase 

when cutting without jet assistance is slightly greater when the cleat is horizontal; however, 

the absolute values as indicated above are lower than with the cleat parallel. 

Cleat orientation influences the effectiveness of jet assisted cutting in the anthracite even 

though as indicated in the previous chapter, cleat has negligible effect on jet penetration. 

When the cleat is horizontal, no significant jet assistance is afforded the mean cutting force 

for both the sharp and blunt picks. However, some benefit is derived by the mean peak 

cutting force but only with the sharp pick. With the cleat parallel, the mean and mean peak 

cutting forces gain significant force reduction, but in the blunt pick the 35MPa pressure jet 

is ineffective. 

The mean normal force receives significant force reduction with the blunt tool in both cleat 

orientations but not over the entire pressure range. With the cleat parallel only the 105MPa 

pressure jet yields significant force reduction. When the cleat is horizontal, both the 70MPa 

and the 105MPa pressure jets provide significant assistance. 

No major influence due to cleat is produced in the sideway force. 

190 



6.3.3 Breakout 

The relative dimensions of depth of cut, line spacing and tool width basically determine 

whether a cutting system is efficient or not - in terms of cutting forces, specific energy, tool 

life and product size. (Pomeroy, 1963; Roxborough, 1973; Brooker, 1979). 

III I'l 1.41 
T 

a) Shallow cuts produce narrow channels and no interaction. 

1 21 

1. ( 

3 

T 

b) 1)(2cp cuts produce wide channels and interact. 

Fig. 6.49 Effect of depth of cut on breakout. 

The principle is illustrated in Fig. 6.49. If a series of shallow cuts are taken as in Fig. 6.49a, 

then little breakout occurs on either side of the tool; the product size will also be small. A 

continuation of this cutting regime will gradually lead to cores between the tools which will 

eventually completely disrupt the cutting process unless the tools are spaced closer. 
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Fig-6.49b, shows the way to avoid this: by taking deeper cuts but leaving the tools at the 

same spacing. This tends to produce less fines, reduce the specific energy and allows the 

majority of tools to experience relief from the preceding cut which reduces the cutting forces. 

For a coal cutting machine, the haulage rate may be increased leading to greater production. 

Pomeroy, recommends a S/d ratio of 2.0 and Brooker, a minimum S/w ratio of 1.5, for 

efficient coal cutting. In this experiment the ratios were S/d = 2.33 and S/w = 2.80, and so 

theoretically the experiment represents an efficient cutting system. 

An examination of the breakout was required to investigate the influence of thejet assistance 

on breakout. 

6.3.3.1 Erin Coal - Cleat Parallel 

Breakout in the Erin coal was characterised by high ridges between the grooves cut by the 

tool. 

With the sharp pick cuts one could see the V-shape of the pick tip in the coal. The bottom 

of the grooves cut with the blunt tool were flat. This suggests that fracture was not occurring 

beneath the tip of the pick in both states of wear. 

The dry cut blunt tcol visibly created more breakout than the sharp pick and generally this 

was true with the jet assistance. 

Plates 6.1-4, illustrate the breakout profiles of the sharp and blunt picks for the treatments 

at 35MPa and 105MPa water jet pressure. There is visibly more breakout at the higher 

pressure than the lower, despite the scale of each plate. 
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Plate G. 1- Breakout for Erin coýtl; sharp pick; 33MPa treal. -I-ment. 

Plate 6.2 1ý---ea%uut-- fc)-. 
-- Erin coal; slizirp pick; 35MPa treatment. 
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PlaL--e 6.3 Breakout for Erin coal; sharp pick; 105MPa treatment. 

Plate 6.4 Breakout for Erin coal; blunt pick; 105MPa treatmen,. 
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The heights of the ridges between the groves were measured though there was great vari- 

ability and irregularity along the length of the cut. Generally the heights did not vary greatly 

between treatments. Averaged over the four treatments, the sharp pick heights were 20.7mm 

and the blunt pick 19.2mm. One can see the irregularities of the ridges, thus effectively there 

is little difference. 

The factor that has influenced the breakout in the Erin coal then, is not so much the heights 

of the peaks but the amount of material taken from the sides of the ridges. This may be 

explained by looking at the cleat. The cleat is vertical and parallel to the cutting direction 

and the sides of the ridges are largely vertical, thus it seems that fracture is occurring along 

the cleat planes. In this situation the tool has majorly cut a groove through which to travel, 

extensive sidesplay not being made possible due to fracture along the cleat planes. Even 

with the 105 MPa pressure jets in Plates 6.3-4, where most breakout has occurred, one cannot 

see a well defined V-shaped breakout pattern, one sees vertical lumps projecting up from 

the b(Ay of the coal. 

Occasionally, almost horizontal or total breakout occurred between grooves, but this was 

not typical and was associated with areas of dull and dusty coal. 

Fig. 6.50, is a representation of the breakout found in a heavily cleated coal such as the Erin 

coal. The cutting sequence is the same as the one in the present study and illustrates the 

relieved cutting mode. Line one, would be the surface preparation cuts and line two, the 

actual cuts recorded in the tests. 

The tool at 2B receives relief from the breakout at 2A and IA. Coal may also breakout to 

the left and gain relief from I B. The thick dark line is the breakout pattern which approximates 

the ones observed for dry cutting. With jet assistance more material would be loosened and 

broken away. 
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Idealized Breakout for Heavily Cleated Friable Coal 

Line Spacing 70mm- 

75mm 
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to Direction of Cutting 

Line Spacing 70mm 

Fig. 6.50 
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Graphs of coal yield against jet pressure and power are given in Fig. 6.51-52. The graphs 

indicate that the blunt tool excavates slightly more coal than the sharp tool, except at 105MPa 

jet pressure. The averages over all treatments were 2.779kg/m and 2.820kg/m for the sharp 

and blunt tool respectively. The yield rises with jet pressure but only slightly. 

6.3.3.2 Anthracite Coal - Cleat Parallel 

Examples of the breakouts in the anthracite are given in Plates 6.5-8. One can immediately 

notice the difference in texture from the bituminous Erin coal. The high degree of shiny 

clarain and vitrain make the detail more difficult to discern. However, the coal in the ridges 

is not broken, heavily cleated and irregular but firmly bonded together, smoother and more 

regular. 

In the dry cut tests, the breakout is less with the blunt tool than with the sharp pick, Plate 

6.7. The V-shaped tip of the tool could be seen along the length of cut indicating that fracture 

did not extend beneath the tip. This occurred with the blunt pick also, and the bottom of the 

grooves were flat and 10mm wide, the width of the wear flat. 

The breakout tended to increase as the jet pressure increased with both picks. Plates 6.5-6, 

illustrate the difference between the dry blunt pick and the blunt pick 35MPa and 70MPa 

pressure tests. With the 70MPa pressure treatment, the ridges between line spacings are 

much smaller and peak at about 10mm high. Larger undulations on the surface of the coal 

are visible with the unassisted blunt pick, Plate 6.5, but even so the same degree of grooving 

as in the Erin coal is not evident and more sidesplay is taking place. One can see this more 

clearly in Plate 6.7. 
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Plate 6.5 Breakou-L for the anthracite coal (cleat parallel); 
blunt pick; 35MPa treatmomt. 

Plate 6.6 Brei. il. out for the anthracite coal (cleat parallel); 
blunt pich; dry and 70MPa 'ý--reatmejj-LS. 
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Plate 6.7 Breakout for -Lhe anthracite coal (cleat parallel); 
sharp pick; dry treatment. 

PlLOC-e 6.8 Brec, ', uut for the anthraci-ýe coal (cleat parallel) 
sharp picii; 701, dPa treatment. 
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A diagrammatic representation of the breakout for unassisted cutting is given in Fig. 6.53. 

The irregularity of the breakout makes it difficult to present a typical case. In some places 

the ridges were more pointed and with the dry blunt pick the sides of the ridges were higher 

and nearer to the vertical, breaking out along cleat planes. However, the difference in pattern 

to that of the Erin coal is evident. 

The yields are plotted in Fig. 6-54-55. Averaged over the pressure range the blunt too' gave 

a slightly greater yield: 3.1 10kg/m to 3.082kg/m. On average the anthracite released 

0.296kg/m more coal than the Erin. 

6.3.3.3 Anthracite Coal - Cleat Horizontal 

The breakout patterns for the unassisted, dry tests with the sharp and blunt tool are illustrated 

in Plates 6.9- 10 respectively. Some variability was observed between the two coal blocks 

that had been cast together to form the test specimen. In Plate 6.9, the coal nearest the bottom 

of the picture has the major cleat slightly inclined from the horizontal. The coal more to the 

top of the plate has not got such a well defined cleat structure, the cleat is more inclined and 

it contains a band of fused brittle coal across its width about 40mm wide. 

From Plate 6.9, one can see the pointed groove made by the sharp pick and the breakout 

pattern inbetween. The ridges are up to 10-20mm high from the base of the groove. In Plate 

6.10, the coal is viewed from a different position and the coal at the top of the picture is of 

interest. The grooves made by the tool may be seen and indicate the width of the wear flat 

for the blunt pick. The ridges inbetween are 9-15mm high and are fairly flat-topped following 

the direction of the cleat. The cleat is also inclined 9*-14* towards the reader. 
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PlEite 6.9 Breakout for the anthracite coal (cleat horizontal); 
SIIILEP pick; dry treat-ment. 

Plate u. 10 Breakout f or 'L--Iie anthracite coal (clecit hor izoiltal 
blunt j)ick; drv treatment. 
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Plates 6.11-12, show the breakout pattern at 35MPa jet assistance for the sharp and blunt 

tools. In the centres of the illustrations one can see the levelled tops of the ridges inbetween 

the grooves left by the cutting tool. Average heights of the ridges from the bottom of the 

grooves are 13mm and 9mm respectively. 

Fig. 6.56, shows the typical breakout pattern observed when the cleat was horizontal. The 

breakout surfaces were flat and followed the inclination of the cleat. The thick dark line 

would be the breakout after cut 2B was taken. 

On average the yield was less than with the cleat vertical: 3.096kg/m to 2.960kg/m. Yields 

are plotted in Fig. 6.57-58, the blunt tool gave fractionally more yield than the sharp one. 
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Plate 6.11 Breakout for the anthracite coal (cleat horizontal); 

sharp pick; 35MPa treatment. 

Plate 6.12 Breakout for the anthracite coal (cleat horizontal); 
]AU111C T)icl:; 351IIPa treatmen-t--- 
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6.3.4 Specific Energy 

Specific energy is a valuable index to determine the most efficient cutting system in terms 

of the energy required to excavate unit mass or volume of material. Specific energy for 

unassisted coal cutting is given by the equation below: 

Specific Energy, SE = F,, P 
Y 

Where F, = Mean cutting force 

Coal density 

Yield 

(6.1) 

The mean cutting force is used in the calculation since this is the average force acting in the 

direction work is being done. The normal force is perpendicular to this and hence cannot be 

used by the definition of work. 

With jet assistance the jet does not act in the direction of travel of the pick but almost 

perpendicularly to it. If the jet energy is to be included in the calculation of the specific 

energy then only the component of the jet energy acting in the same direction as the cutting 

force should be included. However, the author thinks this is unreasonable since jets have 

been positioned behind the tool which theoretically increases the proportion of energy in 

the cutting direction, but this does not produce proportionally greater benefit with respect 

to force reduction than if the jet had been placed before the tool. Also, the jet is not being 

used primarily as a cutting agent, so in the present study the total jet energy has been included 

in the calculation of specific energy for the treatments with jet assistance. 

The equation used for calculating the specific energy including jet energy is: 
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Specific Energy, SE, Fj + 
P. P (6.2) 
V, Yj 

Where Fj = Mean cutting force 

with jet assistance 

p= Coal density 

Yj = Yield with jet assistance 

Pw = Jet power 

v, = Cutting speed 

The specific energies for the coals tested in the experiment are plotted in Fig. 6.59-64. 

Actually, two sets of results are drawn: the plots with the specific energy increasing over 

the pressure and power ranges include the jet energy; the curves decreasing do not and are 

based merely on the reduced mean cutting force at that pressure or power. 

Against jet pressure, specific energy increases exponentially over the range. Against jet 

power, the increase is linear. Without the jet energy included, the specific energy generally 

decreases with jet pressure. Curve fits to the graphs are in the appendices. 

Taking the blunt tool results as the most important, there was little difference in specific 

energy between the Erin and anthracite with the cleat parallel for the unassisted tests; the 

Erin was fractionally greater. Between the cleat orientations in the anthracite though there 

was a 37% difference: cutting with the cleat horizontal is the most efficient, the values were, 

0.715M. 1/m' to 1.14 lMjIM3. 

With jet assistance there is little difference in specific energies between cleat direction except 

at 105MPa jet pressure where the cleat parallel cutting becomes the most efficient. Also, 
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the Erin coal specific energy values are less than the corresponding ones found with the 

anthracite. The differences are 10.7%, 5.2% and 7.5% lower in the Erin coal, atjet pressures 

of 35MPa, 70MPa and 105MPa respectively. 

The graphs show how the energy supplied by the jet dominates the specific energy values. 

Ideally one would want jet assistance to reduce the specific energy below the unassisted 

value. In this case the following inequality would have to be satisfied: 

SEj !ý SE 

Fj +p ')p IF,, p 
vi Yj -Y 

Fcj +pw <- F,, 
Yj 

vt y 

PW 
-< F, 

Yj 
- Fj 

vs y 

Pw !ý (F,, 
Yj 

- F,, )v, 
y (6.3) , 

From the previous section, the ratio of yields is close to unity and considering the best case 

of Fj =0 then, 

Pw :5 F� v, (6.4) 

Thus, if the power of the jet exceeds the power required to cut the coal withoutjet assistance, 

then no reduction in specific energy shall be furnished with jet assistance no matter the force 

reductions procured by the jet. The value of F,, will change as the tool wears, so a tool with 

a moderate wear flat should be used in the calculafion. 
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With respect to specific energy then, jet assistance has more potential or scope in situations 

where the specific energy to cut tile mineral is already high i. e. in hard minerals and/or with 

fast cutting speeds, providing of course the jets can reduce the cutting forces sufficiently. 

In the present study and for the above condition to be satisfied, the jet power should not 

exceed 2.98kW in the Erin coal; 2.18kW (cleat parallel) and 1.83kW (cleat horizontal) in 

the anthracite. From this one can see that the specific energy in the anthracite could not be 

reduced in this experiment. There was a possibility with the 35MPa pressure jet (2.33kW) 

in the Erin coal though, but the force reduction was not great enough, as will be explained 

below. 

Assuming the cutting forces and yields remain constant with cutting speed and taking a 

cutting speed of 3.5m/s, typical of a coal winning machine, then if jet assistance is used in 

these coal types, the maximum jet powers that should be used are 9.5OkW and 7.7OkW- 

Assuming a maximum allowable flow rate of 4 I/min, then the maximum jet pressures that 

should be used are 142.5MPa and 115.5MPa, above these values and the specific energies 

will increase no matter what force reductions are achieved. These pressures are limits beyond 

which jet assistance will absolutely increase the specific energy, they do not guarantee that 

the specific energy will reduce if jets at pressures below these levels are used. 

Equation (6.3) may be re-arranged to express what minimum force reduction is required at 

a certain jet power before a decrease in specific energy will be obtained. The relationship 

is below: 

R '2 
PW 

+ 
yj 

F, v, y where R=F, - F., j 
F, 

(6.5) 

Taking Y/Y = 1, then (6.5) becomes: 
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R>- 
PW 
Fcv, 

(6.6) 

As an example, consider the Erin coal tests at a jet pressure of 35MPa and power 2.33kW. 

Taking the blunt tool result, the unassisted cutting power was 2.98kW. Thus, the force 

reduction needed to reduce the specific energy at this pressure was: 

R ýt 
2.33 

= 0.78 
2.98 

Therefore, at least a 78% mean cutting force reduction had to be gained from the 35MPa 

pressure jet before the specific energy would decrease; in actuality a 33% reduction was 

achieved. 

Therefore, for the linear tests, two conditions have to be met before jet assisted cutting will 

reduce the specific energy: 

a The total jet power must not exceed the power required to cut the mineral without jet 

assistance i. e. F., v,. 

9 The percentage force reduction must be greater than the ratio of gross jet power to the 

power needed to cut the mineral without jet assistance. 
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Energy of Shearer Loaders 

One may extend the idea to a shearer loader by calculating the specific energy from a 

consideration of the total energy used by the machine to cut the coal. Mort (1988), indicates 

that the machine power may be divided into four fundamental components: that to drive the 

drum; that to provide haulage thrust; that to energise the high pressure water pump; and if 

installed, that to run the water pump for the hollow shaft venturi or ventilator. 

In the case of a shearer loader with a single drum it would be easier to calculate the yield in 

terms of drum diameter, d, web width, wb, and haulage speed, S: 

Yield = dw,, S 

Thus, the following expressions may be obtained: 

Specific Energy without Jet Assistance = 

Specific Energy with Jet Assistance = 

Where, 

w= Drum angular velocity 

Fj, j, Fh = Haulage force with and 

without jet assistance 

Phsv = Hollow shaft venturi pump power 

n= Number of water jets 

d= Drum diameter 

(6.7) 

(6.8) 

(6.9) 

Tj, T= Drum torque with and 

without jet assistance 

Sj, S= Haulage speed with and 

without jet assistance 

Pw = Jet power 

Wb= Web width 

In this case for a reduction in specific energy the inequality would be: 

wT + FhS + Pj,, 
dwbS 

Tj + Fh, Sj + Pj,,, +nP,, 
dwb Sj 
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wT. +Fh. S. +Pk, +nP,, wT+FhS+P,,, vI< (6.10) dw,, Sj dwbS 

n Pw wT 
!j- 

Tj) + (Fh - Fhj)Sj + Ph, 
!j (s (S 

Putting R, =T- 
Tj 

and R, - 
Fh - Fhj 

, then equation (6.11) becomes: T Fh 

nPW<wT 
ij-I+R 

+R,, FhSj+Ph., 
ii-I 

(6.12) 
(S 

1) 

(S 

Assuming the haulage speed would be maintained constant, SjIS = 1, equation (6.12) reduces 

to: 

tiPw: 5RtwT+RhFhS (6.13) 

Considering the best torque and haulage force reductions possible i. e. R, and R;, = 1, then, 

nPw: ý wT+FhS (6.14) 

Gross Jet Power: 5 Drum Power + Haulage Power 

An average value of the torque and haulage force would have to be used to eliminate bias 

due to tool wear. Employing equation (6.14) as a guide-line, one can predict mathematically 

that for high volume coal production, if the total jet power utilized on the machine exceeds 

the cumulative unassisted drum and haulage power, then an automatic increase in specific 

energy will result despite any torque or haulage force reductions achieved. 

Therefore, the two basic conditions that have to be met for a shearer loader before high 

pressure water jet assisted cutting will produce a reduction in the specific energy are: 
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e The total jet power must not exceed the unassisted cumulative drum and haulage power, 

and; 

e The jet power used must be able to bring about torque and haulage force reductions, R, 

and Rh, such that equation (6.13) is satisfied. 

One can reduce the relationships further by dividing the drum torque and haulage force into 

their respective components. The drum torque comprises the torque required to rotate the 

drum whilst it is not cutting plus superimposed on this during excavation, the torque 

necessary to cut the mineral. Similarly the haulage force consists of the tractive force to 

traverse the machine along the a. f. c. plus a reaction force on the drum at the coal buttock 

i. e. the resultant of the normal forces acting on the picks. As a first approximation one shall 

ignore other forces that may be acting on the machine. Thus, 

la + Fý, and T, =Ioc+F,, 
d 

(6.15) 
2 

and, 

Fh = pMg +F� and F., = VM g+F,, j (6.16) 

Where 

I= Moment of inertia of drum ýt = Coefficient of friction between 

cc = Angular acceleration of drum 

F, j, F, = Resultant mean cutting force 

with/without jet assistance 

shearer and a. f. c. 

