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Abstract

Currently in South Africa there is no acceptable standard method for testing coals for abrasion.
Abrasion is the tendency of coals to wear away machinery. The technique referred to as YGP
(Yancey, Geer and Price), proposed and accepted in 1951, is most commonly used to test for
abrasion. Over the years there have been some modifications to this method by both mining
houses and coal users (such as Eskom) which have resulted in inconsistent and conflicting
results. To this end, this study serves as part of a larger project that will aim at devising a
standard method acceptable for testing coals for abrasion in South Africa. The underlying
principle behind this research was to determine the main characteristics in South African run of
mine (ROM) coals that may cause abrasion. This research work specifically seeks to: (1)
determine if the Abrasion Index (AI) and Hardgrove Grindability Index (HGI), empirical
correlations, developed by Scieszka (1985), can be verified using experimental results; (2)
determine if excluded minerals and included minerals are equally abrasive; (3) establish the type

of abrasive wear that occurred during coal grinding.

Five ROM coals from the Witbank Coalfields were analysed. An abrasion index tester pot and
Hardgrove machine were used to determine the grinding properties of the coal samples. XRD
(Rietveld method), XRF, Petrography and SEM-EDS were used to characterise the coals samples
in terms of their inorganic and organic components. SEM-EDS was also used for the particle
morphology analysis, and blade surface topography analysis. TGA, moisture oven and sieve
method were used for proximate analysis, moisture analysis, and particle size distribution

analysis respectively.

The results indicated that the key characteristics that influenced the Al of the coal samples were
moisture, vitrinite, and minerals and mineral associations (excluded and included minerals and
carbominerite) and HGI. Results indicated that coal weathering renders coals less abrasive,
compared to unweathered coals. It was concluded that Al and HGI are experimentally
dependent; excluded and included minerals were equally abrasive; and three-body abrasive wear

was established to be the main wear during grinding in an abrasion index tester pot.
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CHAPTER 1: INTRODUCTION

Coals are naturally formed fossil fuels with many different characteristics. Coals are mainly
made up of organic and inorganic matter. One important quality of coal is its burning
characteristic, which is induced primarily by its organic matter. Owing to this characteristic,
coals are used for different purposes, such as gasification, combustion and in the metallurgical
process in South Africa and elsewhere. Typically, electricity is generated from steam turbines in
power plants. The turbines are mechanical devices which utilise the thermal energy from steam
produced through coal combustion. This is a process in which mechanical energy is converted
into electrical energy according to the first law of thermodynamics. Combustion is a chemical
reaction in which carbon (coal) reacts in excess oxygen (O,) to produce steam (H,O) and carbon
dioxide (CO»). This reaction is exothermic. For the maximum use of the coals fed into a

combustion zone, they must be reduced such that their surface area is maximised.

For the boiler to efficiently combust coals, coals are reduced from lump size to small pulverised
fuel (pf) size. Maximum surface area in combustion facilitates the burning character of the fuel.
This size reduction is achieved by comminution in grinders or mills. All South African power
stations use pf boilers, so coals have to be pulverised to an efficient burnable size, typically 75
um. This specification therefore makes a mill an integral part of any power plant burning coal.
Owing to their characteristics, coals are sometimes soft or hard to grind, which then lead to
abrasion during comminution. Abrasion is known to be caused primarily by some inorganic

matter and organic matter, ash content and moisture in coals.

Comminution is a process of reducing solid material into smaller fragments using a mill or
grinding machine. A mill is a mechanical device built to grind, cut or shape solid materials into
their powder form. Comminution therefore can simply be explained as a mechanical and physical
breaking of material during milling or grinding into smaller fragments. During grinding, mill
components, this including the grinding elements, suffer abrasive wear or erosion. Mills are
therefore constructed from harder materials aimed at their durability and reduction in wear,

especially where hard materials like minerals and coals are ground. However some materials are

MSc (Eng): Chemical 1
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harder than the mill materials and will reduce the mill longevity by abrasive wear. The mills
therefore become cost ineffective in terms of maintenance and material replacement.
Replacement of worn out material and power loss constitutes most of the cost in power plants
(Spero et al, 1991; Scieszka, 1996). To understand the extent to which material wear occurs in

mills during comminution, the abrasive character of coals has to be established.

Abrasion is a phenomenon that involves either erosion and/or material wear which results when a
particle is trapped between the mill components and its walls during comminution (Hutchings,
2002). Abrasion is a tendency of a coal to wear away mill components (Falcon and Falcon,
1987). During comminution, especially where hard materials of strength greater than that of mill
grinding components are ground, friction occurs. This friction cause abrasive wear (Khruschov,
1974; Sihna et al, 1982; Austin et al, 1984; Chenje and Radziszewski, 2004; Radziszewski et al,
2005). To study the abrasion of coals, an index termed abrasion index (AI) was established first
by Yancey, Geer and Price in 1951 using YGP test rig. Currently Al is measured using different
methods, which include the abrasion index tester pot using four iron blades as cutting elements
(Spero, 1990). Mass loss of the blades used to grind is then divided by the charge mass.

Mathematically this is given as:

Al = —Mre (1)

charge mass

There are two primary forms of abrasive wear that occur during milling, namely: two-body
abrasive wear and three-body abrasive wear (Misra and Finnie, 1980; Hutchings, 2002). They are
synonymously known as sliding and rolling abrasion respectively. For this study, an assumption
is made that three-body abrasive wear will result when coals are ground in an abrasion index
tester pot. This consideration was made due to the fact that: as coal particles are fed into a pot
they are loose and become mobile, and these particles are partially trapped by the mill surface
and its grinding zone in an enclosed system. There exists a wealth of information on two-body
abrasive wear as oppose to three-body abrasive wear, but, Scieszka (1996), Misra and Finnie
(1980), Rabinowicz et al (1961) and Toporov (1960) have studied three-body abrasive wear
processes, some even going as far as designing equipment for studying it. A full study on three-

body abrasive wear is found in the work by Misra and Finnie (1980).
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Misra and Finnie (1981, 1983) showed that two-and three-body abrasive wear is not only
concerned with hard material, as material of less hardness than the concerned metal blades can
still cause material wear. Spero (1990) revealed that the effects of particles that are less hard than
the cutting blades are inconsistent in comparison to harder minerals. Arguably it is known that
the only way to proportion the effects of mineral hardness in coals is by combining all abrasive
components of coals. These primarily will be the existing minerals, ash contents and organic
components in coals. Also the physical properties of the coals must be included. In general
abrasion can either be determined empirically or by grinder machines (Raask, 1985; Spero,
1990). It is established from literature that abrasion is dependent on some coal properties such as

mineral matter (quartz and pyrite), moisture, ash content, bulk density, and grindability.

Abrasion is not the only physical property of coal that is of concern during comminution. Other
physical properties such as coal strength, hardness, friability and grindability are of concern to
cutting machines in the coal industry. Coal strength refers to the resistance of coal to grinding or
crushing. Friability refers to the ease at which a coal can be compressed. Hardness refers
resistance of coal to penetration, and grindability refers to the resistance of coal to grinding.
Further definitions are given in Falcon and Falcon (1987). Grindability is of importance to this
study, because this characteristic may enlighten the researcher on the breakage ability of a coal,
and hence its hardness and ease of grinding. Grindability can also be used to establish the power
consumed by a mill during comminution, making it possible to understand the abrasiveness and

hardness of coals.

Abrasiveness, friability, hardness, strength and grindability of coals are all studied in order to
understand their effect on mills and all mechanical equipment used in coal processing. These
physical properties of coals reduce the life span of mechanical machines for cutting, grinding or
crushing which results in cost effective operation and non-operation during replacement. If
known, these characteristics will help with the planning of power plant maintenance. The harder
the coal, the longer it takes to grind, the quicker the mill components are worn. The more friable

a coal is, the easier it is to grind, the softer and looser it is. Al and Hardgrove Grindability Index
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(HGI) are studied here so that wear in mills can be established. HGI is an index used to indicate
the difficulty with which coals grind. It is a dimensionless quantity. An objective of this study is
to determine if the (Al) and (HGI), empirical correlations, developed by Scieszka (1985), can be

verified using experimental results;
A= f(G,B) 2)

where: G (grindability) = f(M pm 0 14 q) 3)

and B is the tribological properties of the grinding machine

1.1. Motivation

The underlying principle behind this research was to establish the key characteristics of five
South African run of mine (ROM) coals, from the Witbank coalfields, which lead to abrasion
during grinding. The insight on abrasiveness of the ROM coals may help in reducing costs
incurred during milling, by planning maintenance properly and helping with the identification or
selection of materials for blade composition. Currently in South Africa there is no acceptable
standard method for testing coals for abrasion. The technique referred to as YGP is most
commonly used to test for abrasion. Over the years there have been some modifications to this
method which have resulted in inconsistent and conflicting results produced by both mining
houses and coal users (such as Eskom). To this end, this study serves as part of a larger project
that will aim at devising a standard method acceptable for testing coals for abrasion in South

Africa.

1.2. Aims and Objectives

The primary aim of this study was to investigate coal characteristics or components in coals that
lead to abrasiveness during comminution. This research work specifically seeks to: (1) determine
if the Al and Hardgrove Grindability Index (HGI) empirical correlations, developed by Scieszka
(1985), can be verified using experimental results; (2) determine if excluded minerals and
included minerals are equally abrasive; (3) establish the type of abrasive wear that occurred

during coal grinding in an abrasion index tester pot. In addition, an investigation into how some
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mechanical properties of coals influence power utilised by mills during comminution was
undertaken. It has to be said right away that this investigation was carried out empirically. That
is, mathematical models were used to calculate the energy drawn by an Al tester pot during

grinding.

To execute this aim the following objectives had to be achieved: Coals were characterised using
petrography, scanning electron microscope with energy dispersive X-ray (SEM-EDS), Powder
X-ray diffraction (XRD), X-ray fluorescence (XRF) spectroscopy for organic and inorganic
matter. Thermal gravimetric analysis (TGA) and oven moisture were used for proximate analysis
and moisture analysis respectively. Abrasion index tester pot, Hardgrove machine, and sieve
methods were used to determine the grinding properties of coal samples. Results were related to
Al for each coal sample analysed. To satisfy the experimental relationship between Al and HGI
following on the empirical correlations developed by Scieszka, regression analysis was used. To
satisfy the effects of excluded and included minerals on abrasion, carbominerite (representation
of included minerals) and excluded minerals determined petrographically were accessed.
Topography of blades analysed using SEM-EDS was used to conclude the kind of abrasive wear
that occurred during grinding (two body, three body).

The Al of a coal was measured using of an abrasion index mill tester following BS 1038:19 as
given in Wells et al (2004) and Spero (1990). HGI was measured following a standard method,
ASTM D-409.

1.3. Research Questions

From the aims and objectives stated above research questions were formulated. Such research

questions included:

Which coal constituents have a greater effect on abrasiveness of ROM coals?

What effects do included and excluded mineral matter have on AI?
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Will the experimental relationship between Al and HGI follow their mathematical relation given

in Scieszka (1985)?

For this study a hypothesis was stated, which is: minerals included in the coal matrix are equally
abrasive as excluded mineral matter on the four blades used as cutting elements in an abrasion

index tester pot used to test coals for abrasion.

1.4. Scope of the report

The structure of this report is as follows: In Chapter 2 a literature review discusses aspects such
as comminution, abrasion (what is abrasion, different kinds of abrasion wear, mill types and
milling mechanisms), the use of SEM-EDS in establishing the kind of abrasion wear that occur
during comminution, the use of petrography and XRD in establishing coal constituents causing
abrasion, mill efficiency and powers are discussed in greatest of depth. In Chapter 3,
experimental set up details sample preparation and experimental procedures. Chapter 4 discusses
findings of this research, with Chapter 5 covering summary and conclusion for each set of results
discussed. Following that, in Chapter 6 benefits, recommendations, and future work are given.

This is followed by references. Finally the appendices are given.
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CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

Coals are heterogeneous, naturally formed fosslsfand are in abundance in South Africa. In
South Africa, coals account for 92% of electridityat is generated by Eskom through their coal
fired power stations. Coals are used by SasolHercoal to liquid process plants (CTL), and
certain coals are used as reductants and the fud¢he metallurgical industry. For power
generation, coals need to be pulverised since fo@al power plant boilers are designed to
combust a pulverised fuel (pf) that is sized at ATiBron. Size reduction is achieved through
comminution using a mill. During size reductionyadon results due to friction. Abrasion is a
tendency of material to wear away machinery; imeasured by material’'s abrasion index which
is a weight loss suffered by blades used as cudi@gnents in an abrasion index tester pot after
coals have been ground. In Chapter 1 differentkofdabrasive wear are outlined which shall be
discussed in details in this chapter.