M= Mass of the shearer 

Drum diameter 

F, j, F,, = Resultant mean normal force g= Acceleration due to gravity 

with/without jet assistance 

Substituting expressions (6.15) and (6.16) into equation (6.10), then: 
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w(Ia+Fc")+(PM9+F�, )Sj+Ph, +nP, w(Icc+F�-")+(pMg+F�)S+Pk� ,y2 2 

dw, bsi 
< 

dwbs 
(6.17) 

nP,! gwl 
ý'--l 

+w'(FcS-Fcj)+(Fn-F�j)Sj+Pk, 
ý'--1 

(6.18) 
4s 

2S 

(S 

Putting Rc = 
Fc - Fcj 

and R. - 
F. - F,, j 

, then equation (6.18) becomes: Fc FA 

nPw<-wl 
ý'--1 

+w 
d 

Fý, 
Sj-I+R 

+RF�Sj+P (6.19) 
sS s--, 

) 4 

1) kv- 
ýj 

For one jet the equation is: 

wlc( +wdF, 
ij-I+R 

+Rn 
F. 

sj + 
ph" ! j- (6.20) 

ns 2n Snns 

-raking S/S = 1, then (6.20) reduces to: 

Pw! ýRcw 
F, d+ 

RI, 
F. 

s (6.21) 
n2n 

The forces F,, and F,, represent the total resultant mean cutting and normal forces acting on 

the picks in the cut. These will comprise the vane and clearance kerf picks. Hence, 

F,, =pF, + qFck and F,, =pF,,,, +qF,, k (6.22) 

where, p and q are the number of vane and clearance kerf picks in the cut, F, F., k, F,,, and Fk 

are the average vane and clearance kerf cutting and normal forces respectively, acting on a 

single respective pick. If each pick is jet assisted and a phasing system is employed, then n 
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=p+q. Assuming there are an equal number of vane and clearance kerf picks, then p=q 

= n/2. Also, the average clearance kerf pick forces will be r and s times greater than the 

average vane pick cutting and normal forces respectively. Thus (6.22) becomes: 

n F, = -(F�+ rF, ) and F#, =- (F»� +s F��) 
22 

Fc = F, n (1 +r) and F� = F�, n (l+S) 

Fý, 
= F, 

(1 +r) 
and 

Fn 
= F�, 

(l+S) 
(6.20) 

ti 2n2 

Substituting (6.23) into (6.21): 

Pw < Rcw 
d 

F, 
(1 +r) 

+ R,. S F�� 
(l+S) 

222 
(6.24) 

Since we are now dealing with average single pick vane tool forces which have been modelled 

in the laboratory, a tentative evaluation of the feasibility of high pressure water jet assisted 

cutting to shearers with respect to specific energy may be attempted from the laboratory 

results. One shall have to assume that the force reductions Rc and R. are similar for the single 

vane pick results to those measured on the drum. Also, Brooker (1979), points out that the 

clearance kerf forces may be up to ten times greater than the vane pick levels, so values for 

r and s shall have to be assumed. 

Taking the expefimental results of the present study then, for the Erin coal we have: F, = 

2.7 1 kN; F,, 
v = 0.97kN; Rc = 0.33; and R. = 0.25. For the shearer used at Golbome Colliery, 

Mort (1988) reports: d=1.473m; w=2xnx 62/60 = 6.49 rads/sec; S=0.076 nVs (4.56 

nVmin); then, 
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Pw: 5 0.33 x 6.49 x 2.71 x 10'x 
1.473 

x 
(I +r) 

+ 0.25 x 0.97 x 103 x 0.076 x 
(I+S) 

222 

Pw !' 2137.3 x (I + r) + 9.2 x (I + s) 

For a flow rate of 4 I/min say, the jet pressure, P, must not exceed: 

P: 5 32.06 x (I + r) + 0.14 x (I + s) 

For s=r, then: P :5 32.20 x (I + r) 

The Erin coal received the force reductions with a jet pressure of 35MPa. However, there 

is one crucial difference: the cutting speed was 1.1 nVs, whereas in the case above it is 4.54m/s. 

One now has the problem of ascertaining if the same force reductions may be achieved at 

4.54m/s with a jet pressure less than P. 

Ip (1986), postulated that the criterion of force reduction for rocks with significant jet 

penetration, is jet penetration. Using this criterion, the jet at pressure P, must be able to 

penetrate the coal to the same depth as in the laboratory tests to furnish the same force 

reductions and lead to a decrease in the specific energy. 

The measured kerf depth in the Erin coal that procured the above force reductions was 

10.7mm (predicted 6.7mm). Predicting the penetration at 4.54m/s from Cooley's equation 

for coal, and for different values of r, we have: 

For r=1: P: 5 64AMPa: h: 5 6.2mm 

For r=2: P <- 96.6MPa: h:! ý 9.5mm 

For r=3: P: 5128.8MPa: h: 512.6mm 

Therefore, if the clearance kerf tools receive the same force reductions and are about three 

times greater than the vane tool force levels, the specific energy will decrease if a jet pressure 
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of around 128.8MPa is used. However, this pressure is quite impracticable and if there were 

fifteen tools cutting at once, the necessary high pressure pump power would be at least 

130M. 

0 6.3.4.2 Conclusions 

Jet assistance did not reduce the specific energy in both coals: indeed an exponential increase 

was observed with jet pressure and a sharp linear one with jet power. 

Despite the differences in the two coals, the specific energies for the unassisted blunt tool, 

cleat parallel, cuts were nearly identical. However, the influence of cleat is to reduce the 

specific energy when the cleat is horizontal. 

With jet assistance in the anthracite, the cleat made little difference. Between the coals 

though, the Erin specific energies were lower. 

Theorefical relationships may be derived to indicate whether one may obtain a reduction in 

specific energy from waterjet assisted cutting. The theory may be applied to a shearer loader 

and results from the laboratory used to make a first appraisal of the feasibility ofjet assistance 

in reducing the specific energy. 

The theory and the experimental results indicate that the specific energy will increase if jet 

assistance over this pressure range is adopted to mine these coals. Supporting this is the fact 

that both Mort (1988) and Kovscek et al (1986) reported an increase in specific energy in 

their field trials. However, changing the operating parameters such as increasing a shearers 

haulage speed may make the proposition more tenable. 
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6.4 Particle Sizg Analysis 

An important part of the experiment was to assess the influence of jet assisted cutting on 

the coal particle size distribution. Particular interest lay in whether the proportion of fine 

coal would be reduced by jet assistance and by how much. Fine coal is defined as the -0.5mm 

fraction: that size normally recovered from the run-of-mine by froth flotation. 

Additionally, it has been estimated that 20%-25% of mine waste comprises fine coal, which 

is consequently lost. Also, the washing technique, froth flotation, costs approximately 21/2 

times more than the processing methods of larger size fractions (HQTD Bulletin, 1987). 

Hence, a substantial benefit may be obtained if a cutting process is discovered that does not 

return such quantities of fines. Less coal would be wasted and the need for expensive froth 

flotation would be reduced. Therefore, what follows is an examination of the coal size 

distributions produced by the different treatments applied in this experiment. 

6.4.1 Erin Coal - Cleat Parallel 

The Erin coal results are presented in Fig. 6.65-66. Each set of four columns represents the 

proportion of the total amount of coal remaining on that size of sieve. 

The fines production is 10.4% and 9.8% for the sharp and blunt pick unassisted tests 

respectively. The 35MPa pressure treatment procures an 11.5% and 8.2% fines reduction 

with the sharp and blunt picks compared to the 'dry' cuts. 

From an examination of Fig. 6.65-66, the 35MPa waterjet also gives the most reductions in 

the other small size fractions, 0.5mm, 3.15mm and 6.3mm, and the largest increases in the 

12.5mm and 28mm fractions, for both pick conditions. 
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Fig-6.67-68, show the absolute percentage differences in the various size fractions compared 

to the unassisted cuts i. e. the zero line. Both graphs indicate that the 35MPa pressure treatment 

yields reductions of between 1%-2% in each fraction up to and including the 6.3mm size. 

Then, in the larger fractions there is an increase. Thus, larger size coal is being produced at 

the expense of the small coals. A similar pattern is observed for the sharp pick 105MPa 

presSUre treatment. The 70MPa pressure jet affects no particular shift in particle size: the 

trace of the graph is merely oscillating about zero. The 105MPa treatment loses its salutary 

influence with the blunt tool. 

Clearly then, the 35MPa jet pressure treatment provides the most benefit in the Erin coal 

with respect to size enhancement. The reductions made in the amounts of small coals pro- 

duced are shown to result in more larger size coal. 

Graphs of the cumulative percentage undersize are not given since the curves for the various 

treatments cannot easily be distinguished when plotted together. However, all the data fits 

remarkably well to the Rosin-Rammler relationship: 

100 
-P= 100e 4, ift 

Where, 

P= Cumulative percentage undersize 

d= Nominal aperture size of the sieve 

b and n, are constants for the particular size distribution 

(6.25) 

For the Erin coal, correlation coefficients to the above equation were typically 0.98. The 

actual equations for each treatment are included in the appendices. 

The above equation may be rearranged to the form: 
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d5o% =(-In 
0.5 

b 
(6.26) 

Thus, the median particle size, d,,,,, can be estimated. This corresponds to the 50% point on 

a cumulative undersize plot. The median particle size for each treatment are given in 

Fig. 6.69-70, and the graphs confirm the earlier conclusion, although it ought to be noted 

that an increase in the median particle size does not necessarily mean that the -0.5mm fraction 

in particular has been reduced. 

6.4.2 Anthracite Coal - Cleat Parallel 

The form of the size distribution is given in Fig. 6.71-72. The fines proportions are 6.4% and 

7.2% for the sharp and blunt picks respectively. In this case the 35MPa pressure treatment 

also reduces the fines most for both pick wear states - 12.5% and 18.1%, compared to the 

unassisted results. 

However, considering Fig. 6.73-74, one can see that overall, the 70MPa pressure jet has the 

best effect especially when the tool is blunt. Again, the reductions in the smaller size fractions 

lead to more coal in the larger size fractions. With the blunt tool all the treatments produce 

a larger size product, Fig. 6.74. 

Very good fits to the Rosin-Rammler equation were obtained with correlation coefficients 

typically 0.99. Plots of the median particle size for each treatment are given in Fig. 6.75-76, 

and for the blunt tool the 70MPa pressure treatment renders the largest value. 
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6.4.3 Di.,,; ciicqinn on the Erin and Anthracite Results 

Considering the unassisted treatments, one can see that in absolute terms, 4.1% and 2.6% 

more fines are produced in the Erin coal compared to the anthracite for the sharp and blunt 

picks respectively. 

The blunt tool in the Erin coal seems to produce slightly less fines than the sharp tool. The 

same is true for the 0.5mm, 3.15mm and 6-15mm fractions also. The 12.5mm fractions are 

identical for the two tools, but in the 28mm fraction, the blunt tool yields 2% more coal 

(absolute increase). Although unexpected, these differences offer an explanation to the 

differences in force values between the picks detailed previously. There is no increase in 

fines with the blunt tool, consequently the mean normal force did not increase greatly. And 

there is a larger proportion of +28mm size coal with the blunt tool, suggesting more chipping 

is occurring. 

With the anthracite, the blunt tool gives 0.8% more fines (in absolute terms), and the 0.5mm, 

3.15mm and 6.15mm size fractions increase also. There is a reduction in the 28mm and 

+50mm fractions, suggesting less chipping is occurring with the blunt tool, and the mean 

normal force increased greatly in this coal, compared to the sharp pick values. 

These factors may also account for the force differences between the two coals as well as 

within the coals, since the individual properties of the coals, e. g. cleat, lithotypes, will be 

reflected in the size distribution. And we find that a larger proportion of smaller coal in the 

Erin is concurrent with higher forces. The greater percentage of +28mm size in the anthracite, 

indicates more chipping is happening, thereby resulting in less fines and lower forces than 

in the Erin coal. Fines may not be the only factor involved in producing higher forces, but 

in this case t ere is agreement. 
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If one takes a look at the general shape of all the size distributions one shall see that the 

12.5mm fraction (i. e. 12.5mm - 28mm) is uniformly the largest. The 6.3mm one is usually 

the second largest and so on, despite the disparity in the coals. Obviously the sieve sizes 

affect the pattern, but the author suggests that it is also a function of the operating parameters 

viz. the depth of cut, line spacing and tool geometry. 

For example, the nominal depth of cut in this experiment was 30mm. Therefore, it is not too 

surprising to discover that the largest size fraction is that one adjacent and less than the depth 

of cut i. e. 12.5mm - 28mm. If the depth of cut had been 15mm say, then one would expect 

the largest fraction to be the 6.3mm - 12.5mm one. 

Similarly, the line spacing would influence the size of the largest particle that could be cut. 

At a 30mm depth of cut and a 20mm line spacing say, one would not expect to obtain such 

a large +28mm fraction, even in the anthracite: the breakout pattern would prevent it. 

The influence of the tool geometry is more difficult to evaluate. However, the tool utilized 

in the present study had a pronounced ridge running down the centre of the carbide insert. 

This encourages the coal to break in tension to either side rather than in a vertical direction. 

Also, the curvature of the insert means that the bottom 9mm of the tip offers a negative rake 

angle to the coal which is more conducive to compressive crushing rather than tensile 

splitting. These factors strengthen the carbide tip but they may also be contributing to the 

fines production. 

The quantity of coals making the size fractions greater than the depth of cut i. e. 28mm and 

+50mm, also indicates something of the coal's characteristics. More anthracite is found in 

these fractions than with the Erin coal and therefore it is not surprising that anthracite 

comprises more vitrinite and is not as heavily cleated, two factors that would allow brittle 

failure in large lumps. 
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With jet assistance the characteristic shape of the distribution is retained: merely the pro- 

portions within the individual fractions have altered. Thus the jet has not fundamentally 

changed the mode of fracture but modified it somewhat. For example, with the jet assisted 

treatments, the 3.15mni fraction does not suddenly appear the largest and the 12.5mm fraction 

the smallest. Only a variation of the same pattern occurs. 

6.4.4 Anthracite Coal - Cleat Horizontal 

The results are illustrated in Fig. 6.77-78. The fines for the unassisted sharp and blunt pick 

treatments are 5.6% and 4.6% respectively (absolute percentages). With the sharp pick 

treatment, the 35MPa and 70MPa jets reduce the quantity of fines by 16.1% and 3.6% 

respectively, relative to the dry cuts. 

Actually, all the blunt pick water jet assisted treatments increase the fines. This also occurs 

in the 0.5mm, 3.15mm and 6.3mm fractions, making jet assistance a definite hindrance in 

terms of size improvement. 

Fig. 6.79-80, shows the percentage differences in each fraction from the control of the 

unassisted tests. The graphs are not encouraging and enjoin one not to apply jet assistance 

when the cleat is horizontally orientated. 

Plots of the median particle size, Fig. 6.81-82, also indicate the detrimental influence of jet 

assistance. 
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0 6.4.5 Discussion on Cleat Orientation 

In the unassisted case, less fines are produced when the anthracite is cut with the cleat 

horizontal than with it parallel under both pick wear conditions - 0.8% and 2.8% (absolute 

values) respectively. This also holds true for the 0-5mm and 3.15mm fractions. 

The proportions in the 28mm and +50mm fractions are also greater when the anthracite is 

cut with the cleat horizontally arranged: thus more large coal is being produced. The median 

particle sizes reflect this since the averages over all treatments are 12.1mm/10.9mm with 

the cleat hofizontal/parallel. 

More fines and less large coal, with the cleat parallel unassisted treatments, concur with 

higher forces compared to the cleat horizontal results. Therefore, not only is the coal easier 

to cut when the cleat is horizontal but less fines and a larger product is obtained. 

The form of the cleat horizontal size distribution is similar to the ones given earlier (including 

those of the Erin coal). The differences lay in the proportions in each fraction. Particularly 

with the blunt unassisted tool, the decreases in the -0.5mm, 0.5mm, 3.15mm and 6.3mm 

fractions compared to the cleat parallel figures are from 3%-6% (absolute percentages), 

leading to increases in the 28mm and +50mm fractions. 

However, with the cleat horizontal, jet assistance reduces the proportion of large coal and 

increases that of the small coal, compared to the unassisted tests. The jet then, is interfering 

with the production of large lumps of coal. One way it could do this is suggested in Fig. 6.83. 

Withoutjet assistance and for a large lump to be formed, the pick would tend to cause fracture 

along the horizontal cleat plane and the line XY. With jet assistance, the slot produced by 
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the jet would weaken the coal along the centre line of the pick. Thus a crack could propagate 

along ZX as well as XY and the cleat plane and thereby reduce the size of the lump formed. 

As the slot deepened with jet pressure the tendency for this to happen would be greater. 

6.4.6 Conclusions 

Jet assistance decreases the proportion of fine coal and increases the quantity of +28mm 

fraction coal in the Erin sample. The best result was obtained with the jet operating at 35MPa. 

Fines reduction is also achieved in the anthracite when the cleat is orientated parallel to the 

direction of cut. The 35MPa pressure jet returns most fines reduction but considering the 

other size fractions as well, then the 70MPa pressure treatment yields the overall best size 

enhancement. 

When the cleat is horizontal in the anthracite, jet assistance has a detrimental effect on coal 

size and actually increases the fines content. 

The pick forces required to cut the coal when unassisted appear to be higher when the coal 

produces more fines and a lower proportion of large coal. With jet assistance this relation 

is not so simple since although the jet may be affording force reductions it may also be 

encouraging smaller coal to be formed, as in the case of the anthracite, cleat horizontal tests, 

Fig. 6.82. 

All the distributions fit very well to the Rosin-Rammler exponential equation and the median 

particle size is affected by coal type, cleat orientation and jet pressure. The average median 

particle sizes averaged over all the treatments for the coals are 7.1 mm, 10.9mm and 12.1 mm, 

for the Erin and anthracite (cleat parallel and horizontal) respectively. 
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Jet assistance does not drastically alter the form of the size distributions but modifies them 

to some extent. From this one infers that the essential cutting process is not fundamentally 

changed by the jet. 

Apart from the cutting process, the coal size is influenced by the operating parameters i. e. 

depth of cut, line spacing and tool geometry. Deeper depths of cut and correspondingly wider 

line spacings increase the potential for producing larger size coal. 

6.5 Summary 

The more detailed conclusions are given throughout the text. Tests have revealed that both 

coals may receive force reductions with high pressure water jet assisted cutting. The 

minimum jet power at which major reductions are achieved depends upon the coal type - 

the heavily cleated, friable Erin coal requiring less power than the coherent, vitreous 

anthracite. 

When the tool wears then more benefit is derived from jet assistance particularly in the 

normal force. 

Cleat orientation influenced the effectiveness of jet assistance and the cutting forces without 

jet assistance. Benefit could be obtained at a lowerjet pressure when the cleat was horizontal, 

but this was only significant in the normal force. Without jet assistance the anthracite was 

easier to cut when the cleat was horizontal compared to with it parallel. 

The differences in the breakout can be seen to be influenced by the cleat and the coal 

lithotypes. Generally, jet assistance increased the breakout in both coals. 

There was a tremendous increase in specific energy with jet power. Calculations were made 

which indicated that even with the 35MPa jet in the Erin coal where the specific energy was 

243 



not exorbitantly higher than in the unassisted case, over twice the actual force reductions 

gained in the cutting force would be needed to reduce the specific energy in the linear trials. 

An attempt to apply the laboratory results to predict if the specific energy of a shearer loader 

would be reduced gave a pessimistic conclusion. However, only one set of operating 

conditions were examined with the machine haulage speed being keptconstant. In this respect 

there may be room for improvement. 

Jet assistance reduced the fines and otherwise enhanced the coal size when the cleat was 

parallel in both coals. However, it proved to have a detrimental effect when the cleat was 

rotated 90", in which case the fines were actually increased. 
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CHAPTERSEVEN 



7 TEST SERIES ONE AND TWO RESULTS 

7.1 Introduction 

The experiments described in this section were performed at British Coal's Swadlincote 

Test Site, under the Rock Mechanics Branch, Headquarters Technical Department. Subse- 

quently, all the force readings were abstracted and analysed in the Department of Mining 

Engineering, of the University of Newcastle upon Tyne, together with part of the sieve 

analysis. 

. 
7.2 Objectives and Research Programme 

. 
7.2.1 Obiectives 

The object of the experiment was to carry out an investigation into high pressure water jet 

assisted cutting of coal and from this assess what benefits may be expected in terms of 

enhanced cutting performance and size distribution of the cut product. 

The criterion of increased cutting performance was the force reductions obtained in the three 

mutually perpendicular force components measured. Concerning the size distribution, 

particular interest lay in the influence of high pressure water jet assisted cutting on the fines 

production for the same reasons stated in the previous chapter. The operational factors such 

as offset and lead distances were examined to carry out a more detailed study and the tests 

were conducted in bituminous coal from the Erin Remainder, Opencast Site. 
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7.2.2 Test Propuramme 

The research programme detailed here compfises two series as described below. 

7.2.2.1 Test Series One 

The main parameters influencing jet assisted cutting and the ones investigated in this series 

are indicated in the table below. 

Factor Level Value 

a) JET 

I. Jet Pressure 4 0,35,70, I05MPa 
2. Jet Flow Rate 1 4 I/min 
3. Nozzle Design I M. R. D. E. 
4. Nozzle Material I Tungsten Carbide 
5. Additive 0 None 
6. Jet Type I Continuous 
7. Jet Fluid I Water 

b) OPERATIONAL 

8. Stand-off Distance I 75mm 
9. Lead Distance I 2mm 
10. Jet Position I Infront of Pick 
11. Offset Distance I Zero 
12. Cutting Mode I Relieved 
13. Depth of Cut I 30mm 
14. Line Spacing I 70mm 
15. Cutting Speed I 1.34m/s 
16. Tool Type I 75mm radial with HW tip 
17. Tool Wear 2 Sharp/Blunt 
18. Cutting w. r. t. Cleat 2 Parallel/Horizontal 
19. Coal Type I Erin Coal (Bituminous) 

_. j 

Table 7.1 

In these tests the flow rate was held constant at 4 I/min whilst thejet pressure was incremented. 

in steps of 35MPa. 4 I/min perjet is considered the maximum allowable for the underground 

situation without causing excessive water to be released on to the coal face. 
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The stand-off distance is shown as 75mm, but this is the approximate distance from the 

nozzle exit to the tool tip rather than to the surface of the coal since with the relieved cutting 

mode the surface of the coal is irregular and depends upon the breakout pattern and might 

vary from treatment to treatment. 

A relieved cutting regimen was adopted to model as closely as possible the actual cutting 

mode of underground coal cutting machinery. The 75mm heavy duty radial pick, which 

typically equips mining shearers, cut the coal. Both a sharp and artificially blunted tool were 

used and the tools were of the same specification as in the previous chapter. 

The tests were carried out at the maximum cutting speed available to the linear rig (1.34m/s). 

The coal samples were arranged such that the cutting tool cut through the bedding planes 

for each cleat orientation. 

The cutting forces (mean and mean peak) in three mutually perpendicular directions were 

recorded and used to assess the effectiveness of high pressure waterjet assisted cutting over 

conventional cutting. All coal debris was collected and sized so the influence of jet assistance 

on fines production could be ascertained. 

A series of additional tests to the above were performed with the sharp pick. These tests 

consisted of slotting the ridges in the breakout surfaces at different pressures and then cutting 

along the slots at a 30mm depth of cut but without further jet assistance. This was done for 

the three jet pressures indicated in Table 7.1. 

All the treatments were replicated an average of ten times per treatment, hence in total 130 

individually recorded cuts were made. The treatment order was randomized to comply with 

standard experimental procedure. 
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ýies Two 

Table 7.2 below describes the variables invesfigated in this test series. 

Factor Level Value 

a) JET 

1. Jet Pressure 1 70MPa 
2. Jet How Rate 1 4 I/min 
3. Nozzle Design I M. R. D. E. 
4. Nozzle Material I Tungsten Carbide 
5. Additive 0 None 
6. Jet Type I Continuous 
7. Jet Fluid I Water 

b) OPERATIONAL 

8. Stand-off Distance I 75mm 
9. Lead Distance 4 2mm, 10mm, 50mm, 100mm 
10. Jet Position I Infront of Pick 
11. Offset Distance 3 Omm, 35mm, 50mm 
12. Cutting Mode I Relieved 
13. Depth of Cut I 30mm 
14. Line Spacing I 70mm 
15. Cutting Speed I 1.34m/s 
16. Tool Type I 75mm radial with HW tip 
17. Tool Wear I Sharp 
18. Cutting w. r. t. Cleat 2 Parallel/Horizontal 
19. Coal Type I Erin Coal (Bituminous) 

Table 7.2 

In these tests the effects of the lead and offset distances were examined at a constant jet 

pressure of 70MPa and flow rate of 4 I/min. The jet was positioned to the unrelieved side 

of the cutting tool as the offset distance was varied. 

Again the cutting forces were recorded and the coal debris collected for a subsequent size 

analysis. 
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In total, 109 separate replicates were made, an average of nearly II per treatment and ran- 

domization was employed to nullify, as far as possible, systematic errors and variability 

within the coal. 

73 Research ADparatus 

The research testing device has been used previously in hard rock cutting experiments 

(Morris and MacAndrew, 1986), to study the applicability of high pressure water jet 

assistance to tunnelling machines. 

Basically, the apparatus is a modified linear planing machine with a stroke of 5.3m and a 

maximum cutting speed of 1.34m/s. The test specimen is mounted and secured on a traversing 

specimen table. A dynamometer capable of measuring forces up to lOOkN (described in 

Chapter 2), is anchored on a substantial trestle with the water jet arrangement. The depth of 

cut, line spacing, lead distance, offset distance, and other parameters may be varied inde- 

pendently as required. High pressure water is supplied by a PresswellHydraflow type HD70K 

pump. 

Analogue signals from the dynamometer were recorded on a Racal'Store 7DS'seven channel 

FM tape recorder. Force readings could also be obtained from a twelve channel UV recorder. 

The signal conditioning system was purpose built and designed by British Coal's instru- 

mentation personnel. 

Five coal blocks were cast in pitch on the specimen table. Their dimensions are illustrated 

in Fig. 7.1. The shaded areas are regions of pitch between the coal specimens. Blocks 1,3, 

4 and 5 were orientated such that the cutting tool cut through the bedding planes and in a 

parallel direction to the vertical major cleat. Block 2, was inadvertently arranged such that 
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the major cleat was lying horizontally and thus at 90* to that in the other blocks. However, 

the forces in this block were isolated in the results analysis from the others and provided 

additional information on the effect of cleat orientation to jet assistance. 

The cutting forces were calculated between the dashed lines in Fig. 7.1, leaving a coal boarder 

of at least 50mm between the pitch so that the forces to cut the pitch would not be included 

in or affect the results. The analysis was conducted at Newcastle University in a similar 

manner to that described in Chapter 5. A force reading was taken for every I. I mm length 

of cut. 

7.4 Test Series One 

7.4,1 Coal 
-C , utting Results 

The fundamental factorial design is described in Table 7.3 below. Each cell contains the 

number of replications for that treatment. 

Sharp Pick Blunt Pick 

Jet 
Pressure 

Cleat 
Parallel 

Cleat 
Horizontal 

Cleat 
Parallel 

Cleat 
Horizontal 

OMPa 13X 13X 12X 12X 

35MPa 8X 8X lix lix 

70MPa 12X 12X 12X 12X 

105MPa lix Ilx 12X 12X 

Table 7.3 

Due to the variability between the forces in the coal blocks it was again necessary to take a 

severe stadstical approach to the interpretadon of the results. The forces for each coal block 

were used in the stadstical analysis which was performed with the statistics software GLIM 

3.12, available on Newcastle University's Mainframe computer. It was found during the 
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analysis that the forces in coal block 3 were the highest, sometimes as much as three times 

the values in block 1. This highlights the variability within coal: even though the blocks 

were abstracted from the same site, at the same time and probably in close proximity to one 

another. 

Underground, the coal in a panel is subjected to various states of stress. Initially a particular 

section of the coal is confined and experiences the overburden pressure. As the coal face 

approaches this section of coal, the stresses rise and reach a peak, 1-3m behind the coal face, 

which is called the abutment pressure (Whittaker, 1974). This pressure may be up to two to 

three times the overburden stress (Farmerand Robertson, 1975). Afterthis the stress suddenly 

drops to near zero along the face-line, hence, the coal along the face is usually relatively 

de-stressed. It is this phenomenon that makes extraction and roof support possible, otherwise 

the stresses would be too great to contend with. 

Pomeroy (1963), conducted cutting trials with coal samples stressed up to I 000psi (6.89MPa) 

and observed the cutting forces to vary as the confining pressure increased. In some coals 

the forces reached a maximum at 500psi and then decreased to around the unstressed value 

as the pressure was raised further. Also, the confining pressure increased the cutting forces 

most in the heavily cleated coals; the joints being closed, thus making the coal harder to cut. 

From the experiment, Pomeroy, suggested that since the overburden pressure would be 

greater than the compressive strength of the coal at the face, it should supplement the forces 

required to cut the coal. 

Also, Leonard (1979), reports that Protodyakanov, found the strength of coal to vary by as 

much as 30% within the same seam. 

The variability within the test coal then, would probably be evident underground in the seam. 

The abutment pressure makes it difficult to predict the cutting forces and from the previous 
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statements would appear to weaken the coal since it would be greater than its compressive 

strength. Therefore, the author thinks the un-stressed cutting trials should provide useful 

information that would be reproducible below ground. 

The statistical analysis is given below. The figures in brackets are the values at which a 

treatment becomes significant at the 1% level i. e. highly significant. 

Mean Normal Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 7.0 3 2.3 0.9 (3.8) 
Between Pick Wear 280.0 1 280.0 103.9 (6.7) 
Between Cleat 44.0 1 44.0 16.3 (6-7) 
Interaction between 
Pressures & Pick Wear 

30.0 3 10.0 3.7 (3.8) 

Interaction between 
Pressures & Cleat 

9.0 3 3.0 1.1 (3.8) 

Interaction between 
Cleat & Pick Wear 

2.1 1 2.1 0.8 (6.7) 

Interaction between 
Pressures, Cleat & Pick Wear 

0.4 3 0.1 0.0 (3.8) 

Experimental Error 994.5 369 2.7 

Total 1377.0 384 

Table 7.4 

Since four coal blocks were used to calculate the forces for the cleat parallel tests and one 

for the cleat horizontal, the standard errors have to be weighted depending upon the statistical 

comparisons being made. Hence, the standard error within the cleat parallel treatments is 
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±0.37kN; within the cleat hofizontal treatments it is ±0.73kN; and between the cleat 

orientations it is ±0.58kN. Thus the 95% confidence limits for a two-tailed test are ±0.73kN, 

±1.53kN and ±1. l8kN respectively. 

Table 7.4 indicates that only the effects of cleat and pick wear are significant in the mean 

normal force, and the effect of tool wear is by far the greatest factor on this force component. 

The results are plotted in Fig. 7.2-7, and indicate there are no significant force decreases 

caused by jet assistance in the normal force. The trends with the sharp pick show some 

benefit but this is not realised with the blunt tool. The graphs show that the forces are lower 

with the cleat horizontal than with it parallel to the cutting direction and this is particularly 

so with the blunt tool. Also, the force increases due to cutting with the blunt tool are greater 

when the cleat is parallel than when it is horizontal and this is obtained over the whole 

pressure range. 

Fig. 7.6-7, show the results for the cleat parallel tests against jet power. Essentially, the form 

of the graphs are the same as those against jet pressure and so further graphs of jet power 

shall not be given. The curves are the same because the jet flow rate was maintained constant 

at 4 I/min. The jet powers at 35MPa, 70MPa and 105MPa pressures were 2.33kW, 4.67kW 

and 7. OOkW respectively. Thus the power has increased in the ratio 1: 2: 3. 

Fig. 7.8-1 1, illustrate the percentage force differences compared to the unassisted cuts. In 

both cases of cleat orientations, the sharp tool receives benefit from jet assistance which is 

subsequently lost with the blunt tool. However, some assistance is afforded the blunt tool, 

as shown in Fig. 7.1 1, at a jet pressure of 35MPa. 
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Mean Cutfing Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 3.0 3 1.0 0.4 (3.8) 
Between Pick Wear 5.0 1 5.0 1.8 (6.7) 
Between Cleat 141.0 1 141.0 51.8 (6.7) 
Interaction between 
Pressures & Pick Wear 

95.0 3 31.7 11.6 (3.8) 

Interaction between 
Pressures & Cleat 

13.0 3 4.3 1.6 (3.8) 

Interaction between 
Cleat & Pick Wear 

3.0 1 3.0 1.1 (6.7) 

Interaction between 
Pressures, Cleat & Pick Wear 

1.0 3 0.3 0.1 (3.8) 

Experimental Error 1005.0 369 2.7 

Total 1 1266.0 1 384 1 1 

Table 7.5 

The standard errors and 95% confidence limits are the same as those for the mean normal 

force in this case. 

The cleat orientation has the most significant influence on the mean cutting force. The cleat 

horizontal mean cutting forces are all significantly lower than the corresponding cleat parallel 

ones for both sharp and blunt picks. 

There is a significant interaction term between jet pressure and pick wear. For the sharp 

pick, cleat parallel tests, there are significant force decreases with the treatments at jet 

pressures of 70MPa and 105MPa. With the cleat horizontal, the 35MPa and 105MPa 

treatments have significantly decreased the mean cutting force also. 
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The blunt too] results are quite unexpected. There has been no significant change amongst 

the jet assisted values compared to the sharp pick results. However, the dry or unassisted 

force levels are significantly lower than those of the sharp pick, in both cleat orientations. 

The jet pressure effect then, has not shown up significant due to the blunt tool results. 

The percentage force differences follow the same pattern as the mean normal force. With 

the blunt tool though the cutting force is increased more than the normal force, Fig. 7.9,1 1. 

Mean Sideway Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 

Between Pressures 3.3 3 1.1 2.1 (3.8) 

Between Pick Wear 0.2 1 0.2 0.4 (6.7) 

Between Cleat 18.0 1 18.0 35.2 (6.7) 

Interaction between 
Pressures & Pick Wear 

5.9 3 2.0 3.8 (3.8) 

Interaction between 
Pressures & Cleat 

1.6 3 0.5 1.0 (3.8) 

Interaction between 
Cleat & Pick Wear 

0.2 1 0.2 0.4 (6.7) 

Interaction between 
Pressures, Cleat & Pick Wear 

1.6 3 0.5 1.0 (3.8) 

Experimental Error 188.9 369 0.5 

Total 1 
219.7 384 

Table 7.6 

The 95% confidence limits for the two-tailed t-tests are ±0.32kN for the cleat parallel results; 

±0.67kN for the cleat horizontal tests; and ±0.5 1 kN when making comparisons between the 

two cleat orientations. 
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From Table 7.6 and the graphs, the only relevant differences in the mean sideway force are 

due to the cleat orientation. In short, the cleat horizontal sideway force is significantly lower 

than the cleat parallel sideway force. 

Mean Peak Normal Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 130.0 3 43.3 1.0 (3.8) 
Between Pick Wear 4820.0 1 4820.0 116.6 (6.7) 
Between Cleat 260.0 1 260.0 6.3 (6.7) 
Interaction between 
Pressures & Pick Wear 

210.0 3 70.0 1.7 (3.8) 

Interaction between 
Pressures & Cleat 

100.0 3 33.3 0.8 (3.8) 

Interaction between 
Cleat & Pick Wear 

300.0 1 300.0 7.3 (6.7) 

Interaction between 
Pressures, Cleat & Pick Wear 

30.0 3 
I 

10.0 0.2 (3.8) 

Experimental Error 15250.0 369 41.3 
Total 21100.0 384 

Table 7.7 

The 95% confidence limits for the two-tailed t-tests are ±2.85kN for the cleat parallel results; 

±6.03kN for the cleat horizontal tests; and ±4-65kN for making comparisons between the 

two cleat orientations. 

The table and Fig. 7.12-15, indicate that the only factor deserving consideration is the effect 

of pick wear. The forces increase significantly with the blunt tool and this is mainly due to 

the cleat parallel results where the increases are greater. Force differences due to changes 
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in jet pressure have no statistical significance. The effect of cleat is actually significant but 

at the 5% level and is evident between the blunt tool results. It is also highly significant from 

the interaction term between cleat orientation and pick wear. 

Graphs of the percentage force differences are given in Fig. 7.16-19. Similar features to the 

mean forces are exhibited. Benefit from jet assistance is achieved in the sharp tool with only 

the 35MPa pressure treatment in Fig. 7.19, showing any force reduction in the blunt tool. 

Mean Peak Cutting Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 

Between Pressures 300.0 3 100.0 4.1 (3.8) 

Between Pick Wear 180.0 1 180.0 7.3 (6.7) 

Between Cleat 356.0 1 356.0 14.4 (6.7) 

Interaction between 
Pressures & Pick Wear 

617.0 3 205.7 8.3 (3.8) 

Interaction between 
Pressures & Cleat 

135.0 3 45.0 1.8 (3.8) 

Interaction between 
Cleat & Pick Wear 

30.0 1 30.0 1.2 (6.7) 

Interaction between 
Pressures, Cleat & Pick Wear 

11.0 3 3.7 0.2 (3.8) 

Experimental Error 9091.0 369 24.6 

Total 10720.0 384 

Table 7.8 

The 95% confidence limits for the two-tailed t-tests are ±2.20kN for the cleat parallel results; 

±4.66kN for the cleat horizontal tests; and ±3.58kN when making comparisons between the 

two cleat orientations. 
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All the main effects appear significant in Table 7.8. The largest effect is caused by the 

differences due to the cleat orientation such that the mean peak cutting forces are lower 

when the cleat is horizontal rather than parallel. 

As with the mean cutting force, the unassisted or dry, blunt tool results are significantly 

lower than the sharp tool ones, in both cleat directions. 

It is only with the sharp tool that significant force reductions are achieved through jet 

assistance and this occurs at jet pressures of 35MPa and 105MPa and for both cleat orien- 

tations. 

From Fig. 7.18-19, one can say that the 35MPa pressure treatment yields the best result when 

the cleat is horizontal. 

Mean Peak Sideway Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 15.0 3 5.0 1.2 (3.8) 
Between Pick Wear 50.0 1 50.0 11.6 (6.7) 
Between Cleat 85.0 1 85.0 19.7 (6.7) 
Interaction between 
Pressures & Pick Wear 

74.0 3 2.5 0.6 (3.8) 

Interaction between 
Pressures & Cleat 

24.0 3 8.0 1.8 (3.8) 

Interaction between 
Cleat & Pick Wear 

1.0 1 1.0 0.2 (6.7) 

Interaction between 
Pressures, Cleat & Pick Wear 

6.0 3 2.0 0.5 (3.8) 

Experimental Error 1596.0 369 4.3 

Total 1851.0 384 

Table 7.9 
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The 95% confidence limits for the two-tailed t-tests are ±0.92kN for the cleat parallel results; 

±1.95kN for the cleat horizontal tests; and ±1.5 1 kN when making comparisons between the 

two cleat orientations. 

As before, the forces in the cleat horizontal trials are less than those in the cleat parallel tests. 

Also, the unassisted blunt tool treatment with the cleat parallel is significantly lower than 

the corresponding sharp pick result. 

7.4.1.1 Conclusions 

During the analysis it was found that the coal samples differed in strength sometimes by as 

much as three times. This necessitated a strict stafistical interpretation of the results. 

Jet assistance did not reduce the mean or mean peak normal forces significantly in these 

tests but there is a downward trend in the sharp tool trace. The blunt tool significantly 

increased the normal forces especially when the cleat was parallel to the cutting direction 

(2.27 times and 1.92 times with the cleat horizontal). Cleat orientation influenced the 

magnitude of the normal force such that with the cleat horizontal the force values were on 

average 39.6% lower than the cleat parallel results. 

Significant force reductions were provided the mean and mean peak cutting forces but not 

at all the pressures and only with the sharp pick. Cleat orientation was the largest single 

factor to affect this force componentand on average the mean cutting force was 50.4% lower 

when the cleat was horizontal compared to the cleat parallel forces. The peak forces were 

28.2% lower. 

The sideway forces were less when the cleat was horizontal. Jet pressure and tool bluntness 

produced no large force differences. 
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One cannot conclude from these tests that jet assistance promises extensive returns in terms 

of increased cutting performance and it appears that with the blunt tool there is no point in 

applying jet assistance if considering force reductions alone. Lower forces are required to 

cut the coal when the cleat is orientated in a horizontal plane. The effect of tool wear is not 

as great when the cleat is horizontal compared to when it is parallel and on the whole it 

would be better to cut this coal with the cleat horizontally orientated. 

7.4.2 Pre-cut Slot Tests 

A series of tests with the sharp tool were performed at the same jet pressures but this time 

the jet was used to cut a slot along the length of cut before the tool cut the coal but without 

further jet assistance. 

The tests were carried out in the same coal samples and thus a comparison between cleat 

orientations has been made also. The results were analysed with those of the sharp pick from 

the previous section to assess the effect of pre-slotting as compared with hybrid cutting. The 

table below describes the basic experiment. 

Without Pre-cut Slot With Pre-cut Slot 

Jet 
Pressure 

Cleat 
Parallel 

Cleat 
Horizontal 

Cleat 
Parallel 

Cleat 
Horizontal 

OMPa 13X 13X 

35MPa 8X 8X 13X 13X 

70MPa 12X 12X 6X 6X 

105MPa lix lix I 6X 6X 

Table 7.10 
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Mean Normal Force ANOVA 

Source 
of 

Variation 

Slims 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

1, evel) 
Between Pressures 10.6 3 3.5 2.9 (3.8) 
Between Slot 0.2 1 0.2 0.2 (6.7) 
Betwee Cleat 6.2 1 6.2 5.0 (6.7) 
Interaction between 
Pressures & Slot 

11.1 2 5.6 4.5 (4.7) 

Interaction between 
Pressures & Cleat 

3.0 3 1.0 0.8 (3.8) 

Interaction between 
Cleat & Slot 

0.3 1 0.3 0.2 (6.7) 

Interaction between 
Pressures, Cleat & Slot 

0.7 2 0.4 0.3 (4.7) 

Experimental Error 345.7 281 1.2 

Total 377.8-1 294 

Table 7.11 

The 95% confidence limits for the two-tailed t-tests are ±0.49kN for the cleat parallel results; 

±1.04kN for the cleat horizontal tests; and ±0.80kN when making comparisons between the 

two cleat orientations. 

Table 7.11, does not indicate a significant effect at the I% level, however, the effects of jet 

pressure, cleat and the interaction term between jet pressure and 'slot' are significant at the 

5% level though not shown. 

Consequently, the t-tests do reveal significant force reductions in the mean normal force at 

the 5% level. In these comparisons only the sharp pick is being considered and thus the 

normal force in Fig-7.2, has been significantly reduced by the 70MPa and 105MPa pressure 

treatments. 
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The results for the pre-slotted tests are illustrated in Fig. 7.20-23. The only significant mean 

normal force reduction is that caused by the slot made at 35MPa jet pressure with the cleat 

parallel, Fig. 7.20. 

The differences in mean normal forces between normal jet assistance with a lead distance 

of 2mm and pre-slotting are not significant for both cleat orientations. Thus, the forces are 

similar in both cases. 

Pre-slotting exhibits the same trend as earlier with regard to cleat orientation in that the 

normal force with the cleat horizontal is lower than with it parallel: on average, 23.2% lower. 