Abrasion index of coals are dependent on certanstdoients of coal (for e.g. moisture). These
constituents range from chemical, physical throtighmechanical properties. In this study
chemical and physical constituents of coals thii@mces abrasion index of coals are studied.
To study chemical and physical properties of coalsain analytical techniques and techniques
like Sieve method and Hardgrove machine were ussgectively. These techniques are
discussed in the following sub-sections of thisptba Overall, this chapter discusses in detalil
the formation of coals; particularly the Witbankaty comminution, different kinds of mills

used in comminution, concepts of abrasion, grindglaf coals, minerals and their effects on

abrasion index of coals, analytical techniques udseaharacterising coals, and the mechanical

properties of coal and power utilised by a grinden it is grinding coals.
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2.2. Coal formation

Coals were formed millions of years ago where nealike swamps and bogs had accumulated.
Due to different weathers and conditions of butiah ages of coals are known namely: Permian
age and Carboniferous age (Falcon, 1986). Thess mggesent the coals of the Northern
Hemisphere and Southern Hemisphere respectivelglsGd the Southern Hemisphere (South
African coals included) are different from thosattideposited in the Northern Hemisphere in
that they are formed from different types of plardiémate conditions, pressures and time of
burial (Falcon and Ham, 1988). Coals consist maeflyrganic matter and inorganic matter,

which are synonymously known as macerals and nimeespectively. In general coals are

known to be heterogeneous, not only because theyprse of macerals and mineral, but also
because they have other constituents such as meiahd macerals-minerals association (or
microlithotypes).

South African coals have well been studied in thstpin terms of their composition, burning
ability and potential for use. There is a wealthirdbrmation on South African coal deposits,
particularly the Witbank coalfields (No-02 seam§ieh was first discussed by Snyman (1961,
1976) then Falcon (1981), both cited in Hollaetdal (1989). Falcon and Ham (1988) and
Holland et al (1989) reveal that coals of this region are higlhdyiable in quality, maturity and
occurrence. They even vary from seam to seam seamn variation. Falcon (1989) listed factors
that influence the differences seen with South oafni coal seam(s). These factors allude to
macro and micro factors affecting coal seam qualig distribution.

South African coals rank from sub-bituminous tohaatite (Falcon and Ham, 1988; Falcon,
1989) and are generally rich in inertinite macarad mineral matter. Bituminous coals of South
Africa are found in the Mpumalanga (MP) region amthracite coals are found in the kwa Zulu-
Natal (KZN) region. South African bituminous coase typically characterised by vitrinite

reflectance that range from 0.6-0.8 %. Meaning, tBauth African coals are of medium to low
rank. Rank refers to the maturity of coals. Litaratstated that high contents of vitrinite in coals
will correspond to low contents of inertinite, lipte and mineral matters. Collectively, vitrinite,

liptinite and inertinite constitute the primary neaals present in coals. However, in South Africa

there is a fourth type of a maceral called semetrea inertinite maceral which is desirable for
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effective combustion. Mineral matter refers to tvade of coals. For the purpose of this study

mineral matter will also be referred to as minerals

2.3. Coal comminution

The presences of organic constituents (or maceralspals have rendered coals suitable to be
used for power generation (combustion process),glmsification and as a reductant in the
metallurgical industry. Coals are the primary seuof energy in South Africa and elsewhere;
particularly where oil reservoirs have been deple@oals are reduced to pf size for combustion.
For this stipulated size to be achieved, coalcarshed, milled or ground. Grinding, milling and

crushing are encompassed within comminution. Coratiuin can be defined as a process in
which solid materials are reduced in size usingeghmanical device. Mechanical device refers to

a mill, a grinder or any device that can be usedrfimeral or material processing or reduction.

There are many problems that are associated waghooonminution. Problems such as abrasive
wear and erosion (Raask, 1985) are profound inrsidection, particularly where hard minerals
present in coals are crushed before handling aed klcon and Falcon (1983) believes that
minerals are potentially hazardous to mechanicaigde used for material handling and
processing. Minerals present in coals are namedritigs and may be characterised of strength
(moh’s scale) greater than the strength of mateuakd for the construction of both mills and
the grinding elements (e.g. blades). During commidm, especially where hard materials of
strength greater than mill components are groumttjdn occurs (Sihnat al, 1982; Khruschov,
1974; Austinet al, 1984; and others). It is by friction that abraswear result. Due to abrasive

wear, comminution is a very cost ineffective pra;dmth in operation and design.
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2.4. Mills

A mill is a mechanical design used for size reductf materials like coals and other minerals.
Mills are chiefly used for coal processing and pregion. Mills encompassing roller crusher,
ball mill, ring mill and others are typically usedr the reduction of materials to sizes
manageable and handleable for different enginegmiagesses (for example combustion). In the
combustion industry, mills are fitted to combustigmts of power plants that burn pf coals. It is
already established that most of the South Africambustion units burn pf coals. A pulverised
coal can be defined as a coal of size less thagnn750wing to this specification; mills form a

primary component of the combustion unit for alcpfnbustion power plants.

It is established that mills form the greater pafrthe pf power plants. To this end, there are
many factors that need to be considered in relatosize reduction during operation. Factors
such as abrasive wear, the nature of the mill,uinputs, efficiency and operating conditions,
and the nature of coals being ground are takerotsideration. Of all the listed factors, the
nature of the coals, and the mill throughput arittiehcy are of most importance since they are
inter-dependent. Mill efficiency and mill throughpecan vary from coal to coal (Tavares and
King, 1998). This appears to be true even whemtitids operated at same conditions, and coals
are fed to the mill at constant feed rates (Eswéhrdi al, 2008). This means efficiency and

throughput of every mill used to grind coals is elegent on the nature of coals being ground.

Mill efficiency and throughput are directly relatéa the breakage ability of coals (Scieszka,
1996; Tavares and King, 1998; Radziszewvetkal, 2005; Al-Thyabat and Miles, 2006; Sahoo,
2006; Stamboliadis, 2007; Eswaraiaghal, 2008). Efficiency and throughput are not only
important because of their relation to breakabgity nature of coals, but also because they are
relatable to the cost and maintenance of the grinffecieszka, 1996). The breakage of ground
material is proportional to the power or energystoned during comminution (Eswaraiethal,
2008).The replacement of the worn mill grinding elemdihiades) and power consumed during
comminution constitutes the costs of grinding alveasoals (Speret al, 1991; Scieszka, 1996).
Due to these factors a fully functional mill has lte designed from proper wear resistive
materials (Hutchings, 2002). Whilst the mill compats are very important, their design and

construction is beyond the scope of this studywaitichot be considered.
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24.1. Typesof millsused in comminution

Mills operating at full scale power plant comprisggour primary important components. These
are the coal drier, the transporter, the classHied the grinding zone. For research purpose,
especially where abrasiveness and grindability a#ls are investigated, the grinding zone is
simulated (Tichanek, 2008). Coal pulverisers ojegaat full scale plants are classed into four
different kinds (Sligar, 1996; Australian Coal Asgtdion Research Program, 2008). They are
classed as high speed mill, medium speed mill dicat spindle mill, low speed mill and very
low speed mill. There are different kinds of maigailable in pf power plants which use different
comminution mechanisms. The most commonly usedrark: hammer mill, ball-race mill, liner
mill, impact crushers, jaw crusher, and verticahdfge mill (Speroet al, 1991). At the industrial
scale all designs are motivated by the mill efficyg and throughputs, which are directly related
to the cost and effective maintenance of millsudlt $cale plants, and in return motivate the

selection of a mill used for ore processing (Pehtfi2003).

2.5. Abrasion

Abrasion is a phenomenon that involves either eroand/or material wear which occurs when a
particle is trapped between the mill components #@sdwalls during comminution. More
precisely, abrasion is a tendency for a coal torve@ay mill components (Falcon and Falcon,
1987), a physical property that is measured udiegatbrasion index tester pot reported as Al
(mg/kg). From the given definition of abrasion,gtself explained that abrasion is a concept
involved within comminution, friction and materialear. Abrasion always manifests itself
during the grinding of materials, particularly whieard minerals are ground (Hutchings, 1992).
It is understood that during grinding of hard maisrfriction occurs due to the sliding of
materials over the abrading surface. Consequethtly,to friction, abrasion results (Ausgnal,
1984).

There are two traditionally accepted classes ddisitee wear since the 1960’s. The two abrasive
wear classes are two-body abrasive wear and tlo@g-dbrasive wear (Hutchings, 2002). Gates
(1998) defined two-body and three-body as a weaa ofetal surface sliding against a rough,

hard body (here particles are constrained from ng)yiand a wear that is caused by free
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abrasive particles present as an interfacial elérhetween a solid body and a counter body
respectively. Generally, it is said in literatuhat, in grinding context three- body abrasive wear
is more severe than two-body abrasive; hence thesthigh stress abrasive wear and low stress

abrasive wear denoting three-body and two bodysalmavear respectively

In any abrasive wear investigation, the distinctlmetween these two kinds of abrasive wear
must be made. The distinction helps by controlifigasive wear in mills at full scale thereby

also helping in the planning of the maintenancet€§al998). Before a detailed background on
abrasion is given, it is of interests to quote Gat@ew on the classification system since it was
incepted in 1960. Gates says: “Unfortunately, tHems been, and remains a serious lack of
uniformity in the approach to classification. Tiesa problem, since if publications reporting the
results of tribological research use ambiguous iteslogy, it is difficult for others to make use

of the information” (Pg. 139, paragraph 3). In thisw, it was ascertained that since the 1960’s
accepted classification and reclassification e$fdsyy Misra and Finnie in 1980, there is a
confusion in literature which will remain unlesgrbological researchers move away from these
classifications and device new classification syst&ates (1998) in attempted to answering to
this concern reclassified abrasive wear into nslevere and extreme wear. This classification

system appears to be based on the initial clagsiic by Misra and Finnie (1980).

25.1. Typesof abrasivewear

Literature reveals that two-body abrasive wearreatly studied when comparing to the three-
body abrasive wear (Misra and Finnie, 1980). Ttesoa for this consideration is probably due
to the known fact that: two-body abrasion is wdiserved with earth moving machine (mining
equipment) or material removal process which aredustensively for everyday processing,
while three-body abrasive wear occurs predominawithin the agriculture industries (Misra
and Finnie, 1980). Despite this observation, aildetastudy on three-body abrasive wear is
given in Misra and Finnie (1980). Sciezska (199%jartook a detailed three-body abrasive wear
study using coals as ground material. It is defitned three-body abrasive wear will occur where
materials are loose and free to roll, and therespend only part of their time actually cutting
into a metal (Misra and Finnie, 1980, 1981; Spatral, 1991; Gates, 1998). lllustrations of how

MSc (Eng): Chemical 12



Coal Abrasion during Grinding Chapter 2: Literature review

these wear occurs is given in Hutchings (2002)e $Simmary which is illustrated in this study

in the scanning electron microscope section.

Literature divided three-body abrasive wear intzsed three-body abrasive wear and open three-
body abrasive wear, no further classification ob#wody abrasion is given. Closed three-body
abrasive wear will arise when loose materials ardined between two rolling or sliding surface
which are very close. This means abrading surfacesradial close to each other. Toporov
(1960) and Rabinowicgt al (1961) have studied this kind of three-body wedersively. They

are also referenced by Misra and Finnie (1980) pérazeives the two as the foremost people to
study this type of wear. In this kind of wear, handterial will first attack the softer surface of

the mill components thereby indenting it.

Close three-body abrasive wear is established ¢aroghen solid material break into a bearing
of the surfaces which are premeditated for adhesiear, which then result in early and

disastrous failure of sliding surface (Khruscho974; Misra and Finnie, 1980). This wear is

therefore contagious since the softer surfacetéslatd first thereby inducing wear on the entire
surface. That is structural deformation if you wHilters, seals and flushing can be used to
constrain this wear from occurring (Misra and Feri980).