Mean Cutting Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 68.3 3 22.8 7.5 (3.8) 
Between Slot 9.2 1 9.2 3.0 (6.7) 
Between Cleat 69.7 1 69.7 22.9 (6.7) 

Interaction between 
Pressures & Slot 

8.7 2 4.4 1.4 (4.7) 

Interaction between 
Pressures & Cleat 

4.8 3 1.6 0.5 (3.8) 

Interaction between 
Cleat & Slot 

1.3 1 1.3 0.4 (6.7) 

Interaction between 
Pressures, Cleat & Slot 

0.9 2 0.4 0.1 (4.7) 

Experimental Error 855.1 281 3.0 

Total 1018.0 1 
294 

1 1 

Table 7.12 
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The 95% confidence linlits for the two-tailed t-tests are ±0.77kN for the cleat parallel results; 

±1.64kN for the cleat horizontal tests; and ±1.26kN when making comparisons between the 

two cleat orientations. 

Cleat is the major factor with the mean cutting force. This was also apparent in the previous 

section. With the jet assisted treatments all the cleat horizontal results are significantly lower 

(or borderline and close) than the cleat parallel forces, Fig. 7.2,4. And the same applies to 

the pre-slotted test results, Fig. 7.20-21. This is despite the quite large confidence interval 

and would be reinforced by a one-tailed t-test. 

For the jet assisted treatments, the same significant force reductions are obtained as in the 

previous section. With the pre-slotted cuts, all the slotted trials yielded a significantly lower 

cutting force with the cleat parallel. With the cleat horizontal, only the pre-slotting by the 

35MPa jet procured a significant reduction. 

As with the mean normal force, the pre-slotted tests did not significantly differ from those 

of the jet assisted test results. The existence of the slot seems to be enough to cause not 

dissimilar force reductions to those of the jet assisted cutting. 
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Mean Peak Normal Force ANOVA 

Source 
of 

Variation 

sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 128.0 3 42.7 4.0 (3.8) 
Between Slot 0.0 1 0.0 0.0 (6.7) 
Between Cleat 2.0 1 2.0 0.2 (6.7) 
Interaction between 
Pressures & Slot 

36.0 2 18.0 1.7 (4.7) 

Interaction between 
Pressures & Cleat 

46.0 3 15.3 1.4 (3.8) 

Interaction between 
Cleat & Slot 

5.0 1 5.0 0.5 (6.7) 

Interaction between 
Pressures, Cleat & Slot 

9.0 2 4.5 0.4 (4.7) 

Experimental Error 2993.0 281 10.7 

Total 3219.0 294 1 1 

Table 7.14 

The 95% confidence limits for the two-tailed t-tests are ±1.44kN for the cleat parallel results; 

±3.07kN for the cleat horizontal tests; and ±2.36kN when making comparisons between the 

two cleat ofientations. 

Although the effect of jet pressure is just highly significant in Table 7.14, it is only evident 

in the pre-slotted tests at 35MPa for both cleat orientations, Fig. 7.24-25. All the other effects 

are not significant even at the 5% level. The percentage force reductions are shown in 

Fig. 7.26-27, and indicate that the 35MPa pressure treatment is the best for both cleat 

arrangements. 
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Mean Peak Ciffling Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Uvel) 
Between Pressures 50.0 3 16.7 0.6 (3.8) 
Between Slot 133.0 1 133.0 5.0 (6.7) 
Between Cleat 144.0 1 144.0 5.5 (6.7) 
Interaction between 
Pressures & Slot 

46.0 2 23.0 0.9 (4.7) 

Interaction between 
Pressures & Cleat 

131.0 3 43.7 1.7 (3.8) 

Interaction between 
Cleat & Slot 

6.0 1 6.0 0.2 (6.7) 

Interaction between 
Pressures, Cleat & Slot 

16.0 2 8.0 0.3 (4.7) 

Experimental Error 7421.0 281 26.4 

Total 8947.0 294 

Table 7.15 

The 95% confidence limits for the two-tailed t-tests are ±2.28kN for the cleat parallel results; 

±4.83kN for the cleat horizontal tests; and ±3.72kN when making comparisons between the 

two cleat orientations. 

The slot and cleat effects are not highly significant (i. e. at the I% level) but significant at 

the 5% level. The unassisted or dry cuts bear no significant differences between one another, 

the significance appears between the jet assisted and pre-slotted treatments and the pre- 

slotted cuts show lower forces in both cleat orientations. Similarly to the mean cutting force, 

the cleat horizontal mean peak cutting forces are generally lower than the cleat parallel ones 

but the significance is between the 35MPa treatments. The percentage force differences are 

shown in Fig. 7.26-27, for the pre-slotted tests, and suggest the 35MPa treatment to be the 

best in terms of force reduction. 
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Mean Peak Sideway Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Pressures 119.0 3 39.7 5.8 (3.8) 
Between Slot 78.0 1 78.0 11.4 (6.7) 

Between Cleat 48.0 1 48.0 7.0 (6.7) 

Interaction between 
Pressures & Slot 

9.0 2 4.5 0.7 (4.7) 

Interaction between 
Pressures & Cleat 

58.0 3 19.3 2.8 (3.8) 

Interaction between 
Cleat & Slot 

5.0 1 5.0 0.7 (6.7) 

Interaction between 
Pressures, Cleat & Slot 

7.0 2 3.5 0.5 (4.7) 

Experimental Error 1923.0 281 6.8 

Total 1 
2247.0 

1 
294 

Table 7.16 

The 95% confidence limits for the two-tailed t-tests are ±1. I&N for the cleat parallel results; 

±2.46kN for the cleat horizontal tests; and ±1.89kN when making comparisons between the 

two cleat orientations. 

All the main effects are highly significant. There appears to be more variation in the cleat 

horizontal results than with the cleat parallel ones. This suggests that when the cleat is 

horizontal the tool is less constrained by the coal. When the cleat is vertical and parallel to 

the direction of cut the tool is quite steady in the cut and the curves in Fig. 7.12,24 are more 

regular or even. 
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0 
ions 

Quite large confidence intervals are indicated by the statistical analysis which the author 

suggests is not all due to experimental error but, to a large degree, the inherent differences 

in the coal blocks. Despite this variation statistical inferences can be made. 

AA %0 Pre-slotfing the coal provides no substantial advantage over conventional jet assisted cutting 

and the converse is also true. However, pre-slotting does reduce the forces compared to the 

unslotted or dry tests and the greatest benefit is furnished by the 35MPa pressure treatment 

in both the normal and cutting forces and for both cleat orientations. 

Cleat orientation is an important factor in influencing force values. The results suggest that 

the coal is easier to cut when the cleat is horizontal, and this applies to both sets of tests. To 

give average values over the whole pressure range: with the jet assisted tests, the mean 

normal and cutting forces were 28.4% and 37.6% lower, respectively; with the pre-slotted 

tests, the average respective reductions were 23.2% and 33.5%. Hence, the cutting force is 

reduced most, by about 10% more than the mean normal force. 

One can also say that when the force reductions due to jet assistance and pre-slotting are 

averaged out, more benefit is obtained when the cleat is horizontal than parallel for both the 

mean normal and cutting forces. For the jet assisted tests the average force reductions for 

the mean normal and cutting forces with the cleat parallel were 23.5% and 20.9% respect- 

ively. The corresponding reductions with the cleat horizontal were 36.6% and 37.2%. The 

figures for the pre-slotted cuts are 18.9% and 30.8% (cleat parallel) and 24.4% and 40.2% 

(cleat horizontal). In addition, it appears that with jet assistance the normal force is reduced 

more than it would be by pre-slotting, but conversely the cutting force is reduced more by 

pre-slotting than with jet assistance. 
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The sideway force seems more stable when cutting with the cleat vertical and parallel to the 

cutting direction. However, it is also greater in value than when cutting with the cleat in a 

horizontal plane, so it cannot be considered as an important advantage. 

7.4.3 Sneciric Energy 

Fig. 7.28-29, show the specific energy plots for the sharp and blunt tool tests. In this case it 

was not possible to separate the effects of cleat orientation and so the yield from coal block 

2 is included in the calculations. 

Two sets of results are plotted. The curves increasing over the jet pressure and power ranges 

include the energy supplied by the jet. The curves practically constant over the ranges do 

not include the jet energy but merely the tool cutting force at that jet pressure or power. 

Since the jet flow rate was held constant at 4 I/min, and the cutting speed is greater at 1.34m/s, 

the specific energy at 105MPa pressure is not as high as in the previous chapter compared 

to the unassisted cuts. 

There is some disparity with the unassisted or dry cut values, between the sharp and blunt 

tools, and the linearity of the curves suffers, nevertheless, correlation coefficients of the 

order of 0.97 are obtained for the curves with the jet energy included. Neither curve displays 

a reduction in specific energy and therefore the force reductions and increase in yields 

obtained from jet assistance are not sufficient to offset the extra energy delivered by the jet. 

The specific energies for the pre-slotted tests are given in Fig. 7.30-3 1. In this case the specific 

energy of the 35 MPa treatment is just less than the unslotted treatment value. This is for the 

sharp pick though which is not considered as important as the blunt pick result. If the blunt 

pick result would follow closely the trend of the sharp pick, the result would be quite 

encouraging. A similar occurrence is found with the jet assisted 35MPa sharp pick treatment 
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in Fig. 7.28. 

The differences in the specific energies between the pre-slotted andjet assisted cuts are quite 

small and on average the pre-slotted treatment specific energies are 8.3% lower than those 

for the jet assisted tests. 

Thus, pre-slotting is more efficient than conventional jet assisted cutting and pre-slotting 

with a jet at 35MPa can result in a specific energy decrease compared to cutting dry. 

7,4.4 Sieve Analysis Results 

7.4.4.1 jet Assisted Tests 

The sieve analysis results are illustrated in Fig. 7.32-33. Fig. 7.32, shows that the fines have 

been reduced by the jet assisted treatments from 9.8% of the total quantity sieved to 6.2%, 

7.0% and 6.3% at jet pressures 35MPa, 70MPa and 105MPa respectively. These represent 

36.7%, 28.6% and 35.7% fines reductions for the sharp pick tests. 

Fig. 7.33, gives the blunt tool results. Despite the apparent force increases with the blunt 

tool, the fines production has been reduced by jet assistance from 8.0% of the total debris 

to 5.2%, 7.4% and 7.3% at the pressures stated above i. e 35.0%, 7.5% and 8.8% fines 

reductions. 

The characteristic shape of the distribution is similar to that observed in the previous chapter. 

The author suggests then that the increased cutting speed and different jet powers have not 

fundamentally changed the mechanism of fracture. The coal is fracturing into the same size 

patterns. 

Fig. 7.34-35, describe by how much each fraction varies from the unassisted results. For the 

sharp pick trace, the 105MPa treatment produces the overall best effect. Fig. 7-35, indicates 
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The median particle sizes are plotted in Fig. 7.37. The slots made by the 35MPa and 70MPa 

pressure jets give the best effect and are plotted with the sharp pick jet assisted values for 

comparison. 

7.4.4.3 Discussion 

Only the sharp tool results can strictly be compared to those obtained from the pre-slotting 

tests. And Fig. 7.32,38, indicate that the fines are reduced more by pre-slotting the coal than 

by cutting with jet assistance at a lead distance of 2mm (except for the 105MPa pressure 

treatment). Also, the 35MPa pressure pre-slot treatment increases the larger size fractions 

and the median particle size more. 

Using Cooley's equation to translate the jet pressures in terms of depth of penetration (but 

extrapolating outside the speed range covered in chapter four), we have predicted jet pen- 

etrations of 9.7mm, 24.2mm and 40.6mm for thejet pressures of 35MPa, 70MPa and 105MPa 

at 41/min, for intact coal at 1.34nVs traverse speed. Fig. 7.37, suggests an optimurnjet pressure 

hence slot depth for pre-slotting that will produce a maximum median particle size. This 

would be between 35MPa and 70MPa pressure or 9.7mm and 24.2mm penetration. 

7.4.4.4 Conclusions 

Jet assisted cutting and pre-slotting the coal furnishes quite large reductions in fines. The 

35MPa pressure treatment produces the best effect at the cutting speed of 1.34m/s. For a 

mine producing 2m tonnes per year, one may expect at least 8%-10% of this to be fine coal 

(160 000 to 200 000 tonnes) under these operating conditions. If jet assistance is employed, 

these values may be reduced to 5.2% or 5.4% with pre-slotting at the correct jet pressure 

(104 000 or 108 000 tonnes per year). 
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7.5 Test Series Two 

7.5.1 Lead and Offset Distance Analysis 

This test series investigated the effects of offset distance and lead distance with jet assistance 

at a constant jet pressure of 70MPa, a flow rate of 4 I/min, a cutting speed of 1.34m/s and 

cutting with a sharp pick. The programme was conducted in the same coal specimens as in 

Test Series One, and the pick force analysis was carried out in the same fashion. 

The table below describes the basic factorial experiment. During the analysis it was found 

that one of the treatments had not been recorded on the tape and this is left blank in the table. 

Unfortunately, the size distribution for the treatment was not available either. 

Lead Distance 

Offset 
Distance 2mm lomm 50mm loomm 

Omm 12X lix lix lix 

35mm lox lox 9x lix 

50mm 12X 12X I 12X 

Table 7.17 

The number of replications for each treatment are shown in the table and in total 121 cuts 

were made giving an average of II replications per treatment. 

The forces for the two cleat orientations were isolated and treated as a further comparison 

in the statistical analysis. The analysis was carried out as before using the statistics package 

GLIM 3.12. 
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Mean Normal Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Lead 3.3 3 1.1 2.1 (3.8) 
Between Offset 27.8 2 13.9 26.6 (4.6) 
Between Cleat 7.2 1 7.2 13.8 (6.7) 
Interaction between 
Lead & Offset 

15.9 5 3.2 6.1 (3.1) 

Interaction between 
Lead & Cleat 

1.3 3 0.4 0.8 (3.8) 

Interaction between 
Cleat & Offset 

0.1 2 0.1 0.1 (4.6) 

Interaction between 
Lead, Cleat & Offset 

0.8 5 0.2 0.3 (3.1) 

Experimental Error 260.2 498 0.5 
Total 316.6 519 

Table 7.18 

The 95% confidence limits for the two-tailed t-tests are ±0.32kN for the cleat parallel results; 

±0.68kN for the cleat horizontal tests; and ±0.52kN when making comparisons between the 

two cleat orientations. 

The results are presented in two different ways. In the first set of graphs, Fig. 7.40-47, the 

forces are plotted against offset distance for the two cleat orientations, the ensuing graphs 

present the forces against lead distance. 

With the mean normal force the offset distance and cleat orientation are highly significant 

factors on the force levels. There is also a significant interaction term between the lead and 

offset distances which means that the value of the normal force at any particular lead distance 

depends upon the offset distance it is combined with. 
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A striking effect is observed in Fig. 7.40-41, where the offset distance of 35mm produces a 

very large force reduction. The force value at 50mm offset and 2mm lead distance is also 

significantly lower than the zero offset treatment. 

Fig. 7.42-47, do not show the same marked force decrease at the 35mm offset distance. With 

a lead distance of 10mm, the 35mm offset level still yields the lowest mean normal force in 

both cleat directions but the differences are not significant. Fig. 7.44-45, show the normal 

force decreasing gradually as the offset distance is increased, the difference between the 

zero offset and 50mm offset is significant in the cleat parallel case. Fig. 7.46-47, indicate a 

significant decrease with the cleat parallel at a 35mm offset. The trend then, is for the offset 

to reduce the normal force, and an optimum position for this cutting regime is suggested at 

35mm. 

Generally, all the cleat horizontal mean normal force values are lower than the corresponding 

cleat parallel ones and follow the same trends. 

Fig. 7.48-53, illustrate the same results against the lead distance. When the offset is zero, 

then the jet at a lead distance of 10mm gives the best mean normal force decrease with the 

cleat parallel. With the cleat horizontal the 100mm lead distance gives a slightly better force 

rcdtiction than that at 10nirn, Fig. 7.48,49. 

At offset distances of 35mm and 50mm the trend with lead distance is reversed. Fig. 7.50-53, 

show a sudden increase in the forces as the lead distance is increased from 2mm to 10mm. 

Therefore, when the offset is not zero it appears that a lead distance of 2mm is better than 

I Omm or more. 

The significance between the offset distances is due to the differences in the 2mm lead 

distance results. The force values at 10mm, 50mm and 100mm lead distances do not sig- 
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nificantly differ from one offset distance to the next and this is for both cleat orientations. 

This is indicated in Table 7.18, by the insignificant lead distance effect and the highly 

significant interaction of lead and offset distances. 

Mean Cutting Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Lead 47.0 3 15.7 7.6 (3.8) 
Between Offset 161.0 2 80.5 39.3 (4.6) 
Between Cleat 95.0 1 95.0 46.4 (6.7) 
Interaction between 
Lead & Offset 

109.0 5 21.8 10.6 (3.1) 

Interaction between 
Lead & Cleat 

7.0 3 2.3 1.1 (3.8) 

Interaction between 
Cleat & Offset 

3.0 2 1.5 0.7 (4.6) 

Interaction between 
Lead, Cleat & Offset 

2.0 5 0.4 0.2 (3.1) 

Experimental Error 1071.0 523 2.0 

Total 1 1495.0 1 544 1 1 

Table 7.19 

The 95% confidence limits for the two-tailed t-tests are ±0.63kN for the cleat parallel results; 

±1.34kN for the cleat horizontal tests; and ±1.04kN when making comparisons between the 

two cleat orientations. 

In the case of the mean cutting force all the main effects of lead distance, offset distance 

and cleat orientation are highly significant. The interaction between the lead and offset 

distance is also significant. 
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The curves follow the same trends as the mean normal force but the differences are greater. 

All the graphs indicate that the coal is easier to cut when the cleat is horizontally orientated. 

The best operating conditions are at a lead distance of 2mm and an offset distance of 35mm. 

Mean Sideway Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Lead 19.3 3 6.4 8.6 (3.8) 
Between Offset 27.3 2 13.6 18.3 (4.6) 
Between Cleat 8.2 1 8.2 11.0 (6.7) 
Interaction between 
Lead & Offset 

5.2 5 1.0 1.4 (3.1) 

Interaction between 
Lead & Cleat 

2.9 3 1.0 1.3 (3.8) 

Interaction between 
Cleat & Offset 

3.2 2 1.6 2.1 (4.6) 

Interaction between 
Lead, Cleat & Offset 

1.1 5 0.2 0.3 (3.1) 

Experimental Error 382.3 513 0.7 
- Total 449.5 534 

Table 7.20 

The 95% confidence limits for the two-tailedt-tests are ++-0.38kN for the cleat parallel results; 

±0.81 kN for the cleat horizontal tests; and ±0.62kN when making comparisons between the 

two cleat orientations. 

All three main effects are significant. The offset distance is the major factor and an offset 

distance of 35mm generally produces the minimum mean sideway force which is signifi- 

cantly lower than that at an offset distance of zero when the cleat is parallel. 
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The sideway force is smaller when the cleat is horizontal and follows the trends of the other 

force components. The exception is in Fig. 7.48,49, where at a lead distance of 2mm, the 

same pattern is not observed. 

Mean Peak Normal Force ANOVA 

Source 
of 

Variation 

Sums 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Square 

F-ratio & 
(Significance 

Level) 
Between Lead 14.0 3 4.7 0.8 (3.8) 
Between Offset 309.0 2 154.5 26.0 (4.6) 
Between Cleat 41.0 1 41.0 6.9 (6.7) 
Interaction between 
Lead & Offset 

246.0 5 49.2 8.3 (3.1) 

Interaction between 
Lead & Cleat 

5.0 3 1.7 0.3 (3.8) 

Interaction between 
Cleat & Offset 

3.0 2 1.5 0.3 (4.6) 

Interaction between 
Lead, Cleat & Offset 

11.0 5 
I 

2.2 0.4 (3.1) 

Experimental Error 2955.0 498 5.9 

Total 3584.0 519 

Table 7.21 

The 95% confidence limits for the two-tailed t-tests are ±1.08kN for the cleat parallel results; 

±2.29kN for the cleat horizontal tests; and ±1.76kN when making comparisons between the 

two cleat orientations. 

The same parameters as for the mean normal force are significant here. The peak force results 

are graphed in Fig. 7.54-67. The curves in Fig. 7.54-55, show that the force value at an offset 

distance of 35mm are significantly lower than both the values at zero and 50mm offset 

indicating that this is a minimum point. 
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The trends for the mean peak cutting and sideway forces are very much the same as for the 

mean forces and therefore are not discussed further. 

0 7.5.1.1 
, 
Discussion 

The force decreases indicated in Fig. 7.40-41, at an offset distance of 35mm, represent sub- 

stantial reductions. With such a result it is quite possible that a decrease in the specific energy 

of a shearer loader would occur if these parameters were adopted for the drum design. The 

forces would have to be compared to those of Test Series One for the unassisted cuts. 

Following the idea from the previous chapter, for a reduction in the specific energy to be 

realised, the jet power has to satisfy equation 6.21 below: 

Pw: 9 Rcw 
d 

F, + RnS F�, 
22 (6.21) 

From the cleat parallel experimental results: F, = 2.53kN; F,,, = 2.76kN; R, = 0.866; and 

Rn = 0.960. Also, using d= 1.473m; w=2xnx 62/60 = 6.49rad/sec; S=0.076nVs, then, 

Pw !ý0.866 x 6.49 x 2.53 x 103 X1.473 x 
(I + r) + 0.960 x 1.27 x 103 x 0.076 x 

(I+S) 
222 

Pw: 55236.3x(l+r) + 100.7x(l+s) 

r and s are factors indicating the number of times the average clearance kerf mean cutting 

and normal forces respectively, are greater than the average vane tool forces. Putting s=r, 

for this estimation and since the flow rate is 4 I/min, then the jet pressure P, must not exceed: 

P: 5 80.1 x (I + r) 
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For r=1, P: 5160.2MPa, which at 4.54m/s would give a predicted jet penetration of 37.7mm. 

At 70MPa and 1.34nri/s traverse speed the predicted penetration is 24.2mm, and this would 

be the penetration that would obtain the necessary force reductions. Thus, from a theoretical 

appraisal the specific energy could be reduced (since the required jet penetration could be 

achieved) with jet assistance and the jet operating at an offset distance of 35mm and 2mm 

lead distance. However, the practical consideration of generating the high pressure for the 

water jet remains. 

For the cleat horizontal mode: F, = 2.69kN; F., = 1.23kN; Rc = 0.985; and Rn = 0.992. 

Therefore, 

Pw :! ' 0.970 x 6.49 x 1.34 x 10' x 
1.473 

x 
(I +r) 

+ 0.994xl. 75xlO'xO. 076x 
(I+S) 

222 

Pw: 53106.4x(l+r) + 66. lx(l+s) 

Again putting s=r, and the flow rate is 4 I/min, thus the jet pressure must satisfy the conditions 

below: 

P: ý 47.6 x (I + r) 

For r=1, P: 5191.4MPa. From Cooley's equation and at a cutting speed of 4.54m/s, one 

would expect the jet to penetrate 47.3mm. Therefore, with the cleat horizontal the specific 

energy is predicted to decrease with jet assistance at the correct operating configuration. 

The breakout patterns are not available but to give an idea of what could be expected a 

diagrammatic illustration of the operating configuration for the test series is given in Fig. 7.68. 

During cut 213, the jet at an offset of 35mm would penetrate the coal at point X in the path 

of cut I B, to a depth X' depending upon the jet pressure. Similarly, the previous cut 2A 
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would have received assistance from the jet penetrating at IA. In this case one would expect 

the breakout to be symmetrical about the tool at 2B say. Possibly the breakout would extend 

I from Z to X, or from a point on either side of the tool to X. 

For the 50mm offset distance, the jet would penetrate the coal at some point Y. But one 

would expect Y to be above X, since there would be a ridge of coal inbetween the lines of 

cut. The jet, at the same pressure as before, would penetrate the same distance but to a depth 

Y' say. From the geometry of the situation one would expect the breakout to be asymetrical 

about the tool at 2B and extend from Z to Y", or from some point at the side of the tool to 

Y', giving a larger ridge of coal inbetween the lines of cut than previously with an offset 

distance of 35mm. 

In both cases the cutting forces are reduced with the offset rather than running the jet in-line 

with the tool and from the diagram this may be due to the jet offering relief to the unrelieved 

side of the cut. The influence of the lead distance is not as clear. 

7.5.1.2 Conclusions 

The best operating conditions are at a 35mm offset distance and a lead distance of 2mm. 

Generally, for a line spacing of 70mm and depth of cut of 30mm, an offset distance of 35mm 

seems the best at the other lead distances also i. e. an offset distance midway between line 

spacings. 

Using the optimum conditions it appears that the specific energy of a shearer loader could 

be reduced. The appraisal is very approximate but nevertheless it is quite auspicious and 

much more promising than that carried out in chapter six. 
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The effect of the lead distance depends upon how it is combined with the offset and this is 

shown by the significant interaction terms between lead and offset distances in the analysis 

of variance tables. At a zero offset it is better to have a 10mm lead distance. At the 35mm 

and 50mm offsets a 2mm lead distance is suggested. 

Similar trends are observed in both the cleat orientations. The coal is easier to cut when the 

cleat is horizontal at any set of parameters investigated in this series and this is confirmed 

by the highly significant cleat terms in the analysis of variance tables. 

7.5.2 Sieve Analysis Results 

Fig. 7.69-72, show the size distributions with the lead distance as the constant parameter and 

the offset distance varying. All four charts show that an offset distance of 35mm gives least 

fines, viz. 5.2%, 3.2%, 4.8% and 5.6% of the total at 2mm, I Omm, 50mm and I 00mm lead 

distances respectively. The optimum treatment appears to be at an offset distance of 35mm 

and a lead distance of 10mm: the fines production is only 3.2%. 

Fig. 7.73-75, illustrate the same results but with the offset distance as the parameter and the 

lead distance variable. From the fines point of view, the best set of operating conditions are 

those at an offset distance of 35mm at all the lead distances - Fig. 7.74 showing the least 

fines. Again, the 10mm lead distance yields the minimum fines content. 

The distributions were fitted to the Rosin-Rammler equation and the median particle size 

calculated. Fig. 7.76 depicts the median particle sizes against the offset distance. The curves 

suggest an optimum at the 35mm point which is consistent with the previous conclusions. 

The same results are plotted against lead distance in Fig. 7.77. An optimum lead distance of 

10mm is indicated by the graphs. 
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Specific energy increased linearly with jet assistance and did not indicate a reduction over 

the unassisted value. With pre-slotting, the 35MPa pressure treatment reduced the specific 

energy slightly with the sharp pick. Overall, the pre-slotting specific energies were around 

8.3% lower than with conventional jet assistance. 

Despite the poor force reductions and influence on specific energy, jet assistance did reduce 

the fines make at all pressures and including the blunt tool. The 35MPa pressure treatment 

appeared the best with fines reductions of 36.7% and 35.0% for the sharp and blunt tool 

respectively. 

Pre-slotting the coal also decreased the fines and again with the 35MPa pressure jet yielding 

the best result at a 44.9% reduction and a small increase in the +28mm size coal. 

Test Series Two revealed more promising effects as a consequence of applyingjet assistance. 

The optimum position of the jet is at a lead distance of 2mrn and an offset distance of 35mm. 

This gave the greatest force reductions such that even the specific energy of a shearer loader 

is anticipated to decrease compared to dry cutting. However, the pressures involved would 

present technical and safety problems. 

The fines make was quite low. Least fines were obtained when the offset distance was 35mm 

for all the lead distances. The optimum treatment was at an offset distance of 35mm. and a 

lead distance of 10mm, giving only 3.2% fines. The curves of the median particle size also 

suggest this configuration as the best. 
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8 DISCUSSION. CONCLUSIONS AND RECOMMENDATIONS 

8.1 Discussion 

A two dimensional side view of the blunt cutting tool is given in Fig. 8.1, and a suggested 

cutting process is described. The forces exerted on the coal by the tool will not act at one 

point but over the areas of contact with the coal. The diagram considers the forces to act 

over four regions. Force A, acts on the part of the tool with a positive rake angle. Force N, 

acts at point P, where the rake angle is zero. Force B, acts on the negative rake angle part 

and C, on the wear flat. The friction forces F and G also exist and in the directions shown 

since one is considering the forces exerted on the coal by the pick not vice versa (they are 

shown on the inside of the tip for clafity). 

The face of the HW tip is ridged and circular with a radius of 23.8mm (further details are 

given in the appendices) thus there will be some point on the arc, P, where the rake angle is 

zero to tile coal. At this point no frictional force will act but a pure normal force. Hence a 

major principal force or stress will be exerted on the coal in the direction of travel. Therefore 

at 45* to this plane, a maximum shear stress, r, will act on planes PR and PQ. The shear 

stress along PQ will increase and be enhanced by A, as the tool penetrates the coal. 

Consequently shear failure would occur along PQ which would be the secondary chip 

described by Tecen (1982). 

The shear stress along PR and the force B, would tend to create a crushed zone in the region 

of PTS as the pick entered the coal. A normal stress, (y, will be acting at 90* to the plane PR 

which when large enough will be responsible for creating a large primary chip, say from T 

to U. This would be the Evans chip for a wedge shape tool. Cleat orientation and bedding 

planes would complicate the matter since fracture once started usually propagates along 
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these planes and this has been shown to be the case by the breakout patterns discussed earlier 

and the work of Pomeroy (1963). Therefore, a weak bedding plane might intercept the crack 

and fracture continue from T to V instead. 

The process is idealised, would occur in three dimensions and almost instantaneously since 

the speed of crack propagation in coal is around 500nVs (O'Dogherty and Burney, 1963); 

and it would be cyclic. 

One can see from this representation how it would be easier to cut with the cleat horizontal 

and also how the depth of cut and tool geometry would affect the product size. The diagram 

illustrates that it would be impossible to get large coal with shallow depths of cut and in this 

respect the trend to use extra heavy duty 105mm reach radial picks on shearer drums is 

justified (Hurt and McStravick, 1988). If half the depth of cut was taken the crushed zone 

PTS, would comprise a larger proportion of the final product. 

Although theoretical the idea does give credence to the formation of the built-up edge and 

that one should expect a built-up edge to fon-n as soon as one introduces negative rake on 

the tool face. With positive rake, wedge shaped tools, neither Evans nor Pomeroy, reported 

observing this phenomenon. Theoretically, a built-up edge would not form on a wedge 

shaped tool unless a wear flat developed and the author suggests this is one reason why 

wedge shaped tools require much smaller forces to cut the coal - no energy is wasted in 

creating the crushed zone PTS. The size of the crushed zone illustrated is the theoretical 

maximum. 

The author always observed the V-shaped impression of the sharp pick tip and the flat 

bottomed groove left by the blunt tool in all the treatments and the breakout in the anthracite 

nearly always propagated 5mm-10mm above the base of the pick suggesting that a built-up 

edge was forming. 
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The action of the jet is not very clear from the results. In hard rock, Tecen (1982) and 

especially lp (1986), determined zones of penetration of the jet giving a very comprehensive 

account of the influence of the jet in each zone. 

In the coal, the relieved cutting pattern meant that the depth of cut was actually greater than 

the nominal 30mm and the jet tended to penetrate further than expected during hybrid cutting. 

Therefore establishing an optimum penetration is quite difficult. However, Fig. 8.2, indicates 

the same diagram but the line JJ depicts the path the jet would travel at a lead distance of 

2mm. 

During the hybrid tests the 35MPa pressurejet was never observed to have penetrated beneath 

the pick tip. Also, its measured penetration in intact Erin and anthracite coals at I. I m/s were 

10.7mm and 6.5mm respectively. It seems then that even in broken or loosened coal this jet 

would not approach the pick tip or the crushed zone and in the Erin coal this treatment gave 

very good force reductions. Its action then is postulated to be one of debris clearance and 

weakening the coal for the tool and built-up edge to fracture. In the anthracite it had a similar 

effect but gave little relief to the blunt tool normal force. 

The 70MPa pressure jet gave measured penetrations of 28.2mm, in the Erin and 21.3mm 

(cleat parallel) and 15.8mm (cleat horizontal) in the anthracite during the jet penetration 

tests. In this case it is quite possible that the built-up edge could be disturbed. Indeed in the 

Erin, sharp tool treatment and the anthracite (cleat horizontal) blunt tool tests a few places 

were observed where the jet had penetrated beneath the pick tip. Thus the jet at 70MPa, 

pressure was penetrating in the area of the crushed zone and pick tip. Therefore its effect 

would be to flush the broken coal away from the pick but also disturb the built-up edge and 

inhibit cutting somewhat, but still offer relief to the base of the pick and thereby reduce the 
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forces. Some evidence for this is suggested from the cleat parallel tests where especially 

with the sharp pick there is a small rise in the forces, particularly the cutting force, compared 

to the 35MPa pressure jet results. 

Measured penetrations for the 105MPa pressure (21 kW) jet are 26.4mm for the Erin and 

22.1 mm (cleat parallel) and 27.5mm (cleat horizontal) for the anthracite. During the cutting 

trials the jet penetrated beneath the tool tip in all the treatments. Consequently, although the 

built-up edge would be continuously eroded, nevertheless force reduction would be obtained 

due to extensive relief beneath the pick tip. This is particularly evident with the blunt tool 

in the anthracite. 

For the results of Test Series One and Two, the coal although Erin, was stronger than the 

coal tested at Newcastle as indicated by the forces involved. In addition the cutting speed 

was faster at 1.34m/s compared to 1.1 m/s and the jet powers were lower for the 70MPa and 

105MPa pressure jets. Therefore one would expect the jet penetrations to differ from those 

given above. 

The sharp pick received force reduction but the blunt pick seems to have derived no relief 

whatsoever, which was unexpected. The blunt pick in the anthracite obtained benefit and 

hence one is surprised that even the 105MPa pressure jet in Test Series One had no impact 

on the blunt tool forces. 

The pre-cut slot test results are quite interesting. In this case the influence of the slot produced 

by the jet is examined without the dynamic effect of the water, however, the slot is essentially 

infinitely long which is not strictly the case in hybrid cutting. 

From the percentage force decrease graphs of Fig. 7.22-23, one can suggest that an optimum 

jet penetration exists over this pressure range and this would be that made by the 35MPa 

pressure (2.33kW) jet. Remembering that the cuts were relieved, pre-slotting (not found 
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particularly beneficial in other rocks) is sufficient to offer relief perhaps due to cracks 

propagating to the slot. The author thinks that blunt tool tests ought to be done to confirm 

this result. 

The lead and offset distance tests in Test Series Two, produced a striking result. At an offset 

distance midway between the pick line spacing i. e. 35mm, and at a lead distance of 2mrn, 

extensive force reductions were obtained which made the possibility of decreasing the 

specific energy of a shearer loader (under a certain set of operating conditions) quite likely. 

Considering the already high cost of equipping a modem heavy duty longwall coal face, this 

is a positive result since it offers the potential to reduce unit costs at the same time as 

producing less fines. 

The force levels at the other lead distances and 35mm offset also were less than with the 

offset at zero. One can foresee practical difficulties in positioning thejet on a vane to achieve 

these operating parameters but the effort would appear to be worthwhile. 

Jet assistance usually brings about a reduction in fines regardless of whether force reduction 

is obtained. The exception is with the blunt tool in the anthracite where the cleat was hori- 

zontal. On way it could do this is through debris clearance. 

Without jet assistance the debris is cleared away from the tool by the force imparted to the 

coal by the tool and any subsequent impacts between adjacent coal particles. A certain degree 

of secondary crushing may be involved in this process. The water jet, under pressure, can 

enter and propagate cracks formed by the pick and propel the coal away from the cutting 

area preventing further degradation. Indeed in the Erin and anthracite cleat parallel test fines 

reduction was commonly accompanied with +28mm size coal increase. 
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One might say that the mass of coal eroded in the slot accounts for the fines reduction, but 

one would have to assume that all this coal would escape collection and if it did not it would 

actually contribute to the fines make since the jet does not strictly cut but erode, producing 

very small particles. Also, one would not get the increased median particle size commonly 

observed with jet assistance. 

8.2 Conclu 

A series of experiments have been carried out in two coals, one highly cleated and friable 

bituminous coal, the other, a shiny black, high rank, brittle anthracite. Jet penetration, cutting 

forces, breakout, specific energy and particle size distribution have been ascertained for the 

coals in the laboratory. In one suite of tests the lead and offset distances were examined also. 

The laboratory differs from the underground environment, the important differences being 

that the cutting speed would be three to four times greater; the tool would travel an 

approximately circular path which means that the depth of cut would be varying continu- 

ously; and obviously the coal is in situ. Laboratory tests elsewhere suggest that cutting speed 

does not affect the forces per se but attendant factors such as increased tool temperature and 

wear do. In this respect the results are limited. 

However, other factors have been closely modelled and these are: a realistic depth of cut; 

line spacing; a relieved cutting mode; and testing with an actual production tool in both 

sharp and blunt states. The test medium itself was from a coal seam and not simulated coal. 

The waterjet pressures, flow rates and powers covered a range that could be employed below 

ground and exceeded it with the 105MPa pressure jet. The lead and offset distances were 

also controlled to cover a realistic spectrum. 
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A very important aspect has been sizing the product into the Rosin-Rammler sieve series 

for all the treatments. This gives direct information on washery modifications that may be 

required should a particular treatment be adopted. 

812.1 Jet Penetration 

The jet penetration experiment showed that jet pressure, traverse speed and coal type are 

major factors affecting kerf depth. The weaker Erin coal suffered deeper penetration than 

the harder anthracite. Cleat orientation was found to be a negligible (significant at the 10% 

level) factor on penetration. 

The coal cutting tests revealed that the jet penetrated further during hybrid cutting than when 

merely slotting intact, solid coal. The 105MPa jet uniformly penetrated beneath the cutting 

tool in all the treatments which was to a greater depth than that measured in the slotting 

experiment. It appears that with hybrid cutting the coal is loosened by the pick allowing the 

jet to penetrate deeper and this effect was greater in the Erin coal than in the anthracite. 

Regarding hydraulic specific energy the low power/high traverse rate jet proved to be the 

most efficient. 

8.2.2 Cutting Performance 

Cutting performance can be improved by jet assistance. With the Erin coal significant benefit 

was achieved with the 35MPa pressure (2.33kW)jet in both the sharp and blunt tools. Further 

increase in jet pressure and power was not justified in terms of the additional decrease in 

the cutting forces. The Erin coal tested in Test Series One, was harderrequiring largercutting 

forces. However, jet assistance did procure force reductions with the sharp pick. With the 

blunt tool only the 35MPa pressure jet yielded force reductions and only when the cleat was 

horizontal. 
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8.2.3 Breakout 

Breakout between the two coals was different, not only in extent but in manner. This can 

be attributed to the difference in cleat frequency, friability and coal lithotypes. Breakout 

occurred along cleat planes and was greater in the anthracite with extensive sidesplay in 

both cleat orientations. The Erin coal left fidges 20mm high between line spacings, the 

grooves being approximately the width of the cutting tool depending upon the jet pressure. 

The cutting system used would not cause coring in either coal and form this viewpoint is 

workable. 

8.2.4 Specific EneMy 

On the whole specific energy increased with jet assistance. The basic relationship is a linear 

increase with jet power. From this aspect the 35MPa pressure or 2.33kW jet gave the best 

result in that the specific energy increase was not exorbitant. 

Pre-slotting the coal gave an 8.3% decrease in specific energy compared to 'conventional' 

jet assistance and a slight decrease in specific energy was obtained with the 35MPa pressure 

treatment compared to cutting dry. 

Theoretical criteria have been derived to predict if jet assistance may reduce the specific 

energy. The relationships for the shearer loader depend upon the same jet penetration at 

different cutting speeds yielding identical force reductions. The idea may easily be adapted 

to double ended shearers and other mining machines. 

The laboratory results and the theoretical expressions imply that jet assistance with a lead 

distance of 2mm and an offset of zero would not reduce the specific energy, however, only 
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one set of operating parameters were invesdgated. The derived expressions allow one to 

experiment with the operating parameters and chose a set that would at least minimise the 

specific energy if not reduce it less than the unassisted case. 

A very encouraging result in terms of potential specific energy decrease was that appraisal 

made with an offset distance of 35mm and a lead distance of 2mm. If a shearer drum could 

accommodate this arrangement then specific energy reduction appears quite possible. 

8.2.5 Size Distribution 

All the jet assisted treatments improved the size distribution except with the blunt tool, cleat 

horizontal trials in the anthracite. Generally fines reduction was best with the 35MPa pressure 

jet, including the pre-cut slot results, with usually an accompanying increase in the +28mm 

size coal. 

Fines reductions were also achieved in Test Series Two. The best result was obtained at a 

lead distance of 10mm and an offset of 35mm,, with only 3.2% of the whole product being 

fines. Generally, the treatments with an offset distance of 35mm produced the least fines. 

All the size distributions gave very good correlations to the Rosin-Rammler equation and 

can be used to predict what washery requirements would be needed should a particular 

treatment be applied. 

The form of the distributions did not change greatly with jet assistance, and the author 

therefore suggests that indeed the jet was assisting the mode of fracture by the tool and not 

fundamentally changing it to a different process. 
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8.3 Recommendations 

A major problem with jet penetration is interpolating the slot depth that would be made by 

a jet at faster traverse speeds than one has tested. This obviously may lead to errors and is 

not satisfactory. Thus jet penetration tests need to be conducted at traverse speeds up to 5m/s 

to embrace the cutting speeds of shearer drums. The flow rate could be limited to 4 I/min 

or less and the pressure increased up to 105MPa, since it is highly improbable that extant 

underground machinery will be equipped to take pressures greater than this. 

Also, to augment ones understanding of the relative importance of Pressure and flow rate 

on jet penetration, tests may be done at a constant jet power but with varying combinations 

of pressure and flow rate to see if an optimum combination of jet pressure and flow rate 

exists that gives a maximum penetration. If this is repeated for a number of jet powers then 

a curve of maximum penetration against jet power (but for an optimum combination of 

pressure and flow rate) could be established. This would then minimise thejet power required 

to achieve a certain penetration and consequently the specific energy would be minimised. 

More bituminous coals could be tested at different strengths and cleat frequency. This would 

indicate ifjet assistance would be universally applicable and beneficial throughout the British 

Coalfields. 

One particular area that requires further invesfigation is that of varying the lead and offset 

distances. Only one jet pressure (70MPa) was used in Test Series Two and the results were 

very encouraging, therefore similar tests over a wider pressure range ought to be done. In 

addition a blunt tool as well as a sharp one should be used. 

Tool geometry influences the cutting forces and so tests with a sharp and blunt pencil point 

tool would reveal if the cutting forces may be reduced with a different tool design. 
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Since extra heavy duty radial picks are being introduced in to the field, tests to determine 

whether jet assistance has a beneficial effect with these tools should be done and at similar 

jet pressures. 