Open three-body abrasive wear will result whenréigda is enclosed within two surfaces which
are a distant apart. Unlike closed three-body alasear, this kind of wear is hard to control,
since it is an inherent feature of a process;nt@aly be controlled by proper choice of material
used for handling and processing. It is predicked tor open three-body abrasive wear to occur
there must exist a thick bed or abrading partiolest be large such that the two abrading metal
surface are so far part for the mechanical progertif one to influence the other. It is of
importance to note that others view open or closeetbody abrasive wear as two body abrasive
wear (Gates, 1998). Even though such case existaMind Finnie (1980) made a proposal that
in open three-body abrasive wear there is no neédve a second counter-metal, thus in certain
situations like impact crushers (where the is nppsuting surface and forces are purely by
inertia), and solid particle erosion can be regarde three-body abrasion. Open three-body
abrasive wear is further divided into gouging, héffess and low stress.
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Gouging wear results when hard abrasive partiaiésnto material and impinge it. This type of
open three-body abrasive wear is prominent withvgniders that use impact mechanism for
grinding (Misra and Finnie, 1980; Scieszka and awcs, 1991). High stress open three-body
abrasive wear manifests itself predominantly whedemills are used for grinding hard abrasive
particles (Misra and Finnie, 1980; Scieszka, 1988w stress open three-body abrasive wear
results when ground patrticles remain intact dutivegwear process (Speebal, 1991; Scieszka,
1996). Simply, a wear that occurs without matebi@ing fractured is termed low stress open
three-body abrasive wear (Misra and Finnie, 1980eszka, 1996). Gates (1998) informs that
the latter classification is characterised withslemmbiguity than all classification systems

currently available in literature.

Another well known type of abrasive wear is erosidhis type of wear is induced by hard
particles striking the mill surface, which may kareed through either by gas or flowing liquid
(Hutchings, 2002).

25.2. Coal abrasion deter mination

The abrasion of coals is studied using abrasioaxndster pot following a method named YGP
which has long been proposed by Yancey, Geer aiod Pr1951. Abrasiveness nature of coals
is determined by calculating Al of ground coals.région index is a function of the total mass
lost by the iron blades divided by the load massaz#ls (Scieszka, 1985, 1996; Spero, 1990;
Speroet al, 1991)-see Equation 1, Chapter 1. The method is mowtandard form and is
described in details by Speebal (1991). BS 1016:19 is one of the standardised Ahous. It
appears from Sligar (1996) that of all the expernitabmethods used for determining Al of coals,
YGP-abrasion tester is acceptable in South Afdasstralia, India and the United Kingdom. On
the industrial scale the marked ball test is aa#dpt The use of the marked ball and the YGP
tester might be responsible for the inconsistedtiaoorrect results produced by both the mining

houses and coal users such as Eskom (this is dltoda Chapter 1, Section 1.1).
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Raask (1985) has shown how empirical formula camdesl to determining abrasion index of
coals, but recent developments which involve the afsmills and grinders for determining the
Al of coals have sort of saw the empirical formbking discontinued. Since the inception of
mills for testing coals for Al, different kinds ohills have been used (Austit al, 1984,

Scieszka, 1985, 1987, 1996; Spero 1990; Spem, 1991; Sligar, 1996). All the techniques
used for studying abrasive wear are tabulated ercsg al (1980) and Sligar (1996). Hutchings
(2002) has revealed that the first mill to be usedtudying Al of rocks is Grindstone in 1752.

The techniques used for studying Al of coals inelPG abrasion tester; which is traditional,
CE Raymond abrasiveness test, and the most recéhtcafled Tribo-tester, which was
developed and commissioned by Scieszka. At a latmyracale the most predominantly used
mills are Abrasion tester and Babcock mill. Thesksmare used with different standards such as
BS 1038:19, BS 1016:111 (1998), and the one YGmPodetWellset al, 2004). It is important to
note that different mills will respond different tsame materials, and do not use same
mechanisms for grinding. The most predominantlliseti mechanism by mills for size

reduction includes attrition, impact and crushingchmnism.

Not only do abrasion tester utilise different meubkm for size reduction, they also use different
cutting or grinding elements (Speebal, 1991). For instance, some mills use rods as mnd
elements and use impact mechanism for crushindewatthher mills use steel balls for grinding
and the attrition mechanism for size reduction. gheder that was used for this research, to test
coals for their abrasiveness, used four iron bladescutting elements, utilising attrition
mechanism for size reduction. Ball race mill, whane mostly used in comminution, use balls
for crushing and crushing and attrition mechanisnsfze reduction (Scieszka, 1987). YGP mill,
roll mill, hammer mill all uses attrition mechanisdaw crusher uses compression, shear and
impact forces with less attrition. Babcock mill arabrasion tester mills use attrition,

compression, and shear force mechanisms for sizetien.

Figure 1 illustrates the YGP abrasion index testér used in testing coals for abrasion index.
The picture illustrates the impact forces that@acthe coal particle during grinding. Two most
predominant forces are centrifugal force and tliataforce. All these forces lead to particle

reduction. The small n shown in the picture repnes¢he null vector, which in most cases is a
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unit vector such that the cosine force exists. fHtus shown in the picture is important because
it is normally used to calculate the force and nmassnent of inertia which is used to calculate
the energy of the grinding mill. The radius is edligyration radius. The square like top-open

chamber is a coal container used to enclose cottlea during grinding.

Abrasion index tester pot

Mill Base

Coal Particles Ffc

Crushed Particle

Figure 1: YGP abrasion index tester pot (Spero et al, 1991)

In the YGP method, coal of a certain particle simaghing 2 kg is introduced to the grinder
having four blades as cutting elements. The chagground by rotating a mill at 12000
revolutions (rev) at 1470 rpm. At the end of thé E2000 rev, ground coals are removed and
contained. The blades are weighed on a calibraakhbe, from which the difference is divided

by feed mass. The results are then taken as asatiah of the Al of the coals.

In general, abrasiveness of coals is known to theeinced by different coal constituents (Spero,
1990; Speroet al, 1991), which can be divided into chemical, phgsiand mechanical
properties. Chemical property that influences abesess is moisture; ash content does not
influence the Al of coals Terchickt al (1963). Physical properties of coals that inflleenc
abrasion are minerals (excluded minerals, quartgtitep and clays), microlithotypes
(carbominerite) and macerals (inertinite rich). &don intensity and abrasion factor are two

mechanical properties from which abrasion is depbled (Spero, 1990). Hardness and
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grindability of coals may influence abrasion (Seles 1985; Sper@t al, 1991; Hutchings,
2002). In any grinder or mill it is understood tladtrasion is high at the beginning and becomes
low at the end, this is controlled by particle sizstribution (PSD). These aspects are discussed

next in this chapter.

2.6. Particlesize distribution

Particle size distribution (PSD) refers to differesize class of ground material. Particle size
distribution is determined traditionally using Sigy methods. Normally meshes of different
sizes are stacked from which material will be pds8éaterial sieved will be classed according
to their sizes. The method seeks to reveal theigdlyand chemical nature of a powder material.
The method is also capable of revealing how pasiolf the same composition can be distributed
during sieving after grinding. Mazumdar and Ird®88) showed how the method is applicable to

determining the dissemination of pyrite mineratoals.

The most popularly used method for PSD analysiSiese analysis method. Alternatively,
mathematical techniques involving this analysissexihich are used to compare to the sieve
analysis methodology. Today Malvern techniqueoaeéerred for PSD analysis. There are other
theoretically proved methods for describing therdistion function of ground material. The
methods are log-normal distribution, proved by Kograrov (1941) and the Weibull distribution
or Rosin Rammler distribution (1951). These two ctibed methods are used to assess
(theoretically), whether the Sieve analysis metatks by describing the manner in which

material particles distribute after grinding.

The effects of coal particle size on abrasion Hasen studied. Yancey, Geer and Price cited in
Spero (1990) concluded that the greatest of abrasidfered by wearing blades used in the
abrasion test was caused by coarse particles.dfusibero (1990) reveals that any coal that will
reduce faster to fine product will exhibit the leakrasiveness, while the one that is tough cannot
rapidly be pulverised, it will therefore exhibitghi abrasion over a certain period of time.
Abrasive wear is known to be dependable on the tom@isin coals, on the shape and size
distribution and certain concentration of the haméerals present in coals (pyrite and quartz).
Angular minerals are known to be far more abra#inaa round particles. Particle size analyses
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have led to an understanding that quartz and pyrit@als are abrasive until approximately 100
microns. The study on PSD’s has shown that abois ttireshold, Al remains relatively

independent of the size of quartz and pyrite presenoals. This phenomenon is abrasion size
effects. This phenomenon was found to be prominafit round particles as oppose to angular

particles.

2.7.Mineralsin coals

Mineral matter (MM) in raw coal is a very importaaspect of coal technology, especially in
processing and utilisation. In coal studies, miheratter refers to the inorganic materials which
are free and are disseminated within the coalsixeatand macerals (microlithotype) (Gaaty

al, 1972). Similar definitions are given in studigsHarvey and Ruch (1986), and Creelman and
Ward (1996). Their definitions embrace the follogitinree different fundamentals constituents
of mineral occurrence in coals; (1) dissolved saftd other inorganic substance in the coal’s
pore water; (2) inorganic elements incorporatechiwitthe organic compounds of the coal
macerals, and discrete inorganic particles; (3 moystalline and non-crystalline materials of

true mineral components.

The difference between these three constituenbatsthe first two are characterised as apparent
in the mineral matter of low rank coals. They algoaescribed as non-mineral in organics
which contribute greatly to the formation of ashthie deposit of low rank coals (Kiss and King,
1977, 1979; Given and Spackman, 1978; Benson amhu,H®85). Discrete inorganic particles
occur in both low rank and high rank coals. Dissdlsalts and inorganic elements occur in
small amounts in high rank coals. Their occurrencemall quantity is due to their removal by

moisture and chemical structure changes of orgaaiter (Ward, 2002).

South African coals are rich in minerals which acrudifferent forms and distribution. These
minerals can be grouped as carbonates, pyrites alad quartz (Falcon and Ham, 1988; Falcon,
1989). Falcon (1989) characterised these minevatet¢ur as finely distributed (1-10mm), with
evenly distributed aggregates of clay minerals.s€mainerals appeared to occur in “Whisps and
lenses, and as cavity in fills within all maceral®j 703, paragraph 3. This could mean minerals
within the investigated Witbank coalfield occur mparily as included minerals. Collectively,
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included minerals and excluded minerals repredentfdrms in which minerals disseminate in
the coal carbon matrix thereby constituting twessks. The classification is purely based on the

mineral-organic association. Association of mineeaid macerals refers to microlithotypes.

Excluded minerals are defined as discrete minenateose minerals that are liberated from the
carbon matrix during grinding, while included miaksr are said to be those minerals that
associated with organic matter. These definitiores lzsased on computer controlled scanning
electron microscope (CCSEM) which paved its way tdal particle classification of pulverised

coals. South African coal seams comprise mainigl@f, quartz and pyrite minerals (Falcon and
Falcon, 1983). It is established from literaturevey that coals found in the Witbank area are

generally rich in mineral matter content, whicheported to be between 20 and 25%.

Abrasion and erosion are amongst many problems déwatbe related to coal comminution.
Abrasive wear is attributed by Raask (1985), S&i@24985, 1996), Spero (1990), Hutchings
(2002), Wigley and Williams (2005), and Wedisal (2004, 2005) to the minerals present in the
coals, especially those that are harder than stdes. is supported by Wigley and Williams
(2005) who say coals that are free of ash (or dbalshave little amounts of minerals) would not
cause significant abrasion or erosion in coal glambwever, the most mineral impurities present
in coals chiefly cause the greatest of wear inftilescale power plants. Other authors attribute
abrasion wear to the ash content of coals and oreigMeintjes, 1965), though Terchiekal
(1963) contend against ash content as a contriliatopal’s abrasiveness. Ash content in raw
coals may be taken as the residue of self-heatedsitu oxidised minerals.

During grinding or milling inorganic minerals cae kiberated from the coal’s organic matrix.
Thus, excluded mineral and included mineral. Miteegaich as quartz and pyrite are known to
be very abrasive. Quartz in coals occur as modgrédege particles of free mineral matter,
whereas pyrite occur as finely dispersed graingdals and the clay sediments (Falcon and
Falcon, 1983; Wigley and Williams, 2005). It is Wwestablished that quartz are more abrasive
than pyrite on volume % (Raask, 1985). This maytiebutable to the fact that quartz, which
are hard, when milled will shatter thereby prodgcgharp-edged fragments. The observation
that quartz are more abrasive than pyrite was maitheUK coals; this observation has not been
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reported on world trade coals (Wedsal, 2004). However, Wells and co-workers found that

angular quartz and pyrite on volume % are equdlipsive.

Other hard minerals capable of inducing abrasivarwere orthoclase, kyanite, topaz and
alumina. This list of minerals may occur in coasmall amounts or may generally be present in
trace quantities; this might be the reason why teesnetimes have minimal effects on the
overall reported Al of coals (Wellet al, 2004; Wigley and Williams, 2005). Other mineral
groupings such as the clays, carbonates, sulphattphosphate are relatively soft and do not
cause any significant abrasive wear. In generatjueled minerals are most abrasive when
comparing to included minerals, but it is highligthtelsewhere in literature that, a mineral

associated with organic matrix of coal can be abeas$ only little of it is protruding.