A size analysis should be done in all subsequent cutting tests on coal. Different tool designs 

may produce less fines than the 75mm reach radial pick without the need to apply jet 

assistance and therefore it would be useful to know the size distribution the coal is breaking 

up into. The Rosin-Rammler sieve series is suitable for this and allows one to describe the 

distribution by means of a mathematical relationship. 
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APPENDICES 

I HIGH SPEED HYDRAULIC CYLINDER DETAILS 

Specifications: Stroke = 2083mm (82in) 
Bore = 102mm (4in) 
Diameter =81 mrn Q 3/16in) 

The ram is a double acting hydraulic cylinder designed to operate at a pressure up to 20.67MPa (3000psi). A diagram is given below illustrating the immediate circuitry asso- 
ciated with it. 

Fe 

lac 

Area of the rani bore, A= 11/4. (0.102)2 = 8.17 1X 10-3 m2. 
Area of the annulus, Aa= 7r/4. (0.1022 - 0.0812) = 3.018x 10-3 m2. 

Volume of the cylinder when the 
ram is fully extended, V 

Volume of the annulus side when 
the ram is fully withdrawn, V,, 

2.083 xA=0.017m2 
17 litres 

- 2.083 x Aa 
= 6.286xlO-'m2 

= 6.29 litres 

1.1 Considering the Forces Acting on the Ram 

a. Forward Direction: Consider the ram extending under its maximum designed pressure, 
20.67MPa (3000psi). Assume that no counteracting force F, acts on the annulus and 
neglecting frictional resistance. This will produce the maximum possible force F,, that the 
ram can develop. 

Al 



Fe = Ff = Pressure x Area 

= 20.67 x 10--" x 8.17 1x 10-' 
= 169kN 

b. Reverse Direction: Consider the ram retrieving under an oil pressure of 20.67MPa and 
with no force Ff acting to oppose this motion. 

-Fe = F, = 20.67 x1 0-6x 3.018x10-' 

= 62.4kN 

Thus these are the maximum forces that the ram can exert in either direction. With this 
arrangement, as the ram extends hydraulic oil is circulated through a pilot operated check 
valve to the opposite side of the ram cylinder. This is done to provide an adequate oil flow 
rate such that a ram velocity of 1.1 m/s can be maintained over the entire length of cut. 

Since the oil is circulated from the annulus, the oil pressure on both sides of the ram must 
be equal, i. e. 20.67MPa. Hence, the ram extends due to pressure acting over the differential 
area. 

Therefore, the maximum effective force F, that can be exerted is Ff - F, 
Fe = 169 - 62.4 = 106.6,107kN 

This is more than adequate for the coal cutting experiment and indeed the limiting force 
factor is the design capacity of the dynamometer. 

1.2 Considering the necessary Flow Rates 

The ram is required to traverse at 1.1 m/s over the length of cut in the coal, but let us say 
over its whole stroke. From the Continuity Equation, Q=A. v for a fluid of constant density. 

Where Q= Flow Rate 
A= Cross-sectional area (8.17 1xI 0-'m2) 
v= Fluid Velocity (I. I rn/s) 

Thus Q= 8.17 1x 10-' x 1.1 =9 litres/sec 

Therefore a total flow rate Q, of 9 I/s at 20.67MPa is needed to extend the ram at LIM/s. 
Q, is made up of oil circulating from the annulus and from the accumulators. 

Flow rate from the annulus, Q. = A,. v 
= 3.018x 10-' x 1.1 = 3.32 I/s 

Thus the flow rate required from the accumulators, 
QC = Q, - Q. 

=9-3.32 
= 5.68 I/s at 20.67MPa 

One may now proceed to calculate what pressure the accumulators have to be charged to, 
to guarantee the necessary flow rate. 

A2 



1.3 Accumulators and gas back-UD bottle 

Volume of gas back-up bottle 90.1 litres 
Effective volume of each accumulator 49.2 litres 
Total nitrogen volume 90.1 +2x 49.2 

188.5 litres 
The accumulators are presently pre-charged at 13.79MPa (2000psi) 

a. To determine the volume of oil needed to be pumped into the accumulators to raise 
the nitrogen pressure tip to 20.67MPa (3000psi). 

Assuming adiabatic compression during pumping, then 
P. V = constant Where P= pressure; V= volume 

Before pumping, PI = 13.79MPa and VI = 188.5 1. After pumping, P2 = 20.67MPa and 
V2 =? 

PI. VI = P2. V2 => V2 = VI 
PI 

=> V2 = 188.5 x 
13.79 

P2 20.68 

V2 = 125.7litres 

Therefore the volume of oil pumped into the accumulators to raise the pressure to 20.67MPa, 
= 188.5 - 125.7 = 62.8litres 

b. To calculate the additional oil needed to be pumped into the accumulators to ensure 
a flow rate of 5.68 I/s at 20.67MPa (3000psi). 

To maintain the required speed the oil pressure should be 20.67MPa at the end of the ram's 
stroke. Also, the total volume of oil needed to fully extend the ram is, 

=V-V. = 17 - 6.29 = 10.71 litres 
Thus at least this extra volume of oil must be entered into the accumulators. Hence taking 
PI= 20.67 M Pa, VI= 125.7 1, P2 = ?, and V2 = 115 1 (125.7 - 10.7 1), then 

P2 =Pl 
vi 

= 20.67 x 
125.7 

= 22.6MPa 
V2 115 

This is the final charging pressure of the accumulators in their present state to ensure the 
cutting speed of IA m/s - 

1.4 Low Pressurg Ptimp 

The low pressure gear pump is rated at 182 Vmin at 2.76MPa (40gpm at 400psi). 

1.4.1 Force Calculations 

Considering the forces developed by the ram activated by the low pressure pump in a similar 
manner as previously. 
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Force on the ram in the = 2.76xl 06 x 8.17 IXIO-3 
= 22.6kN 

forward direction 
Force on the ram in the = 2.76xI 06 x 3.018x 10-3 

= 8.3kN 
Resultant thrust = 22.6 - 8.3 = 14.4kN 

When cutting a sample employing the low pressure circuit, the ram should stall if a reaction 
greater than 14.3kN is experienced. 

1.4.2 Speed Calculations 

The total flow rate into the hydraulic cylinder Q, will consist of that from the annulus 
and that from the low pressure pump, Q,,. 

Ql = Q, + Qp 

butQ, = A. v 

Qa = Aa-V 

andQ, = 3.03 x 10-3M IIS (182 1/ min) 

A. v = Aa-V + Qp 

Qp 
= 

3.03 x 10-3 

_=0.59mls 
A-Aa (8.171 - 3.018) x 10-3 

This theoretical value compares favourable with the actually measured velocity of 0.56m/s. 
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b -'i- - L. ý 

(A/F) 

1-11 
1. (14/1) 

-I 
Ist 

MODEL NUMBERS 

ACCUMULATOR BLADDER TYPE 

NOMINAL VOLUME-LITRES-,,.,. 

C 54 0 7A - 00 20 

BLADDER MATERIAL 
0= Nitrile Standard 
I= Butyl 
2= Low'Femperature Nitrile 
See forin no. ACIOO-031-88 for 
complete details. 

SPARE BLADDERS 
Quote full Part No. as follows 
AC; -1()7A---20l_ 1his Part No. also 
includes tran4er WIV, locknui and 
gasvalve stein '0' ring seal. 

BLADDER STEM (541. ) terminating in 38mrn OD 
IA- For back-up bottle connection stand pipe. 
(20 to 54 1) terminating in 19mm, CID 8A = For back-up bottle connection 
standpipe. , 

(20to54L)ter-minatingin7A"xI4* 
. 3A -As 1A but terminating inWx, NF2 male thread. 
14 NF2 male thread. SU - For back-up bolde connection 
7A --For back-up bottle connection , (4 -and 10L) terminating in W BSP female. 

SPECIAL ACCUMULATORS 14 =- Fluid Port NPT thread water 
00 = Standard. "Vr% ice. 
02 = Water service, EN57 corrosion NOTE: 
protected fluid port, shell interior Many more alternatives are 
epoxy resin. available for non-standard bladder 
13 = Fluid Port NFT thread mineral sterns and fluid ports. Please advise 
oil service. us of ), our requirement. 

[ MAXIMUM WORKING PRESSURE 
20 - 207 bar 34 = 345 bar 

TEST CERTIFICATION 
I -- Hoyds Standard 
See Form No. ACIM-031-88 for 
complete details. 

wul 
'Idj 

tM 

Effective 
Gas 

Volume 
Litm 

Working 
PrnsLLre 

Bars 

Nis%. Av. 
now Rate 

I Min 
LHAGPI 

Weight 

Kdar; 
A 

Aches 
B 0 

1711,111 
E 

M'" 
IF 

"It" 
G 

MIN- 
III 

I" PR "IM 

K 

-MPM 

L 
FIT "I 

At 
? "F" 

N 
"IM 

p 
Inchri 

R 
F"rn 

S 
Mp" 

T 
MM 

U 
PMM 

I cc 207 477 12 5 11 M2 
--- 

H"I' 14 
. - - 

1 
- 

4-1 0 
- 

S1 
- - 

21 
- 

40 
- - 

1 t' 
- - 

I It', P - -- ýI It 
- 

(4) 0 - 11 36 
100 3-15 477 15 20 'Iox IIý. '[ 2 It"ll 11 '42 it 1 -0 4,1 0 1 0 21 11) 1 t' I IVT ý1 (I 1,1) 0 11 1c, 
100 207 365 37 90 kk x 14 ,, I" 14 (1; V1 Q0 '-'0 10 1", 41 0 1) (1 21 10 16 2 li'll, 71 4 7t, 2 20 36 
00 345 3t, 5 40 50 'ý 14 NIF 2 19 0; 14 "0 -' 'ý I ý'l 0 1'%) 0 -11 0 21 40 16 2 It,, [' 71 4 -, 1,, 2 21) 3h 

100 207 31)5 40 50 1; 14 N1 2 Iq 0ý ýj -, ; S-, ) I1 1,111 0 -J) (I 11 4() 16 1 li'll, -, 11 76 2 20 16 
00 

. 
145 

-165 
61 20 14 N1 2 1) 0; 11 7 4; -0 0 I'Vi 41 11 00 21 10 16 2 HIT 71 1 7(, 2 20 16 

107 It, S 92 Vj HNI 2 It) 1111 0 110 0 0 21 410 16 2 WT 71 4 7t, 2 20 36 

5 36 5 76 80 14 ý" F2 10 34 2-41 1111 0 110 1ý1 0 71,0 21 10 16 2 11"1' 73 4 7(, 2 20 36 
M 207 365 65 1; 0 IINI 2 1) 2") 11 0 1ý1k) 4, (1 . (I (1 21 10 16 2 IVA' 71 4 76 2 20 36 

345 
-its 

10 1 (K) 14 1ý1 2 IQ 11 0 -0 0 21 111 16 : ltýl' 71 4 76 2 20 16 

0 -it II III I 1, 2 It', [, 711 "16 2 211 Is. 
on 14-S VS 112 M kl`Ak IS IQ Its .0 'j Iq pj it, 4; IIRI 'Al (1 -0 0 21 111 1h 2 IVA, 14 71,2 it) 

207 749 87 54) kl;, ()% 15 ý4 10 -ki Ilk, 2 '; 1 1 0 '00 -11 10 1 t, 2 11"1' 73 4 7 t' 2 20 36 
00 345 749 14200 NFO x15 3A 10 1-0 110 210 IQ; 1 0 loo Q0 n -on 21 40 16 2 BSP 73 4 76 2 20 36 

, ristie interconnecting pipework kit to connect accumulator to back-up bottle. 
/A SIZE /B 

Part Description 
ACIOOIO/A or B 37-54 filre Models 54 litre Model only 

I- Equal tee - Branch ha% mgmr %al% e a, semH% filted 191111110 1) 38 nim () D. 

I Length of high -pre-ure tcd tube 1911111101) 38m m 0. D. 

I HIA'Athrtor 19111111-l"HIA, 38mm-llill' 

Do%%t% 'w'd 
'a, 3Shmn 181mm 

Difilt-11"loll 11' 
- 

Oshmill 12.19mm 

Ot christle I lydrallitts Lillutt'll 111111CII 11011EY411 FA"CFI'lVCf iRISFIE 
1114()IIN I Irod I It t dc I -clop It It -I It. The co III Ili II It/ 

riýllt to slit-i-Illt It, 1 0? 1 (011talm-d III 
SAnd%crolt Indw-triAl I state, 

111111cati, i'll Without prior Ploln't'. C hc%lef Road. sAnO(foll, 

V cc$ ide, (L 1%ý )dC 11; ZQ V 
Expamet International 0)[1111,1111Y Telephone IIA"irden 1021141 51;; 15 

T(, Ic% 6170. '6 
10.144) S11001 

I 

K(AIF) LL-I'Jll I 
RýýJtjj 

Ls 

OENSIONS 



FOR USE WITH BACK UP BOTTLES 

SlILCIFICAUMN 
SlItIlk- 
011serv ice -sea III I ess SI ic II five from welds 
, 111d joints, designed and 111,1111.1faCtUred to 
JIS, 5()45 part I- 
Ntiterial - Cliroiiiitlill-lll()Iý'[)LiLý11LI III Steel. 
Working pressure - 207 and 345 har. 
Miter Service - As above with interior 
c, ilvinac 111000 epoxy resin kned 0.18-0,25 
thick. 
Label Colour Code- 
BILIC - MaXIIIIIIIII working pressure, 
St'lillped Oil Libel. 
Witticss Pressure Tt'sts: - 
These tests are carried out Oil complete 
, iccunitilators and can he undertaken for 

, my type approval authority Or any 
CUSIOnler or their agents at extra cost. See 
foi-in no. ACI 00-03 1-88 for complete 
deLlils. 
1,1111111111crial 
Available at extra cost oil all major 
C0111ponents. 
Finish: - 
011c c(wt short Oil hased alkyd Imint 
St'111(hi. d. 
Gas colillectiow- 
Tninsfer Barrier AcctillUllators are fitted 
%villi standpipe adaptors see adpcent and 
over for details. 

Blailder: - 
Ali e\1ensive rallgC ()f bladder inaterials is 
011CYCLI to Stlit 11101; t 1[)[)IIC, ItioIIS SCC Imill 
no, ACIOO-031-88 tor COMPICtC LICtailS. 
11,10 Port , 1ssenibh1: - 
Black phosphated, integral high tl()%%, fluid 
PON (111d pOppet assembly, C()111[)Ictc 
With elastonicric filler to prevent 
b1,1LI Lie r rupture on prec Iia rge and air L-) Iced 
valve. 

All hydro-pneti ma tic accumulators are gas 
preSSUrised Vessels 111d it is recommended 

11 they al stolled HIM (lie sN'stem ill whic -c Ill, 
,, ý 

Iffled 
with 111,1\illm ill SaWtv (19. 

141F. 
St \'t1IVL-- 

form No. AdOO-072-88 for installatiol, 
Llel, lilS. 
1111Ck Up Bottles: - Part No. AC27/800- 
50 lit re capjc It 207 har stm I da rd. 
FrI 'Ice. 0 highcr pressures contict I IC, 11-1 
G, Is Connection I" B"W. 
Sue Over for pipework details. 
Fluid port arrangement is the same as 
S1,1riclard bladder acc, 111julator see form 
N). AC 100-()51 - 

11111. M 
10 to 

. 
37 litre modcls. 

KEY ITENI 
A Shell Assembly comprising 
1 Nameplate 
2 Shell 
B Bladder Assembly comprising 
3 Bladder 
4 Steil) 

5 Lockilut 

6 Union Nut Adaptor 

7 Union Nut 
8 Bonded seal 
9 Rubber seal 
10 Tra nsfer Stem Connector 

11 Transfer Port Tube 

KEY ITEM 
A Sholl Assembly comprising 
I Nameplate 
2 Shell 
B Bladder Assembly comprising 
3 Transfer Stem 

4 Locknut 
5 13 la (I ci er 

KEY ITEM 
A Shell Assembly comprising 
I Nameplate 

2 Shell 

B Bladder Assembly comprising 
3 Traiisfer Stem 
4 Vocknut 
5 Transfer I'Libe 

6 10, Ring 
7 Rubber Washer 
8 Adaptor 
9 Bladder 

ACIOO-052-88 

IFGH 

11111. Sil 
4 litre models. 

11 IT 71 
W 11tre fliodcls olliv. 



a- 'L#A, li 0, 
I 

ý, STALLA 
S 

1, c(lion of Acctinitilator 

peCt dCCLI I 1) 11 Id t( )1.0 11 (1 pi pcwork lor 
(I ge (I II ri II y" t 1"I I Isi t 

Cileck Hadder stem locknut and 
ýJJIILI Port lockiný-, 

) ring for tightness. 
II I Spat and fitting". 
Clwck that tile working piessure 
slawped on the accumulator shell 
Isequal to, or greater than, the 
111'ImIlluill pressure of tile "y"AcIll. 

vicing: 
change a bladder the following 
cudure should lie adopted. 
[. ol, k OCCU111111.1tor from system 
flilld hile and release accumulator 
flUld pressure by opening bleed 
VdIvu. 
Remove gas valve sualing cap and 
11( 1 sullable cha rgl ng set ( Pa rt No. 
A00,500). Open ga-; valve by 
hirning handwheel clockwise and 
vvii I g, isilycracking blee d sciew oil 

ok I I'l I ý"l IIg st. t. IV I I( 'I I )', m I 
rvads m ro sc re %v L 11) 1miidwIi ce I 
Jild C11,11-gilIg 'ýCt. 
Disconnect pipework and tee piece 
from m-cuinuhtor 111d winove 
accullitilmol. from 
Position accuill(II'llor, ellsilling 
L'dSY, j(CUSSjj)jjitý' 111LJ C1,11111) 
soctifuly. 
Remove bleed valve and bleed 
t)(hPtOl_ fl-0111 fltlid pOl-t b0dý . 

spailliff R'1110%le 
k 1( 1,1 ng ring and flanged washer 
f10111 fillid I)Ol't L-IOLly. 

'Mcr Barrier 
fiLlid [1011 b0d)' IlItO 

ao, unilli, itor, remove '0' ring and 
fdd an ti extrusion I' IIIg Lill tiI 
slifficlelItIN, Collapsed to allow 

from shell. I iiC IILIILI port bod y ca nt lien be 
1, f1j)III III., i(le t1le 
dittillitil'itor silcll' 

Ili It au It( sI /mftCd I/ o/ 
(I IIý 11) ( )d I I( I lici ICh 11 p/IlCII t, I /I, -((I P) 11 li III, 11 
HIC right h)(11,111 -4 't II It IIt I( III( i1i I la I owl p 

without vi ior iii it I( cý 

EXpamet International C 
HI, 

e, I i' I 

FAMMINCI IRIS71E 
RAIILIC1. ) 

Sjnd)croft Indusl6il Estate, 
Chester Roid. SjnOciolt, 
Deeside, Clv% )d CIIS 2QP 

Telephone: lN%, %jrden 10244) 535515 
Tdr%, 61702t, 
402111 511002 

ULATOR. 

j. Ren I( )%-. I I oI IIIII,, I( -r It I hv aNwin I dy. 
i -1 1111 c int )(It +, (I ýjg . I). U nscrt-tv 

union nu 1 (7) 1 nd I emove mli oil 
11111. ILLII)tOr (0). RCIllOVe 
I ra ns fe I, "te III co [III cc I or( 10) 

. 11ld %vithdraw lraw4cr lobc. 
KC111OVC lock'nut (5) and label (1) 
dIld WiIIIdIl%\' bl. idder through 
fluld port end of shell. 

ii. 10 to 37 lilre IIIOLICIS (Fig. 2). 
Rcinove locknut (4) and labcl 
(I ). Withdraw bladder through 
fluld port end of shell. 

fil. 54 litre model (Fig. 3). Remove 
adaptor (8), '(, )' ring scal (7) flat 
washer (0) and transfer tube (5). 
Remove locknut (4) and label (1) 

, 111d bladder through 
fluld Port end Of Shell. 

k. CICIll IIISRIC SIlL'II 111d 111 
COIII po IIcII Is. 

1. To lit a nuvv Hadder, 1-011 LI [11-11adder 
1011gllildin, 111ý', CLIgCS l0%', ', 11-dS the 
i vnliv, to cycl air and light1v cover 
with syttcjll 11111d. 

In. FnI er stcni of Hadder tI iroug I if I iji, I 
port und of accumulator and PLISII 
Haddvi- compictcly Into shell until 
S(cm villerges through hole al 
opp ),, It e cnd .I ýi I Libcl an (I Iockimt. 

11 . kc, place transter tubv assembly, 
revc-rsing the procedUre j. 

P. Poiji-Anto shell approximately 10%o 
of accumulator volume, of system 
Hill(] to 'Ict as cushion Iluid and 
Itibricalion. 

q. To complete assembly reverse 
PrOCCLhire (011OWULI Ill StC[IS C to 11, 
ensuring that the shear ring is in 
positioll In the ý.,, as valve housing 
on (AC54*7A) models oniv. 

r. Prucharge accumulator adopting 
procudme on lorm no. ACIOO-071- 
88. 

refers to bladdcr material. 
Note: 
Spare bladder should be stored in the 
follm. "Ing 111,11111cl. Io give 111,1XIIIIHIll 
Shell ll'! c: - 
1141,11e 1-11, lLiLiL'I* tO IlatLll-, Il SIZC With 
1111my"cli j, "I" . 111d "UMV III (he scaled 
I'LIA plastic hag plovidt-d away troill 

111d (ACLillk, 11 L'(1111pillClIt. 