2.8. Grindability

Grindability of coal is defined as the propensityr fcoals to grind (Callcott, 1956). The
grindability of coals was first discussed in the8Q% by Hardgrove after the realisation that the
performance of grinding machinery or pulveriserdependent on the type of coal being ground
(Tiryaki, 2005). The grindability of coal is detemad experimentally using a grinding machine,
following particular standards, and it is reportexia Hardgrove Grindability Index (HGI). HGI
is indicative of the hardness of coals to grindiBggheriehet al, 2008). A soft coal is indicated
by the high HGI value (typically above +60), whilste hard coal is shown by the low HGI
values (below 55) (Snyman, 1989; Tichanek, 2008).

HGI is important for boiler designs (Tichanek, 2p@8d commercial use; where coals on trade
are classed according to their hardness realisielg HGI values (Tichanek, 2008; Chelga&hi

al, 2008; ACARP, 2008). HGI values are used by mimngineers to categorise coals according
to their resistance to cutting and grinding (Tiny&005). HGI is an important index as it can be
used to indicate the effectiveness of the mill tmadjng different coals, hence their capacity at
full scale power plants (Warren Spring Laboratdi962; Chelganét al, 2008; Tichanek, 2008).
Bond work index, which is related to HGI, is pauntexly used for this purpose. There are

empirical equations which relate these two indiddse Bond work index is denoted by, &
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defined as the energy required to reduce matefifihibe size to 80% passing a 100 micron
mesh (Warren Spring Laboratory, 1962; Levin, 1986hanek, 2008).

The advantages of determining the grinding natdireoals lies purely on the fact that, if the
grinding nature of coals is known then a propet oah be selected for comminution. Also, HGI
is indicative of which coals are suitable to belisgd for power generation. HGI and; W
(Together) are used to assess the rate of commmyBcieszka, 1996). The power needed to
achieve the specific particle size can be deterthihthe HGI is known, thereby optimising or
simulating the full scale plants (Terchick al, 1963). This emanates from the fact that a
revolution of a laboratory scale mill is equivaldnta certain specific energy consumed by a
plant mill into pulverising a size feed materiaklin, 1989; Scieszka, 1996). The disadvantage
of not knowing the grinding nature of coals wilkteto poor performance of mills and poor
management put in place which will render most nygne forth into maintaining the mills.

In testing for this coal physical property, startfasuch as the American Society for Testing and
Materials (ASTM) D-409 (1991), BS 1060 part 20 (I38and ISO 5074 (1994) are used
(Bagheriehet al, 2008). A grinding machine as shown by Figure Bscally used for testing
coals for their HGI. This machine utilises impactchanism for size reduction and uses eight
balls as cutting elements, and is equipped witheshmsized to 75 um from which ground
material will pass. Experimentally, HGI of coalsnseasured by determining 80% of material

passing the target sieve.

In literature, USBM ball mill and a normal Grindaty machine are the predominantly used
mills to determine HGI of coals. In addition to teendard listed above, ASTM D409-51 and
ASTM D409-71 are also recognised standards usedemsure HGI for coals. The difference
between the two ASTMs is that one measures thehivégg of material passing a target sieve
(normally 75 um) and the other measures the vol@n®) of ground material. The former
method is perceived to be unstable since the acgulepends on the consistence and efficiency
at which the pulverised material will be sievedek\though this is a case, this method is widely
used in literature, with ASTM D409-71 being the se&nown and used. In the past the
grindability nature of the coals was determined ieicgdly using the formuladGI = 6.93W +
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13 (Callcott, 1956; van Vuuren, 1978; Raask, 1985)eYeNV is the weight of material passing
the target sieve. HGI can be predicted using ch&mtomponents of coals (de Kock and
Franzidis, 1973).

In 1978 a survey was undertook in South Africa agnat understanding the grinding nature of
most coal collieries, this was motivated by botlalgoroducers and consumers (van Vuuren,
1978). The survey by van Vuuren (1978) revealedyntaal constituents that affect the grinding
nature of South African coals. It emanates fromdhevey that the ash content, volatile matter
and moisture content have a great influence onHG& of coals. Low ash and high volatile
matter coals appear to have low HGI, thus indigativat the coal is hard. It is articulated in the
survey that most coals from the Witbank Coalfiele fairly hard to grind, with the HGI ranging
from 42 to 52. Free State coals were found to bestiftest because they had an index of 61 and
appears to be weathered or heat effected (or alah@onditions). Weathering of coals can alter
their organic and inorganic constituents (mineraés)d can also change their chemical and

physical properties.

Falcon and Falcon (1987) reported the HGI of coaNatal, Transvaal and Orange Free State to
range between 31- 83, 40- 66 and 63-84 respectiRdported results are attributed to the fact
that these coals are of high ash, low volatile emratand very moist. Falcon and Falcon (1987)
found that the inherent moisture contents of caplsear to affect grindability of low rank coal,

but did not influence the HGI of high rank coalshas to be emphasised that this behaviour is
noble only with Southern African coals. These iaticthat moisture could be one ambiguous
constituent of coals to be used to establishinggitied nature of coals. The three discussed

constituents of coals are what form the proximatsyses of coals.

Proximate results have been used to produce lirdationships with HGI using computer
developed programs like non-linear multivariablgression and generalised regression neutral
network. Petrographic results also form the primeoystituents of coals known to influence
HGI. Following the work of Liet al (2005), Baghereih (2008) developed artificial nentr
network which incorporates petrographic parametergpredict HGI of coals. Minerals are

observed to influence HGI of coals. Note that aasa&ig section on petrography is given; it is
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brought here only to elaborate how far researchs go& trying to correlate many coal

constituents to their grinding nature.
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Figure 2: Grindability tester machine (ACARP, 2008)

Figure 2 represent the grindability tester machised to determine HGI values for coals. The
equipment comprises primarily of two main composetiie lower stationary part and the upper
rotating part. The lower stationary part considta tank with horizontal grinder track on which
steel balls of size 25, 40+0, 13 mm move during seduction. The upper rotating part allows
movement of the grinding bodies (Tichanek, 200&)mp coals sized to 4.75 mm are fed into
the grinding zones where it will be reduced. Theohations are set following ASTM. Normally
material passing the 200 mesh (75 micron) sieweeighed out, the weight which confirms the
grinding nature of a tested coal (Tichanek, 200&g recorded mass is converted into HGI value
using calibration charts (ACARP, 2008).

2.8.1. Grindability and abrasion

HGI and Al of coals are closely related. Their tielaship was elucidated first by Scieszka
(1985), who gave their mathematical relationshipe squations 2 and 3. Mathematical
relationship that suggested that: HGI is a sub4groiuAl. This simply means the two physical

properties of coals can exist in close proximitiesvas shown by correlations using a series of

different coals that these coal properties exhditquadratic relationship when correlated
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(Terchicket al, 1963), but, if one looked closely it was obvidlat coal of the same origin gave
an independent relationship. Briefly, coals besudt (highest HGI) does not mean they are
abrasive, and conversely hard coals are not reatiigsive.

2.9. Coal analysis

Coals have a very complex structure which is aitatl to the presence of both organic and
inorganic constituents. It is difficult to fully enacterise coals due its complex structure and the
dissemination of mineral matters within coal carlstmucture. This difficulty has led to different
analytical techniques being developed and desigmeatder to establish coal’'s potentials for
utilisation. The designs of coal characterisinglgieal techniques came about particularly to
answer problems that arise with coal processinguaitidation. All the problems that arose due
to coal utilisation and processing were discussetibily by Raask (1985) and can be found
elsewhere in literature (for instance Wigley andlldfms, 2005).These problems include

abrasive wear, which is investigated in this study.

Different analytical tools exist aiming at answeriquestions such as: which components of
coals lead to abrasive wear; which coals are hdreece abrasive to mechanical designs such as
mills for coal grinding; which minerals are presamntcoals and how minerals are disseminated
and associated with organic components of coalss@ lguestions include the forms and nature
of the minerals found both inside and outside thed matrixes. Huggins (2002) and Ural (2007)
divided these analytical tools, particularly thaseed for characterising minerals in coals, into
three different groups: viz; (1) Methods that measiemental concentrations present in the coal
as ashes (e.g., XRF); (2) Methods that determingeraiogical components present in coals
(e.g., XRD); and (3) Methods that determine the enofl occurrence of elements present in a

coals (e.g., optical and electron microscopes).

It is stated that minerals in coals occur as botluded and excluded minerals. To this, advanced
techniques that are able to characterise coal als@s portions of either class are desirable.
Several techniques can identify these coal comstity which range from qualitative analyses
combined with normative analysis, through semi-gjtetive to quantitative analyses. In fact

analytical techniques such as petrography and otlegrascopic and microscopic methods like
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scanning electron microscopy (SEM), X-ray diffracti XRD) analysis, and normative methods
have been used before for the qualification, qgtiaation, origin and nature of mineral matter in
coals (Taylor, 1991; Ward, 1991, 1992; Creelman Whatd, 1996; Ward and Taylor, 1996;
Wardet al, 1999). The way in which these analytical techagjare used for the determination
and enhancement of mineralogy information are dised below, which includes their
limitations. Identification of minerals in coals girely based on the fact that they pose a threat
to all coal processing and utilising machinery esigns, which eventually becomes financially
constraining. Therefore their understanding maynkeeessary for improving predictions of

abrasive weatr.

2.9.1. Petrography

Petrography is the science that deals with theesyatic characterisation and classification of
coal based on petrologic data (van Krevelen andiygah 1957). The microscopic organic and
inorganic constituents present in coals and degfeank (metamorphosis) to which they have
been subjected during their time of burial are @ered (Falcon and Falcon, 1983, 1987; Falcon
and Ham, 1988). The petrographic microscope isaingportant tool in the coal industry, and it
remains indispensable in obtaining information tlcatrelates coal constituents and its
technological response prior to coal utilisationgass (Hesslegt al, 1986; Falcon and Falcon,
1983). The primary limitations towards petrograpmicroscopes are their magnification and the
fact that the microscope is time consuming sineaesés point counting system for quantification
of minerals (Mukherjeet al, 1994).

Early use of petrography in coal analyses weredaseransmitted light following on the work

pioneered by Thiessen and White (1913) cited icdfand Snyman (1986). In the same year,
1913, scientists in Germany had studied coal updeography microscope using reflected light
on the polished blocks. The latter method of anslgfiowed the blocks to be studied with oil

immersion objectives, the introduction which brougtgreat improvement in the resolution and
optical quality of the analysed blocks. Reflectaateitrinite in coals led to the understanding of
the rank or maturity of coals. Rank is defined las kevel which a coal has reached during
coalification process. Vitrinite, together with tiipite and inertinite, are macerals component of
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coals. Petrographic analyses in general have lethéounderstanding that coals comprise

primarily of organic (macerals) and inorganic (nmalg) components.

Reflected light microscopic analysis is the mostely used method of coal microscopic
analysis. Typically, coal samples are crushed teagt -1 mm particle size, mixed with epoxy
resin to make a block, which then gets to be groand polished such that the surface for
maceral and mineral analysis is free from reliefs @nd scratches. Under reflected light the
polished block is analysed. Conventional microsc@pialysis on the block is carried out in the
reflected light at a total magnification of 250 &f@D. Maceral analyses are carried out under oil-
immersion using less or more than 50x objectived @m automatic point counter at traverse
spacing of 0.4 mm and intervals between the trageo$ 0.5 mm. Maceral analyses can be done
either individually or by groups, which are optiexlsat 500 point counts. Three macerals groups
typically analysed for are: vitrinite, liptinitend inertinite (conventional). In South Africa semi-

reactive inertinite is an additional category (lBal@and Snyman, 1986).

Petrographic analyses enlighten the researchert éivwank of coals, macerals, microlithotype
composition and minerals (both included and exdjdas well as the shape of minerals within
the coal structure. Recently it has become posdideause of petrography advances, to study
the abnormal conditions of coals (CAC) or the hedffgcted nature of coals. It can therefore be
told that petrography will determine which coal sttuents are most likely to cause wear.
Several publications reported the correlationsoafl petrology to its grinding properties (Hower,
1998) and coal’s abrasiveness (Falcon and Fal@8¥)1According to Falcon and Ham (1988),
South African inertinite-rich coals are abrasiveedw the dense character of the inertinite
maceral. Microlithotype groups dominated by thisceral are characterised as abrasive, as are

carbominerite microlithotypes.

Microlithotypes are analysed following the sameceure as macerals group analyses. The
distinction is the use of the 20 point graticulthea than a cross hair used in the ocular of the
microscope. Three main groups of microlithotypeslarown, namely: monomaceral, bimaceral
and trimaceral. Carbominerite and carbopyrite gpeg of microlithotypes that are present in
South African coals. The distinction between carlmamte and carbopyrite is made by
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observing the intersection at which a maceral dding with a mineral(s) (Falcon and Snyman,
1986).

It was established in Section 2.7 that certain nailsedo impact on the abrasion of coals during
grinding. Minerals in coal petrology are referredas inorganic matter and they are indicative of
the grade of coals. Similarly macerals and midnoligpes do have an impact on the strength,
breakage and fracturing ability and abrasion oldaoal strength refers to resistance of a coal
to crushing. Falcon and Snyman (1986) revealedvilratite is brittle, and liptinite is tough and
has high tensile strength, which then means ligtitian make coals resistive to grinding.
Inertinite macerals, except for fusinite (inertengroup maceral), can comprise of thick layers

which then results in high strength of coal bamdw/ich it occurs. Fusinite is friable.

Falcon and Falcon (1987) undertook a detailed stredgting the friability, hardness and
abrasiveness indices of Southern African coalbea petrographic components. From the study
it was observed that coals originating from theeF&¢ate (FS) have the greatest strength than the
coals from KZN. This emanated from the conclusibat,t apart from these coals having been
oxidised (FS coals), they consist of bands thatialein inertinite-durain, many with relatively
high quartz contents. The study further concluded &n increase in inertinite will lead to high
Al, and that an increase in quartz-rich bands &edassociation of quartz minerals and inertinite
macerals result in tough coal of strength that sult in an abrasive coal. Abrasion is also
related to associations of microlithotypes. It ssablished that carbominerite, bands of mineral-
rich microlithotypes which is organic matter witB% minerals in vol %, will render any coal

abrasive.
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2.9.2. X-ray Fluorescence

X ray fluorescence (XRF) is the method used to mmeathe elemental and chemical components
of materials. It is a non-destructive method usedneasure elemental or chemical analysis of
minerals present in coals. It uses two fundamematesses; absorption or scattering of x-rays.
When X-rays are absorbed by material bombarded wthays, the process is called
photoelectric effect, and when X-rays are emittgd niiaterial the process is called X-ray
Fluorescence. In turn a spectrum is produced witlitiple peaks showing the material
composition at different positions. Figure 4 ilkages the spectrum produced during XRF
analyses. Figure 3 illustrates the trajectory gattthe generation of the spectrum during XRF

analyses.

xvsouce
I
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Major OX|des

Fluorescent X-ray

Figure 3: Basic principle of X-ray Fluorescence

Figure 3 illustrates the basic principle of X-rajdrescence. An incident beam is the energy
from the X-ray source that excites the sample. fHagation source can either be a radioisotope
or X-ray tubes. The interaction of incident lightdamatter lead to diffraction. The diffracted
light due to dense material is referred to as ##soence X-ray. Fluorescence X-rays are directly
sent to the detector, which can be a solid statect, where they are acquired then sent to the
signal processing computer, which will then prodaaectrum that will indicate different major

elements present in the coal sample.

Materials analysed using XRF are in powder fornsaid material. When analysed, the sample

has to be pelletised. The analyses stage reguia¢sah X-ray transparent supporting media be
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used. This can be material such as polyethylene.atlquired spectrum, as wn by Figure 4,
illustrate peaks, each making it possible to urtdas material from which the analysed san
was made or composite. These peaks are of differeargies. Their energies are used to ide
the elements in the sample. This is essequalitative analysis. e peak intensities can be ut
to suggest the concentration of different materialssamples. Major elements found to
present in a sample are reported in we percent Note that the spectrum wonly show the
major elementsni the analysed sample, but, when reported the sdements are given
oxides. For instance silicon data obtained by XB&hhiques is reported as silica (), also

other major elements in coals like iron 304, F&O3, FeO) are reported the sar

X-Ray Fluorescence of Lead from 3¢y
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Figure 4: A typical X-ray Fluorescence spectrum (www.google.coza/XRF)

Figure 4 is a typical XRF spectrum. The spectrunowsh the major chemical elemel
composing of the analysedaterial. Thespectrum shown by Figureid for lead (Pbwhich was

radiated using cadmium (Cd).

Points to note:

a) K, L, M or N are the characterisin-ray source which designate their sou;

b) Alpha (@), Beta ) and gammay) mark the -rays that originated from the electrons 1
trangnitted from the higher shells; &

C) Further designation is that of trorbital’'s such as 1a, 2a, 1b, 2b etc, which denote:

electron transition from a lower energy level te #ame energy sta
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In coal research, XRF is used for ash analysiss Hsh is derived from high or low ashing
temperatures. In coal research low temperatureexpipsma ash analysis are used. This is such
that mineral preservation occurs, as most minecals be converted at high temperatures.
Minerals present in coals can be converted whels @a naturally oxidised. Ural (2007) stated
that XRF can be used to study minerals in coalerbednd after they are ashed, even though the
ash is known to be slightly different from theirmarals. This can be solidified by making an
observation that during ashing, especially at higgmperatures, minerals like clays
dehydroxylated, with carbonates thereby losingrtb@ibon dioxide (C¢).

In general XRF is a non destructive technique. Tesign envisaged for the analyses of lighter
elements, but due to different instrumentation glesiand yields of low X-rays by most

elements, only heavy elements are detectable. Eterrdination of such lighter elements is
possible, but XRF must have background correctemms very comprehensive inter-elemental
corrections. XRF has been used in conjunction WRD technique to quantify minerals in

coals, which eventually means it forms part of bineader scale of quantification techniques.
This is done by taking LTA results and correlatthgm with quantitative techniques, there are
also formula used for establishing minerals in sdallowing from XRF analyses. Ash in coals

is one quantity that is portrait to induce abrasess in coals (Mentjies, 1965), but Terchick and
co worker (1963) have argued that not so much askthk types of minerals forming the ash can

induce abrasiveness in coals.

2.9.3. X-ray diffraction

X-rays are moderately short-wavelength, high-endrggms of electromagnetic radiation; they
also called photons. Single crystal X-ray diffragtiis probably the oldest method of X-ray
crystallography. X-ray crystallography is a methtbdt allows the determination of different
atoms and their arrangements in materials of diffephases (Gupta, 2007; van Alphen, 2007).
The materials analysed should be of non-amorphdasep or in crystal form for effective
analysis. For the atoms in a crystal material todbtected by X-ray techniques, a beam of
particular wavelength is directed onto a solid mater powder which will then be scattered in
different directions at an angl® Bllowing on Bragg’'s law. The scattering is thuastic. From

the scattered X-rays of same wavelengths as thdeinic X-rays, different electron densities
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(resolved peaks) will be generated. These eledensities are generally used to generate the
mean position of every atom in the sample undegshigation. Information such as disorder and
chemical bonding of generated electron density Wwél produced. XRD is overall a non-
destructive, rapid technique with good reproduttipivhen it comes to mineral identification in

a coal sample (Let al, 2001).

The use of the XRD for determining the mineralsspre in coals is simple because the minerals
in coals have a defined crystal structure that mmakepossible for their determination
(Schoening, 1983; Creelman and Ward, 1996; Vébadl 1999; Luet al, 2001; Wardt al, 2001,
Ward, 2002; van Alphen, 2007; Matjie and van Alph2008; Vassilev and Vassileva, 2009).
The use of XRD in coal, especially for mineralogyes way back. Mahadevan in early the 1900
and about 1940's realised the use of XRD to stuslisc(Chandy, 1969). Riley (1943) and
Blaydenet al (1943) are amongst the first people to use XRDBtudying minerals in coals
(Chandy, 1969). Ward (2002) confirmed that XRD he first tool to definitely confirm the

crystalline phase matter in coals by in identifypagticular minerals.

A number of different methods using XRD as a qatlie tool are given broadly in literature
(Ward, 2002). Though XRD was long established dsfmite tool in mineral identification, it is
profound that when it comes to the quantificatiérin@ minerals in coals, this tool has its own
shortcomings (Ruan and Ward, 2002). Its limitatiamdude the preferred orientations by the
minerals in a mount sample, mineral crystallingyain size of the different minerals, as well as
the potential of absorbing the X-rays when mountiisample (Waret al, 1999; Wardet al,
2001; Ward 2002). Nevertheless several technigogsyt exist aiming at the quantification of
minerals in coals. Some of the techniques are basdthe bulk-sample XRD analyses, whilst
others are based on the orientation of the cunvelatiudies only concerned with the evaluation
of clay minerals in the sample (Ruan and Ward, 2002fact low-temperature oxygen-plasma
ashing is used as a mineral semi-qualitative teghmilt was used by different researchers to
cross check the extent to which it can identify enadls qualitatively in coals, this was done by
spiking LTA samples with a mineral of a known m#®d¢ard et al, 2001; Ward, 2002). The
earliest methods used into the determination ofenainmatter are Parr of 1928 and the KCM
formula of 1936 (ward, 2002).
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The use of Rietveld method proposed in 1969 broadghteakthrough in mineral quantification
of minerals present in coals. It is known that1869 Rietveld developed a formula capable of
giving the intensity of a single mineral at any rgoin the diffraction pattern. The Rietveld
method is used to quantify the portions of indiatdminerals in powdered coal samples (Ruan
and Ward, 2002). Rietveld method has been usedfteyeht authors, such as Bish and Howard
(1988), Hill and Howard (1987) (cited in Ruan andaid/ 2002) for the quantification of
minerals in coals. The shortcoming of the methooulined by Ward (2002), who contend that
even though Rietveld method is good, the intensitythe diffractogram peaks are less
informative about the mineral quantification thafukiprofile of an XRD pattern. SIROQUANT
is another method developed for use as part of naiiggiantification using XRD. This method is
described by Taylor (1991). SIROQUANT is known tioa for the quantification of close to 25
different minerals in a mixture form a conventioXd®D pattern using Rietveld method (Ruan
and Ward, 2002).

Rietveld method generates an XRD profile of eachemal from its known crystal structure by
method of calculations. The calculated XRD patteares normally fitted to the observed XRD
profile using least square analysis. Ultimately thgimum phase scales for a best fit are
generated. The scales are then used to determenpeittentages of the amount of different
minerals present in the coals. Ural (2007) hasnsitely used Rietveld method to quantify
mineral in coals, excluding South African coals.n@uter control techniques using software’s
like SIROQUANT are used to do mineral quantificaBo The software is the realisation of
Taylor in 1991 (Wardtt al, 1999, 2001a; Ural, 2007). Waetal (1999, 2001) and others have
extensively used the package and came to the oolthat, the Taylor method is consistent,
after doing a work cross check with other reseasctibat used the same software. XRD
technique was used in this research for the ideatibn and quantification of minerals present in

coal samples that might influence abrasion.
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2.9.4. Scanning electron microscope

The scanning electron microscope (SEM) is one efidick bone techniques used today for coal
analyses. The technique is employed on industndirasearch levels for the characterisation of
minerals in coals, their shape and the morpholoiggoal particles. SEM techniques unlike

optical microscopes are useful for characterisimg fminerals in coals. Unlike microprobes

which have been unable to study mineral matterosiscless than lo microns, SEM techniques
are able to resolve or analyse the fine grainsQgni) of minerals present in coals. The stated
capabilities, particularly of mineral identificatiat fine level, are induced by energy dispersion
X-ray (EDS), which makes it possible to quantifydaanalyse fine grains of mineral matter in

coals. It is for these reasons that it has beeatlgremployed in the coals industries for mineral
matter characterisation. Their advantage over aptricroscopes and microprobes is therefore
that, SEM techniques are enabled by EDS to haviel@ mange of magnification, a great depth of
focus and good resolutions. SEM techniques arevatio making them rapid when compared to

conventional techniques (Creelman and Ward, 1996).

SEM techniques have also been used for charactgrsganic constituents of coals (Finkelman
and Stanton, 1978). However van Alphen (2007) iadisat SEM is unable to identify all the
macerals present in coals. This limitation is iretlby the technique since it uses electrons for
identifying macerals. Optical techniques use wHiggt which enables their accuracy for
macerals identification. The accurate maceralstifiestion is based on shades of grey, with

liptinite appearing almost black and fusinite white

Different kinds of scanning electron microscopeshiteque exist today with different designs,
analytical procedure and data processing softwdrkeese SEM techniques include computer
control scanning electron microscope (CCSEM), scanprobe microscope, scanning electron
microscope with energy dispersive X-ray (SEM-EDS)d aquantity scanning electron

microscope (QEM*SEM/QEMSCAN). All these SEM techuég however are based on SEM
principles and use X-rays to discriminate minenatesent in coals, with a suitable micro-
analysis, with good image processing units. Oftladise types the two most important SEM
techniques for the quantification of minerals iralsoare SEM-EDS and QEMSCAN.
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The development of QEMSCAN as used in the coal strgiuis discussed in details by van
Alphen (2007). Creelman and Ward (1996) detailestualy on the quantification of minerals
present in coals using SEM-EDS. Huggatsal (1982) have described a system in which the
morphology and size of mineral grains in the pa@dtblock of coal can be determined. The
shortcomings of these analyses procedure incluedatt that SEM*EDS cannot discriminate
between the macerals of coals and the epoxy raswhich it is mount (Creelman and Ward,
1996).