JITE SB 4 litre models. 

11 I'L 01 10 to . 3/7 litre models. 

I TI IL 7/1 54 litre models only. 
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inspection of Accumulator 
Fawcett Christie Accumulators are 
thoroughly inspected at the factory, prior 
to despatch, and are ready for installation 
following prechargm)". 
After unpacking, inspect accumulator for 
possible claniage caused in transit. 

Check locknut (6) and locking ring (14) 
for tightness. 

b. Inspect Bleed Plug (17) if provided for 
ViSLJ, Il signs of damage ensuring that it 
is fully tIghtCIICd- 

C. Check that the v,, orkmg pressure 
stamped on the accumulator shell is 
equal to, or greater than, the maximurn 
pressure of the system. 

Installation Recorn nienda t ions: 

a. All accuniulatorsare supplied 
unprecharged unless precharge 
pressure is specified vvhen ordering. 
Prior to installation all accuniulators 
must be precharged %vith nitrogen - for 
precharging procedure see forni no. 
AC 100-071-88. 

6. For vase of servicing/checks, a safety 

block (forin no. AC 100-00 1 -88) sliou Id 
normally be fitted between the 
, ICCIII)ILII, itor and the 111.11d pressure 
liI1C. III ildditiOll, on storage 
applications, a check valve fitted 
between punip and aCCLII11LIIator will 
ensure ilon-reversal of pLIII1p- 

C. For fluid port connection thread see 
form no. ACIOO-051-88. 
If it is necessary to adapt to another 
size Fluid Port Adaptors are available 
see forni no. AC 100-066-88. 

d. For maxiniuni efficiency and life, 
i1CCUII1UIat0I-S should be niounted 
vertically where possible, fluid port 
down. For other attitudes contact 
I lead Office. 

e. A range of clanips and brackets are 
avallable to assist Ill Inst'111,16011 see 
form no. AC 100-004-88 for details. 

setvicing: Fig. 1. 
10change a bladder IIIv tollowing 
procedure ShOtIld L)C IdOJ)tL'd- 

IS01,11e ICCLIIIIIII, ltoI- fl-0111 S)'Stelll fluid 
pressure Ime and rclease accumulator 
Ilklid j)IL',, Sure by opening Need VOlVe 
(17), 
IWIIIOVV dt 1.111MI'llm Ifoill ml 
h"ger 11111ts the II-'(- (A 111ting COPS 
(Wallable from 116"Ale dre 
recoil, III e 11L] eLl. 

C. POSItiOll ICCLIIIILII, itor, ensuring easy 
acces. sit), lity and clany sectirely. 

KEY IT E M'.,,; ý 
A Shell Assembly compfising: 
I Nameplate 
2 Shell 
B Bladder Assembly comprising: 
3 ProtectiveCap 
4 SealingCap 
5 Gas Valve Assembly 
6 Locknut 
7 'O'Rine, 
8 Gas Valve Stem 
9 Bladder 
c Fluid Port Assy. comprising: 
10 Poppet Valve 
I I_ 

__Poppet 
Spnng 

12 Fluid Port 
13 Flanged Washer 
14 Locking Ring 
15 Piston 
16 collets 
17 Bleed Valve 
18 Bleed Adaptor 
19 bo-nd-c- d Seal 

-- D 
20 

Supplementary Parts 
Anti-Extrusion Ring 

21 Huid Port'O'King Seal 
NO f L: ())i mo, lcl> 03 liltcý-, vtd bcloir lhc, ýa> vali,, 
11"ClUbIll I- i'll/iV ý-/cm 

d. Remove protective cap (3) and sealing 
cap (4) from the gas valve and fit a 
suitable charging set (Part No. 
A C10500) to theaccuniula to rgas va I ve. 
Open gas valve by turning handwheel 
chwkwise and Vent gas by Cracking 
bleed screw on side of charging set. 
When gauge reads zero screw Lip 
handwheel and remove charging set. 

e. I-or accumulators of 4 litres capacity 
and above remove gas valve assembly 
(5). For accumulators under 4 lilres 
capacity remove valve core using tool 
provided with each replacenient 
bladder. 

f. Remove bleed valve (17) and bleed 
adaptor (N) from fluid port body. 

g. With Suitable 'C' spanner remove 
locking ring (14) and flanged washer 
(13) from fluid port body. 

h. Push fluid port body intOaCCUrnulator, 
remove '0' ring (21) and fold anti 
extrusion ring (20) until Sufficiently 
collapsed to allow removal from shell. 
'I lie fluid port can then be removed 
hom Inside the accumulator shell. 

k. RCMOVV bladder locking nut (0) and 
label and withdraw bladder (9) through 
fluld port end of shell. 

1. Clean inside of shell and all 
COMpollents. 

M.. To fit a new bladder, first remove ga-, 
vaive assembly and locknut, then roll 
111) H'Idder longitudinally, edges 
to%vards the centre, to expel air and 
lightly cover with system fluid. 

n. Enter gas vilve stem of tile bladder 
through fluid port end of accumulator 
and push bladdercompletely into shell 
until gas valve stem emerges thiough 
hole at opposite end. Fit label and 
locknut and replace gas valve 
assembly. 

P. Pour into shell approximately 10",,, of Or 
aCCU111Uhto1- volume, of Sý'StClll fluid to 
act as cushion fluld and lubrication. 

q. 'Io comIllch, 11w aswinbly riwerw Ilic' 
piokcdkiie loliowcd in steps d to k. 

r. P1-PCIl, 11-gL- OCCUMUldtol- aLl0ptJ1lg 
PI-OCCLIIII-C Oll form no. ACIOO-071-88. 

Note: 
Spare Hadder should be stOrCd ill 01C 

111,11111cr shch 
h1c: 
InIlate bLidder to naturai size with 
nitrogen gas and store in the sealed black 
plastic bag provided, iv-,,, iy from sunlight 
and electrical equipment. 

AC100-072-98 



2 CUTTING FORCE RESULTS SUMMARY 

2.1 Chapter Six Results 

Erin Coal (Cleat Parallel): 

S- Sharp 
B- Blunt 

MNF 
(kN) 

MCF 
(kN) 

MSF 
(kN) 

MPNF 
(kN) 

MPCF 
(kN) 

MPSF 
(kN) 

OMPa-S 0.71 2.88 0.37 2.67 8.02 2.19 
35MPa-S 0.35 1.92 0.25 2.02 5.64 1.80 
70MPa-S 0.56 2.25 0.36 2.32 7.06 2.22 

105MPa-S 0.44 1.84 0.28 1.77 5.77 1.71 
OMPa-B 0.97 2.71 0.48 3.34 7.70 2.38 

35MPa-B 0.44 1.79 0.22 2.31 5.65 1.74 
70MPa-B 0.66 2.15 0.33 2.84 6.44 1.98 

105MPa-B 0.37 1.59 0.25 1.92 4.75 1.58 

Table AI 

Anthracite Coal (Cleat Parallel): 

S- Sharp 
B- Blunt 

MNF 
(kN) 

MCF 
(kN) 

MSF 
(kN) 

MPNF 
(kN) 

MPCF 
(kN) 

MPSF 
(kN) 

OMPa-S 0.62 1.86 0.12 1.58 5.46 0.70 
35MPa-S 0.33 1.10 0.10 1.25 4.35 0.82 
70MPa-S 0.38 1.44 0.19 1.30 4.60 1.36 

105MPa-S 0.35 1.11 0.11 1.80 4.19 1.37 

OMPa-B 1.80 2.20 0.64 5.82 5.66 2.01 
35MPa-B 1.84 1.98 0.03 5.88 5.15 0.76 
70MPa-B 1.66 1.78 0.15 5.28 4.81 0.61 

105MPa-B 0.52 1.02 0.14 2.54 4.00 1.41 

Table A2 

A5 



Anthracite Coal (Cleat Horizontal): 

S- Sharp 
B- Blunt 

MNF 
(kN) 

MCF 
(kN) 

MSF 
(kN) 

MPNF 
(kN) 

MPCF 
(kN) 

MPSF 
(kN) 

OMPa-S 0.42 1.33 0.07 2.00 5.53 0.97 
35MPa-S 0.47 1.37 0.13 2.18 4.64 1.51 
70MPa-S 0.33 1.10 0.09 1.70 4.62 1.71 

105MPa-S 0.34 1.30 0.12 2.10 4.73 1.71 
OMPa-B 1.36 1.42 0.16 5.01 5.30 1.68 

35MPa-B 1.49 1.66 0.22 3.92 5.11 1.72 
70MPa-B 0.90 1.35 0.14 3.27 5.01 1.72 

105MPa-B 0.63 1.32 0.16 2.93 4.92 1.49 

Table A3 

2.2 Chanter Seven Results 

2.2.1 Test Series One 

Erin Coal (Cleat Parallel): 

S- Sharp 
B- Blunt 

MNF 
(kN) 

MCF 
(kN) 

MSF 
(kN) 

MPNF 
(kN) 

MPCF 
(kN) 

MPSF 
(kN) 

OMPa-S 1.80 4.35 0.89 5.49 14.66 4.09 
35MPa-S 1.64 3.73 0.94 4.81 11.99 3.77 
70MPa-S 1.27 3.50 0.60 5.13 14.64 4.02 

105MPa-S 1.22 3.09 0.79 4.25 10.13 3.28 

OMPa-B 2.76 2.53 0.36 11.39 9.64 2.18 
35MPa-B 3.61 3.91 0.90 13.59 11.78 3.28 
70MPa-B 3.66 3.80 0.83 14.10 12.59 3.21 

105MPa-B 3.44 3.88 1.00 13.16 12.03 3.84 

Table A4 

A6 



Efin Coal (Cleat Hofizontal): 

S- Sharp 
B- Blunt 

MNF 
(kN) 

MCF 
(kN) 

MSF 
(kN) 

MPNF 
(kN) 

MPCF 
(kN) 

MPSF 
(kN) 

OMPa-S 1.46 3.18 0.26 6.50 13.65 3.17 
35MPa-S 0.77 1.61 0.23 3.92 8.32 1.64 
70MPa-S 1.23 2.69 0.50 5.64 12.91 4.19 

105MPa-S 0.78 1.69 0.24 3.89 7.96 1.77 

OMPa-B 1.75 1.34 0.12 6.88 8.24 1.60 
35MPa-B 1.59 1.41 0.17 6.65 5.54 1.39 
70MPa-B 2.74 2.25 0.26 12.04 10.23 2.18 

105MPa-B 2.05 2.01 0.19 8.66 9.03 2.02 

Table A5 

Pre-cut Slot Results (Cleat Parallel): 

Sharp MNF MCF MSF MPNF MPCF MPSF 
Pick (kN) (kN) (kN) (kN) (kN) (kN) 

OMPa 1.80 4.35 0.89 5.49 14.66 4.09 
35MPa 1.07 2.74 0.38 4.00 10.05 2.25 
70MPa 1.44 3.07 0.51 5.50 10.97 2.66 

105MPa 1.87 3.22 0.62 4.84 9.69 2.34 

Table A6 

Pre-cut Slot Results (Cleat Horizontal): 

Sharp MNF MCF MSF MPNF MPCF MPSF 
Pick (kN) (kN) (kN) (kN) (kN) (kN) 

OMPa 1.46 3.18 0.26 6.50 13.65 3.17 
35MPa 0.52 1.42 -0.27 2.22 5.57 -0.33 
70MPa 1.64 2.24 0.39 7.96 12.36 4.04 

105MPa 1.15 2.04 0.37 5.40 1 9.18 2.32 

Table A7 

A7 



2.2.2 Test Series Two 
Efin Coal (Cleat Parallel): 

Offset Force Lead Distance 

Distance (kN) 2mm 10nim 50mm loomm 

MNF 1.27 0.88 1.13 1.20 
MCF 3.50 2.73 3.21 2.94 

Omm MSF 0.60 0.93 0.92 0.96 
MPNF 5.13 3.12 4.09 3.96 
MPCF 14.64 8.89 10.39 10.19 
MPSF 4.02 4.87 5.83 5.41 
MNF 0.11 0.73 0.90 0.58 
MCF 0.34 2.35 2.68 1.68 

35mm MSF 0.04 0.45 -0.01 0.53 
MPNF 0.98 2.41 3.04 2.96 
MPCF 2.16 8.14 8.95 7.62 
MPSF 1.12 2.79 0.74 4.27 
MNF 0.63 0.83 0.70 
MCF 1.74 2.54 2.30 

50mm MSF 0.19 0.88 0.60 
MPNF 2.55 3.30 2.59 
MPCF 7.09 9.26 8.32 
MPSF 1.67 4.93 4.12 

Table A8 
Erin Coal (Cleat Horizontal): 

Offset Force Lead Distance 

Distance (kN) 2mm I Onim 50mm loomm 

MNF 1.23 0.62 0.72 0.56 
MCF 2.69 1.73 1.83 1.18 

Omm MSF 0.50 0.41 0.50 0.15 
MPNF 5.64 2.17 3.07 2.45 
MPCF 12.91 6.15 8.57 5.49 
MPSF 4.19 2.25 3.74 1.88 

MNF 0.01 0.40 0.56 0.23 
MCF 0.04 1.45 1.36 0.73 

35mm MSF 0.01 0.61 0.04 0.23 
MPNF 0.27 2.12 2.16 1.78 
MPCF 0.48 6.78 6.38 4.95 
MPSF 0.33 4.34 0.13 2.39 

MNF 0.30 0.63 0.45 
MCF 0.86 1.58 1.16 

50mm MSF 0.07 0.26 0.31 
MPNF 1.67 2.27 2.13 
MPCF 4.29 5.59 6.20 
MPSF 1.03 2.49 1 2.11 1_ 

Table A9 
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3 SPECIFIC ENERGY CURVE FITS 

3.1 Chapter Six Results 

All the equations apply to the curves with the jet energy included. 

Erin Coal (Cleat Parallel): 

Sharp Pick SE = 0.6547 + 0.0630. MPa r=0.9680 
SE = 1.2435 exp(O. 0176. MPa) r=0.9834 
SE = 1.4382 + 0.3089. kW r=0.9911 
SE = 1.6064 exp(O. 0819. kW) r=0.9542 

Blunt Pick SE = 0.2669 + 0.071 I. MPa r=0.9556 
SE = 1.0582 exp(O. 0198. MPa) r=0.9912 
SE = 1.0901 + 0.3562. kW r=0.9995 
SE = 1.4024 exp(O. 0926. kW) r=0.9692 

Anthracite Coal (Cleat Parallel): 

Sharp Pick SE =-O. 1541 + 0.083 I. MPa r 0.9525 
SE 0.8478 exp(O. 023 I. MPa) r 0.9902 
SE 0.7988 + 0.4179. kW r 0.9991 
SE 1.1845 exp(O. 1078. kW) r 0.9631 

Blunt Pick SE = 0.2241 + 0.0773. MPa r 0.9579 
SE = 1.0828 exp(O. 0204. MPa) r 0.9968 
SE = 1.1259 + 0.3868. kW r 1.0000 
SE = 1.4601 exp(O. 0947. kW) r 0.9646 

Anthracite Coal (Cleat Horizontal): 

Sharp Pick SE =-O. 1697 + 0.083 I. MPa r 0.9612 
SE 0.7684 exp(O-0246. MPa) r 0.9979 
SE 0.8124 + 0.4142. kW r 0.9996 
SE 1.1314 exp(O. I 107. kW) r 0.9378 

Blunt Pick SE =-0.2991 + 0.0903. MPa r=0.9560 
SE = 0.7599 exp(O. 0254. MPa) r=0.9982 
SE = 0.7486 + 0.45211W r=0.9993 
SE = 1.1319 exp(O. I 145. kW) r=0.9393 

A9 



3.2 ChaDter Seven Results 

The equations are for the Test Series One results and only apply to the curves with the jet 
energy included. 

Erin Coal: 

Sharp Pick SE = 1.8960 + 0.0174. MPa 
SE = 1.9656 exp(O. 0062. MPa) 
SE=1.9502(l + MPa) 01069 

Blunt Pick SE = 1.3585 + 0.0253-MPa 
SE = 1.4505 exp(0.0103. MPa) 
SE = 1.2895(1 + MPa )02101 

Pre-cut Slot Results: 

SE = 1.6700 + 0.0187. MPa 
SE = 1.8013 exp(O. 0065. MPa) 
SE = 1.9058(l + MPa) 00916 

4 ROSIN-RAMMLER CURVE FITS 

4.1 Chapter Six Results 

0.9691 
0.9706 
0.7874 

1.0000 
0.9860 
0.9514 

0.8748 
0.8906 
0.5895 

The constants in the tables below are for the Rosin-Rammler equation: 

100 
- P= Me -b. d" 

for the size distributions obtained in chapter six. 

S- Sharp Erin Coal Anthracite Coal Anthracite Coal 
B- Blunt (Cleat Parallel) (Cleat Parallel) (Cleat Horizontal) 

Jet Pressure b n b n b n 
OMPa-S 0.1566 0.7797 0.1019 0.8053 0.0863 0.8282 

35MPa-S 0.1378 0.7722 0.0894 0.8090 0.0755 0.8902 
70MPa-S 0.1446 0.8686 0.1123 0.9982 0.0855 0.8089 

105MPa-S 0.1370 0.7853 0.0923 0.9932 0.1073 0.7958 

OMPa-B 0.1358 0.8639 0.1138 0.8508 0.0695 0.8561 
35MPa-B 0.1196 0.8828 0.0950 0.8656 0.0797 0.9964 
70MPa-B 0.1301 0.8828 0.0966 0.7649 0.0961 0.8005 

105MPa-B 0.1372 0.8064 0.1035 0.8432 0.1051 0.8086 
_j 

Table A 10 

AIO 



4.2 Chapter Seven Results 

4.2.1 Test Series One 

S- Sharp Efin Coal Pre-cut 
B- Blunt S lot 

Jet Pressure b n b n 
OMPa-S 0.1351 0.8499 

35MPa-S 0.0990 0.9618 0.0865 0.9882 
70MPa-S 0.1037 0.9337 0.0892 0.9702 

105MPa-S 0.0961 0.9317 0.1133 0.9341 
OMPa-B 0.1125 0.8722 

35MPa-B 0.0903 0.9754 
70MPa-B 0.1080 0.9075 

105MPa-B 0.1095 0.9207 

Table AII 

4.2.2 Test Series Two 

Jet Pressure 
70MPa. 