Scanning probe microscopes has been used by diffexsearchers to effectively discriminating
between types of abrasive wear (e.g. Misra andi&ini980)). Hutchings (2002) used SEM
techniques to study the topography of abrasion dachaurfaces. By studying the topography of
abraded surfaces it was possible to establishitite &€ abrasive wear that had occurred during
grinding. Meaning that, it was possible to discnate between the two abrasive wear as
indicated in Section 2.5. A three-body abrasionrwell have a surface with multiple scratches
of no significant origin whilst a two-body abrasieystem surface abraded will materialise with
linear grooves which are non-distinct (Hutching802). Toporov (1960) and Rabinowiesal
(1961) concluded that linear grooves on the abradef@dce are always due to a hard particle that

is immobile (or stationary).

The SEM photographs or micrograms shown in Figlie$, 7 were used distinctively to
distinguish between the two abrasive wear as dsstl$n section 2.3. It is evident from the
pictures that the distinction, following on Hutchs) Toporov, Rabinowics and others, between

the abrasive wear is simple with SEM pictures.
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Figure 6: Threebody abrasive wear micrograms (Stachowiak and Stachowiak, 2001)
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Figure 7: Micrograms differentiating between two-body and three-body abrasion wear
respectively (Hutchings, 2002)

Figure 7 distinctively differentiate between gramyiand rolling abrasion respectively. Lines of
particular directions or defined orientation wikkigt on an abraded surface, as for three body
abrasion multiple indentation of no orientatioruodefined origin exists. These observations are
supported by both Figures 5 and 6 respectively. SHM technique was used in this study for
the characterisation of the blades making it pdssib classify the kind of abrasive wear that
resulted during grinding of coals, and for the deieation of particle morphology and shapes

and chemical analyses.

2.10. Coal mechanical propertiesand power

Comminution has long been studied for many differeasons. These reasons include surface
area analysis, power-energy consumption, and grindnd/or abrasiveness nature of coals. For
this study power was studied so to determine comdiopng properties that may influence
abrasion. These grinding properties include abrmasaztor and abrasion intensity. Abrasion
factor is defined as weight loss of the grindingdas divided by the pulverised coal weight, and
abrasion intensity is determined by dividing thesmaf the pulverised coal by the surface area
of the blades exposed to grinding multiplied bytilhee it takes for the grinder to reduce the feed
coal. Power consumed by mills is dependent on thehamical properties of coals.
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Coal hardness, grindability, abrasiveness, frighilietc are commonly known as coal’s
mechanical properties (Speight, 2005). Hardnesshifity, tenacity and fracturing are closely
related to grindability of coals (Tichanek, 2008¥l is a function not only of hardness, but also
shearing i.e. natural fracturing of coal (Speidi05). Shearing of particles is dependent on the
type of mill used (Sahoo, 2006). The degree of gging is determined using index of
comminution (IC) (Scieszka, 1987, 1985, 1996; Spetral, 1991). This index measures the
degree at which grinding occurred in mills (Sah@006). Size reduction by any mill is
proportional to the energy used by a mill to achievsmall coal particle (Tavares and King,
1998). The energy can be calculated from HGI vausisg the Bond Index (Wand HGI
relationship (Tichanek, 2008).This energy is imanottto know, since the higher the power of

consumption, the harder was the material to gropdiravares and King, 1998; Tichanek, 2008).

Abrasiveness is also relatable to grindability oéls. Abrasiveness is the propensity of a coal or
ore to wear away grinding equipment’s. Al and H@rev established to exist in close relation
(Sciezska, 1985). Since wear and grinding go tagetboth can influence the energy or power
utilised by the mill to pulverising coals, partiadly grindability nature of coals. This factor is

well established in literature where it is suppotted high power consumption is directly related

to hard grinding material which will in return rétsin high wear.

Power consumption by mills is very important toabéish because of heavy costs relating to its
use and loss by inefficient mills. Mass balances aso very important because feed rates are
proportional to the efficiency and throughput oflsn{Scieszka, 1996; Chenje and Radziszewski,
2004; Al-Thyabat and Miles, 2006; Eswaraiah, 208&) the finest ground mass can directly be
related to power consumed by a mill. Nikolov (20025 shown a detailed model for the mass
balances for impact crushers. For YGP mills therditile or no information on their mass

balances. Even though this is important it did foin part of this study and will not be

discussed further.

Power consumed by mills can be explained to betia first, and constant with time (Chenje
and Radziszewski, 2004; Radziszewakal, 2005; Sahoo, 2006). This is said because mis ar
known to use a lot of power at early stages of comtion (Chenje and Radziszewski, 2004;

Sahoo, 2006). Sahoo (2006) stated: “The degreeeskhge increase with an increase in the
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impact velocity up to a certain impact velocity degding on the material characteristics”. This
statement is supported by Eswaraiah (2008), winereffects of speed (rpm) on the particle size
produced were investigated. At steady state, thveep@onsumed seems to be constant. Steady
state means power consumption by mill is constdantamstant velocity (Scieszka, 1996;

Eswaraiah, 2008). A schematic description of swuantis given in Chapter 4, Figure 22.

Power used by mills to crush can be determinedgudevices measuring power, but, the most
commonly used techniques are mathematical modelathdatical models for power
consumption by mills are well established. Thesed@® are not applicable to calculating
energies of all mills, but are specific to the nmyibe. Power-energy models differ from one mill
to another because of conditions imposed and dgiemntised in developing such models (Sahoo,
2006). For instance, some authors use mill proggeduch as radius, combined weight of mill
and feed material and the rotational speed foptheer-energy models development (Nikolov,
2002). Other authors use torqug heat (Q) gained or lost, and the sound or naisell makes
during milling to develop or design energy modeals that particular mill or grinding machine
(Chenje and Radziszewski, 2004).

Scieszka (1985) developed a model for the abrakitmo-tester mill. This model can simply be

called an integral energy input model. This maslas developed using time intervals and the
differential torque. One needs to realise that poisea function of energy with time‘%),

therefore by determining one, the other will beibtegration. Noise is dependent on applied
force or torque (Chenje and Radziszewski, 2004)s&\will increase with torque when the angle
of abrasion decreases (Radziszeveskil, 2005). For this study torque was used for thegne
calculation. This is because the abrasion testeao’s, on which the blades are hooked, rotate
when grinding coals. A model by Scieszka (1985) used herein without modifications for the
determination of energy and power consumed by tld® Yabrasion index tester mill during

comminution.
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In comminution, two-energy calculations approaciesnormally used to understanding energy
to particle size relation, which is directly relali@ to power-consumption and mill efficiency.
The two approaches are well explained in Stambisligd007), together with their short-
comings. The two approaches are those by Kick (L&88 Rittinger (1867). These approaches
are frequently used in literature, but Stambolig@807) has given a different view on these
approaches, and considers them to be confused, ieviae relevant textbooks and published

research works.

The first approach by Kick (1885) states that thergy required to break a particle of certain
material is proportional to its mass. The seconpr@xh by Rittinger (1867) states that, the
energy consumed during grinding is proportionathe newly produced surface (Staboliadis,
2004, 2005, 2007). That is, power-energy consunyea mill is proportional to the surface area
of the target PSD. The scrutiny on the shortcompmgsaining to these two approaches is given
in Stamboliadis (2005) and Tavares and King (1998here both the theoretical and

experimental approaches are given by the respeatitrers.

2.11. Summary of literaturereview

In this Chapter coal constituents that are knowmdluce abrasiveness of coals as discussed by
different researchers are discussed. Differentyéinal techniques use to characterise the ROM
coals were introduced. This section introducededdfit kinds of mills and the types of
comminution mechanism utilised by each grinder myircoal grinding. The mill used for this
study to test coals for abrasion uses attritiontraeism. Minerals in coals such as quartz and
pyrite, and others that influence Al of the coamgées were discussed. Also this chapter
concluded that coarse patrticles will always leadlasion following on the discussion on PSD
and SEM. SEM photographs showing different abraglefhce topography were displayed for
use in establishing the difference between two-kadzhasive wear and three-body abrasive wear.
In addition, power utilised by mills is discussetiat is clear that power is dependent on both

abrasiveness and hardness of coals.
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CHAPTER 3: EXPERIMENTAL

3.1. Introduction

A set of five South African ROM coals were usedtlris study. These coal samples were
obtained from Eskom’s research facilities (ERIC)Rascherville and represent the coals from
the Witbank Coalfield. These coals were identifesdCoal A, Coal B, Coal C, Coal D, and Coal
E. Traditionally, to understand different propestief coals and relate them to different coal
applications, coals must be characterised for tiathr chemical and physical characteristics. For
this study eight different analytical techniquesevadopted, based on the premise that they can
contribute information that can make it possible this study to adequately reveal coal
constituents that cause abrasion during grinding.

Traditionally coals are characterised in terms m@fxpnate analysis (TGA method) and X-ray
fluorescence (XRF). These techniques form the sl the techniques used in coal research,
because they are easy to use and mostly availabl@a daboratory scale. Owing to the
heterogeneous characteristics of coals the traditi,echniques may be inadequate in predicting
the behaviour during different coal applicationsirtRer techniques are required to better the
understanding of the coals and their potential U$®se techniques may include microscopes
such as scanning electron and petrography micrescagvanced X-ray techniques such as
Powder X-ray diffraction and others. Their appliiadbto coal research has lead to wealth of
information being derived from coal seams. Techesggsuch as an abrasion index tester and
Hardgrove machine are also used as characterisagohniques particularly were coal

comminution is important in the mining industry dod coal trades.

For this study a Perkin-Elmer TGA, a Labcon mostaven, an abrasion index tester pot,
Hardgrove machine, petrographic microscope, SEMSERKRD and XRF were used. XRF was
used for the kinds of ash oxides that were preserdoals. Petrography was used for the
determination of minerals, rank, macerals, oxidatmd microlithotypes of the selected coals.

XRD was used to qualify and quantify minerals tivare present in all coals. SEM-EDS was
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used primarily for the characterisation of partisierphology and shape and to characterise the
surface topography of the blades used as cuttiegeatts. The abrasion index tester pot and

Hardgrove machine were used to determine Al and ¢f@le coal samples respectively.

3.1.1. SamplePreparation

Coals are normally received on dry or wet basis. & effective study regarding crushing or
grinding of materials, materials have to be dryc&eed samples were first weighed as received,
and then left overnight at room temperature andoapheric pressure to dry in a tray. This
allows for the determination of residual moisturesarface moisture. This way of determining
residual moisture is described in Lenahan and Mu@mith (1986). The air-dried bulk samples
were coned and quartered into four representativiops. A quarter was set aside, to serve as a
primary parent sample. The other quarters of theddsamples were combined and then milled
to particle size of -1470 +850 pum, which was usedbalk parent coal. From the bulk coal
sampled sized to -1470 + 850 um, the quarter otwbinemical analysis were carried was set

aside. The bulk of the material went into testiogAl and HGI.

3.2. Proximate analysis

A Perkin-Elmer simultaneous thermogravimetric asaty(STA 6000) equipped with Pyris
manager software was used to determine the progiaradlyses on the bulk coal samples sized
to less than 75 um. Proximate analysis is an aisdlyat gives information about percentage (%)
moisture, volatile matter and ash content in caat@es. The percentage fixed carbon (%FC) is
determined by subtracting the other results frofd %0 That is, FC %=100-(%moisture+ %ash+
%volatile matter). This equipment was used in tbal®Research Laboratory of the University of

the Witwatersrand, School of Chemical and MetalkafgEngineering.

3.2.1. Sample Preparation

The cone and quartered sample from the bulk paeaitsamples (-1470 + 850 um) was used to
prepare a sample for the analysis. The samples evashed then sieved to achieve a patrticle

size less than 75 um. The sieved sample was seaedontainer so as to prevent atmospheric
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moisture from interacting with it. It is known thdiie to enhanced surface area fine crushed coal
particles are more susceptible to moisture thamdsigoarticles; hence it is advisable that
immediately after crushing, samples must be seadlée prepared samples were used for
proximate analyses determined by TGA as describémib

3.2.2. Experimental Procedure

Before commencing with the proximate analysis, dewdath connected to the TGA was
switched on until a temperature of 10°C was atthinghis is to ensure that the cooling
temperature remains constant throughout the rurh Bg of a representative sample was loaded
into a pre-weighed ceramic crucible for the anay3de weighed sample was then stabilised at
room temperature for at least three minutes in @stamt inert atmosphere inside the TGA
furnace. Before the start of the combustion reac¢tthe sample temperature was allowed to
equilibrate with the furnace temperature. The tarupee of the furnace was ramped at
50°C/min (heating rate) to 900°C/min in an inemnasphere, holding at 900°C for seven
minutes. At this stage the inert atmosphere waaced by oxygen with the furnace remaining at
900°C for a further 20 minutes. Gases were alloteedlow at a flow-rate of 20 ml/min at
atmospheric pressures (Lenahan and Murray-Smi6;18lorganet al, 1986). The gases used

for proximate analysis are nitrogen and oxygeneaetyely.

3.3. Moisture analysis

A Labcon laboratory oven was used for the detertidnaof analytical moisture. A thermometer
was fixed to the inside of the oven which monitoted heating temperatures, kept between
105°C and 110°C. Moisture determined in this fashgocalled inherent or residual moisture (or
analytical moisture). A conical container with d ivas used for mass loss determination. The
difference in mass of the container with the lidl &ime coal before and after heating was taken as
the moisture lost. The moisture was reported icgraage (%). This equipment was used in the
Coal Laboratory of the University of the Witwatersd, School of Chemical and Metallurgical

Engineering.
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3.3.1. Sample Preparation

Coal samples were ground using an automated MoatdrControl Laboratories (MCL) grinder,

and then sieved using an automatic shaker. The'si@pertures from which a representative
sample was derived were -212 pm and + 150 um régelgc The samples were contained in
sealed bottles to prevent moisture from being diebrfrom the atmosphere (Lenahan and

Murray-Smith, 1986). Moisture analyses were cardetlas described below.

3.3.2. Experimental procedure

A conical sample container with a lid was useddaycout this test. One gram (g) of prepared
coal (-212 um and + 150 um) was loaded into a sammitainer and weighed accurately using a
calibrated weighing balance. The weighed sample iniagsduced to the oven at a temperature
ranging between 105°C and 110°C for 1hr and 30 wfter this period the sample container

was closed, removed from the oven, and then plaxtedhe desiccator for cooling. After several

minutes the sample was taken out of the desictattire weighing balance. The moisture loss
was determined by mass differenad). Percentage moisture was determined by dividiM

by the load mass all in grams (g). The differenetvieen the initial and final mass of container
plus a lid was taken then divided by 1g to get @et@ge moisture lost by the coal sample.
Several trials were conducted, the aim being tabdish the accuracy of the method (Lenahan

and Murray-Smith, 1986) and so as to determinecgagtative results.
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3.4. Abrasion index
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Figure 8: Abrasiveindex tester pot

The Al was determined by use of YGP abrasindex testempot. A 203+£0.25 mm interni
diameter and 229+0.25 mm deep steel pipe constr#dieester pot fittecwith an electric moto
and a revolution counter was u, which measures the number of revolutions the r
completes when grinding samples. The pot was dedigmrotate at a constant speed of 147(
rpm for set number of revolutions. For the deteation of Al 12000 revolutions were set. T
pot had rotating arms on which cutting blades whmoked. The blades of 38.0+(
mmx38.0+0.1mm by 11.0+0.1mm when new, with a hasdnef 160+15 (Vickers hardne
pyramid number) were used. The blades are miom iron materialsThis equipment was us:

in the School of Extraction Metallurgy, University Johannesburg (UJ), Doornfonte

3.4.1. Samplepreparation

The samples used for the Al analyses were derivewh imaterial prepared as explained
section 3.2. A gaple of particle size range -4750 pm and +850 um was used for the anal’
Of the 4750 um and +850 um bulk sample achieved, 2 kgused for the test. Before the
test could commence, a 2kg sample was analyseardportion of included fine parles. This
was achieved by sieving the 2kg sample so to asnenbw much sample passed the 75
sieve. The fines were returned to the parent saniple masses were used to determine
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index of comminution (IC) for each coal sample daling Sciezska (1985). Two or three trials

were conducted depending on the success of theitdst

3.4.2. Experimental procedure

A two way procedure was adopted. The initial testimvolved the conditioning of the blades.
This is a recommendation for blades used in therdebation of Al of coals or any materials.
The second procedure involved the actual determmaif the coal’s abrasion indices. The two

procedures are outlined below:

Conditioning procedure: Blades used for the Al test had not been usedréefhey were still
new and they had to be conditioned as recommerilade conditioning involves the use of a
portion (at least 1kg) of prepared coals samplbddested. Blades fixed to the rotating arms
were rotated at 1470+30 rpm for 12000+£20 rev. THalades were weighed before and after
conditioning. If a coal of a known Al was used tmnditioning, then the Al obtained has to be
repeated until that value is attained. In this giwince the abrasion indices of these coals were
not known, the conditioning process was done tdocesvery set of new blades used. After the
conditioning process, the blades were washed wéthyated spirit and a hard brush so as to get
rid of all coal particles that might have clungthe blades. The washed blades were oven dried
and let to cool to ambient temperature, then welghe a calibrated balance to determine the

initial mass of the blades to be used in the sepoodedure.

Abrasion index procedure: Having properly hooked the newly conditioned lgisbf known

mass to the revolving motor of the mill pot, a 2k@pl sample was introduced into the deep
constructed steel pot, which served as a contairfes.feed coal was thoroughly levelled out
over the blades. The pot was covered with a stdelsb as to prevent loss of coal particles

during comminution, and then the counter was seeto revolutions.

The initial temperature of the tested sample whkertausing a thermometer (recommendations
are that a thermocouple be used). The temperatadings are used to calculate the bed
moisture of coals tested for Al (Spero, 1990). Hgvintroduced the sample into the pot, the

revolving counter was set for 12000 rev. A stattdouwas pressed simultaneously with the stop
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watch to record the time it takes for the mill tee to rest. At the completion of the 12000 rev
the blades were checked to determine if they wigiandact. This is done so as to be sure that
all blades did take part in grinding; otherwise theerall Al would be incorrect, since all four
blades are used to determine the Al of coals. Afltisrthe blades were ready for cleaning, drying
and weighing. The final temperatures were recome8 minutes. The ground coal was left to
dry at room temperature then contained. Mass lbskeoblades after grinding and their initial
mass were used together with the feed mass tolaahgithe Al. The product coal was sieved
into four different fractions, ranging from -1470npto — 75 pm and further characterised using
SEM-EDS and XRD.

3.5. Hardgrove grindability index

To complement the Al data, it was necessary toraete the HGI of the coal samples under
examination. The equipment used for the test iatkxt at Witlab, Witbank, South Africa. The

model number was not available.

3.5.1. Samplepreparation

Coals were crushed and sieved to -3000 um as egfjby Witlab. Further preparations were
carried out at Witlab (in-house method was used).

3.5.2. Experimental procedure

Coals sent for HGI tests were analysed using ASTAD51. Typically this method utilises a
machine that used eight steel balls as cuttingpegemt. Fifty grams of coal is loaded then
ground by rotating the machine at 60 rev/s. Thelpcocoal is sieved such that material can pass
through a 200 mesh (75 pum). Material passing @hget sieve is taken to be the HGI of that

particular coal.
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3.6. Petrography

A Leica DM4500P petrographic microscope was usedtlie optical determination of the
organic and inorganic components of the coal sasnplee microscope has a stage which allows
the positioning of the coal block under the objessi for efficient viewing. A digital camera is
available to take pictures of particular sectiohshe coal block. Coal blocks were analysed for
minerals, rank, oxidation condition, microlithotyand macerals. Analyses were conducted in
the laboratory of the University of the Witwatersda School of Chemical and Metallurgical

Engineering, by Professor Nicola Wagner.

3.6.1. Samplepreparation

Coals derived from the coned and quartered bullerizds$ (parent coal) were ground to particle
size of -1000 um following standard petrographycprure ISO 7404/2 (1998). The blocks were
prepared by mixing coal particles (-1000 pm) wibkin and hardener. The mixture was allowed
to solidify under ambient temperatures and atmasphmessure. Prepared coal blocks were
polished using a Struers TegraForce-1 polishinghinac This is done so as to achieve a scratch

free surface.

3.6.2. Experimental procedure

The coal blocks were immersed with an oil dropletloe surface before being analysed for their
organic and inorganic components under a microscoffge immersion oil enhances the coal
reflective index under the microscope. The maceval® analysed following ISO 7404-3 (1998)
standard; rank was analysed for following 1ISO 780@:998); and the microlithotypes were
analysed following ISO 7404-4 (1998) standards. evlurs which are characterised as rocks or
minerals grouping were also determined. The analysere conducted at magnifications of

X500 under reflected polarised light.
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3.7. X-ray fluorescence (XRF)

X-ray fluorescence is a technique traditionally dige characterise the ash oxides in coals.
Before it can be used, coals have to be ashede§uést to ashing, the actual characterisation of
coal ash oxides using XRF technique is performedhenash. This analysis was undertaken by
Witlab, Witbank, South Africa.

3.7.1. Samplepreparation

Coals were crushed and sieved to -3000 um as egfjby Witlab. Further preparations were
carried out at Witlab (in-house method was used).

3.7.2. Experimental procedure

In house Witlab procedures were used for the ashingess and the determination of coal ash

oxides (Witlab In house method).

3.8. X-ray diffraction (XRD)

A PANalytical X'Pert Pro powder diffractometer witiX’Celerator detector and variable
divergence- and fixed receiving slits with Fe fidd Co-Ko radiation was used for the
qualification and quantification of minerals presém coals. This technique was used in the
laboratory of the XRD Analytical and ConsultinggeRrria. The analyses were conducted by Dr.

Sabine Verryn.

3.8.1. Samplepreparation

Parent coal samples derived from the bulk coal $ampparticle size -1470 + 850 pm were

used for the analyses. This parent coal samples wershed and sized to -75 pum using an
automatic grinder. The product coal samples sievmd size to + 75 um were also prepared.
Both coal sample types were further finely grousthg a pestle and mortar. These samples were

prepared for XRD analyses using a back loadinggregjpn method.
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3.8.2. Experimental Procedure

The prepared samples were placed in the samplainedtthen into the XRD chamber for the
analyses. The sample phases were identified usidgriXHigh score plus software. The relative
phase amounts reported in weights percent wenmastd using the Rietveld method (Autoquan
Program). All samples were analysed for the errieos.every sample analysed, a diffractogram
was taken. The diffractograms were recorded iraa sange of 5°2to 100° B, at a scan rate of
0.02 D which took 10 minutes.

3.9. Scanning electron microscope (SEM)

FEI Quanta 200 scanning electron microscope fittigd an Oxford INCA 400 energy dispersive
x-ray (SEM-EDS) was used to qualify and quantifg thinerals that were present in the coal
samples. The coal particles were characteriseth®r shape and size, and also where possible
for their oxidation status. Coal samples are reedl@xidised when their particles appear bright
under the microscope. The coal particles were edcitsing a tungsten filament laser which
produced 1500K electrons per second. Liquid nitnogras used to keep the SEM-EDS sample
loading chamber under inert environment. This tegple allows semi-quantification and
gualification of minerals present in coal samplEse instrument used calcium carbonate, iron
sulphide, silica, magnesium oxide and aluminiumdexstandards. This technique is semi-
guantifying, owing to the fact that a 10% deviatisrpossible when analysing for minerals. The
instrument is located at the North West Universgighool of Chemical and Mineral Processing,

Potchefstroom campus. The analyses were condugtBdobessor Louwrens Tiedt.