Offset Distance 
omm 

Offset Distance 
35mm 

Offset Distance 
50mm 

Lead Distance b n b n b n 
2mm 0.0823 0.9650 0.0838 1.0285 

lomm 0.0994 0.8791 0.0640 1.0755 0.0929 0.9196 
50mm 0.1019 0.8950 0.0848 0.9637 0.0981 0.8824 

1 
loomm 

1 
0.09461 0.9188 

a 
0.0867 

1 
0.9472 

1 
0.0955 

a 
0.9196 

Table A 12 
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5 HW TIP DESIGN 

Carbide 
Cobalt Content 
Hardness 
Grain Size 
Braze Strength 

Grade CXT 
9.5% 
12 10 HV30 
3.5 micron. 
15.0 tons/sq. in minimum 

23-8 
" 4- o" 11-a 

R 28-6 

01 

Size in mm 

OLn 
-1 x LP 
cr) Lf) 

I 

Z R 23-8 

V- 
tlý 

S 

x 
5" 

R-23-8 
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I PROGRAM SORT3F 
2 C 
3 C Program to read data from 3 datafiles, convert the 
4 C raw data into forces (kN), and write the results in 
5 C a new datafile, NORM, CUl-F, SIDE, represent the raw 
6 C data for the normal, cutting and sideway forces. 
7 C 
8 DIMENSION NORM(4100), CUTIF(4100), SIDE(4100), ZLIM(2), 
9 + LIMIT(4), TARO), FORCE(4100,3) 
10 INTEGER NDATA, 1, NORM, CIJTT, SIDE, DAY, MONTH, 
II + ZLIM, ZCOUNT, A, R, ZI, J, LIMIT, TAR, 
12 + BLOCK, SUMI, SUM2, DISTS, DIFF, TOTAL, 
13 + ZNUM, FCOUNT 
14 REAL ZN, ZC, ZS, ZNF, ZCF, ZSF, POS I, POS2, 
15 + SPEED, CONVT, NCALN, CCALC, SCALS, FORCE 
16 C 
17 PARAMETER (NCALN = -0.01180) 
18 C 
19 PARAMETER (CCALC = -0.01000) 
20 C 
21 PARAMETER (SCALS = 0.00820) 
22 C 
23 PRINT *, 'Enter the date this cut was taken: 
24 READ (*ABN, 12)') DAY 
25 READ (*, '(BN, 12)') MONTH 
26 PRINT* 
27 C 
28 C PRINT *, 'Enter the position of the cut on the tape: ' 
29 C READ (BN, F5. I)) POS 1 
30 C REA 1) (13 N, 1`5.1)') POS 2 
31 PRINT* 
32 PRINT* 
33 PRINT*, 'READing data' 
34 C 
35 NDATA 0 
36 C 
37 DO 10 1 1,4100 
38 READ (I0ABN, I4)', END=I0) NORM(l) 
39 READ (11, (B N, 14) $)END= 10) CUTT(I) 
40 READ (12, '(BN, I4)$, END=10) SIDE(I) 
41 NDATA = NDATA +1 
42 10 CONTINUE 
43 PRINT*, 'Data READ successfully: ' 
44 PRINT*, 'Rows of data READ =), NDATA 
45 C 
46 C 
47 C To calculate the zero daturn for each cut. 
48 C 
49 PRINT*, 'Enter zero value: $ 
50 READ (*, '(BN, 13)') ZI 
51 C 
52 ZCOUNT =0 
53 ZLIM(I) =4 
54 ZLIM(2) =3+ ZI 
55 DATA ZN /0.0/, ZC /0.0/, ZS /0-0/ 
56 C 
57 DO 210 R= ZLIM(I), ZLIM(2) 
58 ZN = ZN + NORM(R) 



59 ZC ZC + CUTT(R) 
60 ZS ZS + SIDE(R) 
61 ZCOUNT = ZCOUNT +1 
62 210 CONTINUE 
63 C 
64 IF (ZCOUNT. NE. ZI) THEN 
65 PRINT*,, 'Zero Error: ZCOUNT ', ZCOUNT, p <> I'Zi 
66 STOP 
67 END IF 
68 C 
69 ZNF=ZN/ZCOUNT 
70 ZCF=ZC/ZCOUNT 
71 ZSF = ZS / ZCOUNT 
72 PRINI'*, 'ZNF =', ZNF 
73 PRINT*, l ZCF = %ZCF 
74 PRINT*, ZSF =', ZSF 
75 C 
76 C 
77 C To calculate how Much of the cut to ignore. 
78 C Speed in m/s, all distances in mm. 
79 C 
80 SPEED = 1.10 
81 PRINT*, 'Enter total length of cut (mm): ' 
82 READ(*, '(BN, 14)') LENGTH 
83 PRINT*, 'Enter TARM (mmV 
84 REAI)(*, '(BN, 13)') TAR(I) 
85 PRINT*, 'Enter I st length of cut (mm): ' 
86 READ(*, (BN, 13)' BLOCK(l) 
87 PRINT*, 'Enter TAR(2) (mm): ' 
88 READ(*, '(BN, 13)') TAR(2) 
89 1 PRINT*, Enter 2nd length of cut (mm): ' 
90 READ(*, '(BN, 13)') BLOCK(2) 
91 PRINT*I'Enter TAR(3) (mm): ' 
92 READ (*, '(B N, 13)') TA R (3) 
93 BLOCK(3) =0 
94 C 
95 C To convert LENGTH into sample units. 
96 C 
97 TOTAL = NINT (2.331 * LENGTH) 
98 C 
99 C Convert distances into sample units. 
100 C 
101 CONVT = REAL(TOTAL) / REAL(LENGTH) 
102 C 
103 SUMI =0 
104 SUM2 =0 
105 DO 2301 1,3 
106 TAR(I) NINT(CONVT * TAR(l)) 
107 BLOCK(l) = NINTWONwr * BLOCK(l)) 
108 SUM I= SUM I +TAR(1) 
109 SUM2 = SUM2 + BLOCK(l) 
110 230 CONTINUE 
III DISTS = SUM I+ SUM2 
112 DIFF = DISTS - TOTAL 
113 PRINT*, 'DIFF ='I DIFF 
114 C 
115 UN J= ABS(DIFF) 
116 IF (J. EQ. 0) THEN 



117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 

GOTO 240 
ELSE IF (J. GT. 5) THEN 

PRINT*, 'Please check the parameters in DIST. ' 
PRINT*, 'Are the values correctT 
STOP 

ELSE 
J1 = INT(DIFF/2.0) * (-I) 
J2 = NINT(DIFF/2.0) * (-1) 
BLOCK(l) = BLOCK(l) +JI 
BLOCK(2) = BLOCK(2) + J2 

END IF 
C 

240 CONTINUE 
C 

PRINT*, 'BLOCK(l) =', BLOCK(l) 
PRINT*, 'BLOCK(2) =', BLOCK(2) 

C 
LIMIT(I) = TAR(l) +3+ ZI +I 
LIMIT(2) = LIMIT(l) + BLOCK(l) -I LIMIT(3) = LINIIT(2) + TAR(2) +I 
LIMIT(4) = LINIIT(3) + BLOCK(2) -I C 
PRINT*, 'LIM IT(l) LINIIT(l) 
PRINT*, 'LIM IT(2) LINUT(2) 
PRINT*, 'LIM IT(3) LIMIT(3) 
PRINT*, 'LIMIT(4) LIMIT(4) 

C 
C 

C Data and position of cut on tape is written 
C into the data file (year is changed by editting 
C the program). 
C 

WRITE (20, '(4X, A, 2(12, A), 12)')Date cut was taken 
+ DAY, '-', MONTH, '-90' 

WRITE (20, '(/ 4X, A, F5.1, A, F5. I /)')'Position of cut on tape 
II + 0.0, - '0.0 C 

C Write data in 3 column array file with a title 
C at the head of each colum. 
C 

WRITE (20, '(4X, A)')'NOTE: The forces are from two coal blocks. ' 
WRITE (20, '(4X, A, A/)')'The number of data from each block is', 

+" shown below. ' 
WRITE (20, '(4X, A, I4)')'Rows of data for BLOCK(l) %BLOCK(I) 
WR ITE (20, '(4X, A, I 4)')'Rows of data for BLOCK(2) ', BLOCK(2) 
WR ITE (20, '(/4X, A, 3X, A, 2A, A)')'Nornial', 'Cutting', 

+ 'Sideways 
WRITE (20, '(4X, A3X, A, 2XA/)')'====--l. 

+ 31 ------ I 
C 
C 

C Convert raw data into froce values and write these in a 
C new clatafile assigned to unit 20. 
C 

FCOUNT 0 
DO 250 A 1,3,2 

DO'260 R LIMIT(A), LINIIT(A+I) 
RN = NORNI(R) - ZNF 



175 RC = CUTT(R) - ZCF 
176 RS = SIDE(R) - ZSF 
177 FORCE(R, 1) = NCALN * RN + 0.0298 
178 FORCE(R, 2) = CCALC * RC + 0.1404 
179 FORCE(R, 3) = SCALS * RS + 0.0440 
180 WRITE(20, '(3(3X, F7.2))') FORCE(R, I), FORCE(R, 2), FORCE(R, 3) 
181 FCOUNT = FCOUNT +1 
182 260 CONTINUE 
183 250 CONTINUE 
184 C 
185 PRINT*, 'Data converted into Force values and transfered. ' 
186 PRINT*, 'Rows of data in Force-file FCOUNT 
187 C 
188 STOP 
189 END 



PROGRAM CUT 
2 
3 
4 
5 
6 
7 
8 
9 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

C 

C To calculate the mean and mean peak forces. 
C 

+ 

+ 
+ 

+ 
+ 

CHARACTER*720 INFOI(10), INF02(10), INFOBI(I)*28, 
INFOB2(1)*28 

DIMENSION RMNF(3), RMCF(3), RMSF(3), RAMNF(3), RAMCF(3), 
RAMSF(3), RN, IPNF(2), RNIPCF(2), RMPST(2), RMMNF(2), 
RMMCF(2), RMMSF(2), BLOCK(2) 

COMMON 
COMMON /LIN/ LIMIT(4), COUNT(3) 
INTEGER 1, R, C, LIMIT, BLOCK, COUNT, LENGTH, FN 
REAL RMNF, RMCF, RNISF, RAMNF, RAMCF, RAMSF, RMPNF, 

RMPCF, RMPSF, A`VPNF, AVPCF, AVPSF, RMMNF, RMMCF, 
RMMSF, AVMNF, AVMCF, FIVE, DFORCE 

PARAMETER (FIVE = 0.05) 
c 

C Read infounation at beginning of datafile. 
c 

READ (10, '(4X, A)') (INFO I (I), I= 7) 
READ (10, '(4X, A, 14)') INFOB I, BLOCK(l) 
READ (10, '(4X, A, 14)') INFOB2, BLOCK(2) 
READ (10, '(4X, A)') (INF02(l), l = 1,4) 

C 

C READ the data. 
C 

READ (10,15, ERR=25, END=20) ((DFORCE(R, C), C=1,3), R=1,4100) 
15 FORM AT(3(3X, F7.2)) 
20 CONTINUE 
C 
C Set limnits for calculation of forces for each coal block. 
C 

LIMITO) I 
LIMIT(2) BLOCK(l) 
LIMIT(3) BLOCK(l) +I 
IF (BLOCK(2) EQ. 0) THEN 

LIMIT(4) = LIMIT(3) +I 
COUNT(2) =I 

ELSE 

C 

C 

C 

C 

LIMIT(4) = LIMIT(3) + BLOCK(2) -I 
COUNT(2) = NINT(FIVE * BLOCK(2)) 

END IF 

LENGTH= 
COUNT(l) 
COUNT(3) 

BLOCK(I) + 
NINT(FIVE 
NINT(FIVE 

BLOCK(2) 
* BLOCKM) 

LENGTH) 

PRINT*, 'LIMIT(l) LIMIT(l) 
PRINT* 'LIMIT(2) LIMIT(2) 

, PRINT* 'LIMIT(3) LINIIJ , (3) 
, PRINT* 'Ll N1 IT(4) LINIIT(4) 

PRINT*, 'COUNT(l) = COUNT(l) 
PRINT* 'COUNT(2) = COUNT(2) 

, PRINT*, 'COUNT(3) = COUNT(3) 

PRINT*, 'Analysing data now. ' 

CALL MEAN (RNINF, RNICF, RNISF, RAMNF, RAMF, RAMSF) 



59 C 
60 CALL PEAK (RNIPNF, RMPCF, RN4PSF) 
61 C 
62 CALL AVPMAX (AVPNF, AVPCF, AVPSF) 
63 C 
64 CALL PEAKM (RMNINF, RNIMCF, RMMSF) 
65 C 
66 CALL AVPMIN (AVMNF, AVMCF, AVMSF) 
67 C 
68 C WRITE results in a tableat the end of the data file and 69 C ont o the terminal screen. 
70 C 
71 DO 30 FN = 6,10,4 
72 WRITE (FN, *) 
73 WRITE 
74 
75 WR ITE (FN, 100) TOTAL 
76 + ? BLOCKI BLOCK2 
77 WRITE 
78 
79 WRITE (FN, I 10) '* M NF = ', RMNF(3), ' -' 80 + , ' ', RMNF(l), ' = ', RMNF(2), ) 
81 WRITE (FN 110)'* N4NF(ABS) =' RAMNF(3) ' 
82 + , , , ' ', RAMNF(I), ' = ', RAMNF(2), ' 
83 WRITE (FN, I 10) '* N4 PNF - ', AVPNF, ' -9 
84 + v ', RMPNF(I), ' ', RNIPNF(2), ' 
85 WRITE (FN, I 10) '* N1 PN F (NI IN) AVMNF, 
86 + ' ', RMNINF(l), ' ', RMN1NF(2), ' 
87 WR ITE (FN, 100) 
88 
89 WRITE (FN, I 10) '* M CF = ', RN4CF(3), ' =', 
90 + ' ', RMCF(l), ' - '1RN4CF(2), 1 
91 WRITE (FN, l 10)'* N, ICF (ABS) = ', RANICF(3), ' 
92 + I ', RAMCF(l), ' = ', RANICF(2), ' 
93 WRITE (FN, I 10) '* N, 1 PCF -- ', AVPCF, p -1 1 94 + I ', RNIPCF(l), ' = ', RNIPCF(2), ' 
95 WRITE (FN, 110)'* MPCF(N41N) = ', AVMCF. ' 
96 + 1) 9jRN4N1CF(I), 1 ', RN, 1N1CF(2), ' 
97 WRITE (FN, 100)'* ----- 98 + 
99 WRITE (FN, I 10) '* N4SF ', RMSF(3)1' 
100 + ' ', RMSF(I), ' - 'IRMSF(2)ý' 
101 WRITE (FN, 110)'* MSF(ABS) = ', RAMSF(3), ' 
102 + ' ', RAMSF(I), ' ', RAI\ISF(2), ' 
103 WRITE (FN, 1 10)'* MPSF = ', AVPSF, ' 
104 + I 1, RMPSF(I), 1 1, RMPSF(2), ' *1 
105 WRITE (FN, 110)'* MPSF(MIN) AVMSF, I 
106 + I 1, RMMSF(l),, 1, RMMSF(2)1' *1 
107 WRITE 
108 
109 30 CONTINUE 
110 C 
111 100 FORMAT (4X, A, A) 
112 110 FORMAT (4X, A, F6.2, A, A, F6.2, A, F6.2, A) 
113 STOP 
114 25 PRINT*, Error in READing data. ' 
115 STOP 
116 END 



117 C 
118 C 
119 c 
120 SUBROUTINE DATA 
121 C 
122 C To supply uncomipted data to each subroutine. 
123 C 
124 COMMON /CUTD/ DFORD(4100,3) 
125 COMMON /VALUES/ FORCE(4100,30 
126 INTEGER R, C 
127 REAL FORCE, DFORCE 
128 C 
129 DO 700 C=1,3 
130 DO 710 R=1,4100 
131 FORCE(R, C) = DFORCE(R, C) 
132 710 CONTINUE 
133 700 CONTINUE 
134 C 
135 RETURN 
136 END 
137 C 
138 
139 C 
140 SUBROUTINE MEAN (RMNF, RMCF, RMSF, RAMNF, RAMCF, 
RAMSF) 
141 C 
142 C To calc. the mean forces. 
143 C 
144 DIMENSION ADD(3,3), A(3), B(3), DENOM(3), RMNF(3), RMCF(3), 
145 + RMSF(3), ABI, (3,3), RANINF(3), RAMCF(3), RAMSF(3) 
146 COMMON /LINI/ LIMIT(4), COUNT(3) 
147 COMMON /VALUES/ FORCE(4100,3) 
148 INTEGER A, B, M, R, LIMIT, COUNT 
149 REAL ADD, ABL, FORCE, RMNF, RMCF, RMSF, DENOM, RAMNF, 
150 + RAMCF, RAMSF 
151 C 
152 CALL DATA 
153 DATA ADD /9*0.0/, DENOM /3*0.0/, ABL /9*0.0/ 
154 DATA A /I , 3,1 /, b /2,4,4/ 
155 C 
156 DO 210 M=1,3 
157 DO 200 R= LIMIT(A(M)), LINlIT(B(M)) 
158 ADD(M , 1) = ADD(M, I) + FORCE(R, I) 
159 ADD(M , 2) = ADD(M, 2) + FORCE(R, 2) 
160 ADD(M, 3) = ADD(M, 3) + FORCE(R, 3) 
161 ABL(M , 1) = ABL(M, I) + ABS(FORCE(R, I)) 
162 ABL(M, 2) = ABL(M, 2) + ABS(FORCE(R, 2)) 
163 ABL(M, 3) = ABL(M, 3) + ABS(FORCE(R, 3)) 
164 DENOM(M) = DENOM(M) +1 
165 200 CONTINUE 
166 RMNF(M) = ADD(M, 1) / DENOM(M) 
167 RMCF(M) = ADD(M, 2) / DENOM(M) 
168 RMSF(M) = ADD(M, 3) / DENOM(M) 
169 RAMNF(M) = ABL(M, I) / DENOM(M) 
170 RAMCF(M) = ABL(M, 2) / DENONI(M) 
171 RAMSF(M) = ABL(M, 3) / DENONI(M) 
172 210 CONTINUE 
173 C 



174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 

RETURN 
END 

c 

c 

C 
SUBROUTINE PEAK (RMPNF, RMPCF, RMPFSF) 

C To calc. the mean peak forces using the highest 5% of the 
C values (95 percentiles). 
C 

DIMENSION MAX(2,3), CENT(2,3), A(2), B(2), RMPNF(2), 
+ RMPCF(2), RMPSF(2) 

COMMON /LIM/ LINUT(4), COUNT(3) 
COMMON /VALUES/ FORCE(4100,3) 
INTEGER LIMIT, R, C, M, A, B, COUNT, TURNS, X 
REAL FORCE, MAX, CENT, RMPNF, RMPCF, RMPSF 

C 
CALL DATA 
DATA A/1,3/, B/2,4/, CENT/6*0.0/ 

C 
DO 320 C=1,3 
DO 310 M=1,2 
X=0 

DO 330 TURNS = 1, COUNT(M) 
MAX (M, C) -50.0 

DO 300 R LIMIT(A(M)), LIMIT(B(M)) 
IF (FORCE(R, C). GE. MAX(M, C)) THEN 

MAX(M, C) = FORCE(R, C) 
X=R 

END IF 
300 CONTINUE 

CENT(M, C) = CENT(M, C) + MAX(M, C) 
FORCE(X, C) = -5 1.0 

330 CONTINUE 
310 CONTINUE 
320 CONTINUE 

C 
DO 340 M=1,2 

RMPNF(M) = CENT(M, 1) / COUNT(M) 
RMPCF(M) = CENT(M, 2) / COUNT(M) 
RMPSF(M) = CENT(M, 3) / COUNT(M) 

340 CONTINUE 
C 

RETURN 
END 

C 
C 
C 
C 

SUBROUTINE AVPMAX (AVPNF, AVPCF, AVPSF) 
C 
C To calc. the mean peak forces using the highest 5% of the 
C values (95 percentiles). 
C 

DIMENSION CENT(3), MAX(3) 
COMN40N /LIM/ LINIIT(4), COUNT(3) 
COMMON /VALUES/ FORCE(4100,3) 
INTEGER LIMIT, R, C, M, COUNT, TURNS, X 
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400 
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C 

c 
C== 

c 

REAL FORCE, MAX, CENT, AVPNF, AVPCF, AVPSF 

CALL DATA 
DATA CENT/3*0.0/ 

DO 420 C=1,3 
X=0 
DO 430 TURNS = 1, COUNT(3) 

MAX (C) -50.0 DO 400 R LIMIT(l), LINIIT(4) 
IF (FORCE(R, CO. GE. MAW)) THEN 

MAX(C) = FORCE(R, C) 
X=R 

END IF 
CONTINUE 
CENT(C) = CENT(C) + MAX(C) 
FORCE(X, C) = -5 1.0 

CONTINUE 
CONTINUE 

AVPNF = CENT(l) / COUNT(3) 
AVPCF = CENT(2) / COUNT(3) 
AVPSF = CENT(3) / COUNT(3) 

RETURN 
END 

SUBROUTINE PEAKM (RNIMNF, RMMCF, RMMSF) 
C 

C To calc. the mean peak forces using the highest 5% of the 
C values (95 percentiles). 
C 

DIMENSION MIN(2,3), A(2), B(2), RMMNF(2), 
RMMCF(2), RMMSF()) 

COMMON /LIM/ LIMIT(4), COUNT(3) 
COMMON /VALUES/ FORCE(4100,3) 
INTEGER LIMIT, R, C, M, A, B, COUNT, TURNS, X 
REAL FORCE, MIN, CENT, RMMNF, RMMCF, RMMSF 

C 

CALL DATA 
DATA A/1,3/, B/2,4/, CENT/6*0.0/ 

c 
DO 520 C=1,3 
DO 510 M=1,2 
X=0 
DO 530 TURNS = 1, COUNT(M) 
MIN (M, C) = 50.0 
DO 500 R= LIMIT(A(M)), LIMIT(B(M)) 

IF (FORCE(R, C). LE. MIN(M, C)) THEN 
MIN(M, C) = FORCE(R, C) 
X=R 

END IF 
500 CONTINUE 

CENT(M, C) = CENT(M, C) + MIN(M, C) 
FORCE(X, C) =51.0 

530 CONTINUE 
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510 CONTINUE 
520 CONTINUE 
C 

DO 540 M= 11 2 
RMMNF(M) = CENT(M, I) / COUNT(M) 
RMMCF(M) = CENT(M, 2) / COUNT(M) 
RMMSF(M) = CENT(M, 3) / COUNT(M) 

540 CONTINUE 
C 

RETURN 
END 

SUBROUTINE AVPMIN (AVMNF, AVMCF, AVMSF) 
C 

C To calc. the mean peak forces using the highest 5% of the 
C values (95 percentiles). 
C 

DIMENSION CENT(3), MIN(3) 
COMMON /LIM/ LIMIT(4), COUNT(3) 
COMMON /VALUES/ FORCE(4100,3) 
INTEGER LIMIT, R, C, M, COUNT, TURNS, X 
REAL FORCE, MIN, CENT, AVMNF, AVMCF, AVMSF 

c 

CALL DATA 
DATA CENT/3*0.0/ 

C 
DO 620 C=1,3 
X=0 
DO 630 TURNS = 1, COUNT(3) 
MIN (C) = 50.0 
DO 600 R. = LIMIT(I), LIMIT(4) 

IF (FORCE(R, C). LE. MIN(C)) THEN 
MIN(C) = FORCE(4, C) 
X=R. 

END IF 
600 CONTINUE 

CENT(C) = CENT(C) + MIN(C) 
FORCE(X, C) =51.0 

630 CONTINUE 
620 CONTINUE 

c 
AVMNF CENT(l) COUNT(3) 
AVMCF CENT(2) COUNT(3) 
AVMSF CENT(3) COUNT(3) 

C 
RETURN 
END 