3.9.1. Sample Preparation

A representative sample derived from the bulk paceal was crushed and sieved to less than 75
pm. Coal particles were stuck on a black tape,thad coated using a copper strip. The reason
why finely ground coals were used as opposed tokBles that, blocks needed to be coated with
carbon fibres, which eliminates the determinatiércarbon materials present in coal samples.
The use of copper strip allows the determinationasbon in coal samples, and all minerals that

are rich in carbon. This can be achieved withogeseg carbon being reported.
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3.9.2. Experimental Procedure

The copper coated samples, both the parent andigitodere placed inside the high pressure
vacuum chamber of the SEM unit. This allowed thega to be in equilibrium (or stabilise)
with the environment under which it was to be asaty The vacuum will normally lower the
pressure, indicating that the instrument has ssailand is ready for use. Attached to the SEM
unit is a liquid nitrogen cylinder which allows ftlie SEM unit to be in an inert environment.
The SEM unit has a digital camera from which pietuare captured. The picture can indicate the
shape and morphology of the coal sample partichedyaed. After the picture of the sample
sections were taken, the coal samples were analy@ad SEM back scattering image for their
mineralogy. EDS used for mineral quantification valewed an excitation energy of about 15.0
kV. This system had X400 magnification, but, diéiet magnifications were used for better
resolution. The instrument was allowed an acqoisitime of about 100 seconds. Ten thousands

(10000) counts were taken across the unit areaerfesample that was analysed.

Surface topography of the cutting blades was cleniaed using SEM in the University of
Pretoria by Mr. Josias van der Merwe. Similarlye thlades were placed on the stage under the

objectives, then characterised using different nfexgiions for the best resolution.

3.10. Particlesizedistribution

Particle size distribution was conducted on thedpob coal using a sieve method. Product coal
here refers to the coal that came out of the atmaisidex tester pot. Sieve method gives class
coal particles according to their size. The mesitsesl were 1470 um (top size), 850 um (middle
class), 150 pm (limiting sieve) and 75 um (bottore)s

3.10.1. Sample preparation

Coals received from the pot were noticeably weesehsamples were dried overnight at 105°C
and atmospheric pressure. This was to prevent aggghtion and inefficiency in sieving. The

dried samples were weighed before using a calitbrateighing balance. This analysis was
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carried out using the automatic shaker and siewetha Laboratory of the University of the

Witwatersrand, in the School of Chemical and Metaiical Engineering.

3.10.2. Experimental procedure

The dried coal samples were sieved using the auiorahakers and sieve of size stipulated
above. Thirty minutes was allowed for the shakerictv shook at frequency of 3 MHz. After
shaking the coal samples were weighed accorditigeio size class. Note that this method is not
efficient, as loss of coal mass is bound to hagrehthe efficiency is dependent on the ability of
the researcher using it. But, the efficiency waseast to some degree ensured. To ensure that

most of material had separated a brush was us#teastreen.

3.11. Power calculations

Power calculations were done using empirical foemas described in literature. To do the
calculations, Al values obtained from Section 3.ad gparticle size distribution masses
determined in Section 3.11 were used to calcutegbwer used by the abrasion index tester pot

to grind the coals.

3.12. Summary and conclusions

The chosen techniques are used here following #dality to identify, qualify and quantify
minerals and their associations, moisture and ashkoals, which are deemed the greatest
abrasive constituents of coals. The ability of SEM indentify these minerals, as well as
revealing their morphology and shape makes it ggonant tool for this study. This is because
mineral strength, shape, size and orientation kegetan enhance one’s understanding on the
abrasive quality of coals. Power utilisation in ieegring applications is very important aspect
hence it was calculated for in this report, alsag@outilised by the pot during grinding helps to

understand the grinding properties of the coals.
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1. Introduction

The results discussed in this section were obtaiursédg a series of analytical techniques as
discussed in Chapter 3. These analytical techniguese selected with an understanding that
they will be able to produce results that wouldphebnclude the aims of this study. Literature
review given in Chapter 2 outlined in details thee 0f these selected analytical techniques in
enhancing the understanding of coal abrasion innaioition. Using the selected analytical
techniques and procedures as outlined in Chaptéve3,South African ROM coals from the
Witbank Coalfield were characterised for organiad anorganic constituents. The grinding
properties of the five coal samples were also detexd, along with proximate analysis,
moisture analysis and particle size analyses. ERalts are reported below together with the

discussions and findings.

The results and their discussion are given indrdaer:

* Proximate analysis
* Moisture
» Abrasion
0 Abrasive wear and Al
» Effects of total moisture on Al
» Effects of HGI on Al
» Petrographic components and impacts on Al
0 Macerals and vitrinite reflectance
o Petrographically determined minerals and impactélon
o0 Microlithotypes and impacts on Al
* Chemical analysis
o X-ray fluorescence spectroscopy
o0 X-ray diffraction (and primary minerals that impact Al)
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» Scanning electron microscope used for particle maqgy characterisation
» Particles size distribution analysis and impact&bn

* Abrasiveness, Grindability and Energy

4.2. Proximate analysis

Proximate analysis is a conventional method of ewallysis used in coal research. The coal
samples were analysed for % total moisture, velatihtter, ash and fixed carbon (by difference)

using thermogravimetric analyser (TGA). Resultsraported in Table 1.

Table 1: Proximate analysis (%, as received)

Coal Name Moisture (%) Volatile matter (%) Ash (%) Fixed carbon (%)

Coal A 3.7 25.4 30.7 40.2
Coal B 4.4 26.7 38.6 30.3
Coal C 2.6 23.5 41.2 32.7
Coal D 2.4 27.5 42.0 28.1
Coal E 2.2 31.5 33.6 32.7

From Table 1 it is evident that Coal B has the bgjhmoisture content, followed by Coal A.
Coal E has the highest volatile matter, and Coah@ D have the highest ash. In summary these
coal samples are high in ash (which is above 30%)paobably a typical average volatile matter
content for South African coals.
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4.3. Moisture

Moisture is a typical coal constituent that is kmovo cause abrasive wear. Three types of
moisture were determined here-in. It has to bedhtitat generally total moisture constitute both
free moisture and inherent moisture (Lenahan andajytSmith, 1986; Eswaraiahal, 2008).
Total moisture therefore is the only component thaised later to establish the effects of coal
moisture on coal abrasive quality. Total moistigeléfined as the moisture present within the
coal matrix, in all forms, excluding water of crgliisation (Speight, 2005). Results are reported
in Table 2.

Table 2: Moisture contents of coals

Coal name Free moisture (%) Inherent moisture (%) Total moisture (%)
Coal A 2.2 4.3 6.4

Coal B 5.9 4.9 10.2

Coal C 1.9 2.5 4.3

Coal D 1.5 2.5 3.9

Coal E 1.8 3.0 4.7

From Table 2 it is evident that Coal B has the bgjtoverall moisture, followed by Coal A. Coal
D has the least total moisture, with Coals C arfthing equivalent total moisture. Table 1 and
Table 2 show similar trends on the reported mogstualues. The difference in the reported
values, which are not that different, is that theisture values reported in Table 1 can be
accurate as they were obtained using TGA, whichahasll controlled atmosphere which offers
no temperature fluctuations as oppose to the Labooisture oven which might not have been

so well controlled realising that the temperatdhestuated between 105 °C-110 °C. The sample
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weight might have also affected the reported moestalues since TGA uses micro-grams of a

coal sample weight whilst the moisture oven usgsaen of a coal sample.

The results from both Table 1 and Table 2 indicadbed coal moisture is best reported as total
moisture, since both inherent and surface moisiom@s part of the coal structure. Therefore
when the coal is utilised or ground, it is the @llemoisture which will impact on the process.
This suggestion is also based on the reason thalt nwoisture may carry some degree of
accuracy as opposed to inherent moisture. The latdésture is calculated using approximations,
whereas total moisture is accurate as conversiomga&en into account when it is reported.
These conversions can eliminate errors, both exygatial and apparatus errors (see appendix B,
equation B2). Total moisture values reported inl@a&bwill be used for comparative purpose in

this report.

4.4. Abrasion

Before reporting the Al values of the coal sampiegjas important that the wear on the blades
that resulted during coal grinding using an Al éegbot be ascertained. This was one of the
objectives of this study. The kind of abrasive waad the Al values are discussed in separate
sub-headings below.

4.4.1. Type of abrasive wear

Two types of abrasive wear are addressed in Cha@p#brasion occurs during comminution as
a result of friction (Austiret al, 1984). In commercial plants abrasion occurs @udifferent
kinds of minerals which are harder than materiadduso construct mills and its grinding
elements. Shown below are the SEM photographs takema fresh and an abraded surface of

the blades that were used as cutting elements adedrsamples were tested for abrasion.
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Figure 9: SEM-EDS photographs of iron blades worn  coals |

Figure 9 represents the photographs taken on lethamd used blades. Picture A represents the
SEM results obtained from the new blade; Pictured® taken on the used blades. Picture A
shows smoothness to some degree as blades werbutevere observed to be rusty; the dark
spot on Picture A is rust. Picture B shows pittamgl grooves as a results of coal particles being
ground in an Al tester pot which used impact artdtiaih mechanisms for grinding. These
digital back-scattering images were taken at 45@F 8900* magnification, randomly across the
surface of the blades, respectively. Picture B wsed to conclude that the resulting abrasive

wear during coal grinding in the Al tester pot wasee-body abrasive wear.

This conclusion is based on the established thénatytwo-body abrasive wear is distinguishable
from three-body abrasive wear by an abraded sutfetehas line grooves which will have point
of origin and/or are consistent with defined stowet while three-body abrasive wear is
identified by line grooves of no origin, primarityy pitting (See Chapter 2,Section 2.9 for the

supporting evidence).
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4.4.2. Abrasion index

Abrasion index values reported in Table 3 were iobthusing the Al tester pot following the
YGP method as described in Chapter 3.

Table 3: Abrasion index values

Coal name Abrasion index (mg/kg)
Coal A 87.35

Coal B 115.58

Coal C 28.63

Coal D 85.70

Coal E 51.15

Results reported in Table 3 suggest that CoalrBast abrasive of all coals; the least abrasive is
Coal C. Since coal’'s Al is affected by differennestituents of coals, it is necessary therefore to
discuss Al further with other results obtained;oieal and physical constituents. This will help
by paving a way in which the coal constituents tndluenced the reported Al values can be
deduced or inferred. This will be obtained by makeffective correlations between Al and
chemical and other physical constituents. In the sab-sections of this chapter, this grinding
property of coal (abrasiveness) is discussed tegethith results obtained from different
analytical techniques that were used for charagteyicoal samples; this was in order to address

the main aim of this research.
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4.5. Effects of total moisture on Al

Several researchers doing different work agreedaiancrease in coal moisture will result in an
increase in abrasion or wear rate of grinding el@m¢Coldham, 1989). Table 4 reports Al
values and total moisture for the coal samples.

Table 4: Abrasion Index and total moisture

Coal name Abrasion index (mg/kg) Total moisture (%)
Coal A 87.35 6.4

Coal B 115.58 10.5

Coal C 28.63 4.3

Coal D 85.70 4.0

Coal E 51.15 4.8

Coal B, which has the highest total moisture, leshighest Al value of all the coal samples.
Coal C has the low moisture and has low Al valigpeetively. Coal A has the significant total

moisture value, next after Coal B, and it also &dsgh Al value after Coal B. Coal C and Coal
D have equal moisture values, but their abrasivensslargely variable. From Table 4,

particularly looking at Coal E which has moistureajer than Coal D but least abrasive, it was
difficult to fully establish if moisture influencedl of the coal samples. To ascertain this
observation and the observations made by Coldh@&30jland others, a correlation between Al

and total moisture was drawn. This is shown by FadLD.
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Figure 10: Effects of total moisture on abrasion idex of coals

Figure 10 suggests that Al increase logarithmicaliyh increasing total moisture. Coal D
appears to be an outlier. One might argue thatebelting Al of this coal sample is not purely
controlled by moisture; therefore other coal cduostits need to be considered. Spero (1990)
using three sets of coals concluded a linear apdreential increase respectively between Al and
total moisture. Following on Coldham (1989), Spetral (1991) and considering the behaviour

portrait by Figure 10, it is evident that abrasiorsome extended is affected by moisture.

One intriguing observation made during grindinghe Al tester pot was the temperatures that
resulted due to friction. Both initial and finalntperatures of the coal samples were recorded
(see Appendix A, Table A3). Initial temperaturesreveecorded to be equal to the room
temperature. The final temperatures ranged betw8®tC and 65°C. These resulting
temperatures led to moisture being released froencttal during grinding (Mclntosh, 1976;
Morganet al, 1986). This is true since the walls and lid & grinding machine were wet at the

end of every grinding process.

MSc (Eng): Chemical 59



Coal Abrasion during Grinding Chapter 4: Results and discussions

4.6. Hardgrove Grindability Index

Hardgrove Grindability Index is an index used tdigate how difficult coals are togrinding. The
high HGI value indicates softness of coals, anedw HGI value is indicative of hard coal
(Terchicket al, 1963). The ranges of HGI values and their meaaigggiven in the study by
Tichanek (2008). From the latter study it is expdai that any coal with HGI ranging between 40
and 60 is hard. HGI values greater than 506Q) means a soft coal or medium hard coal.
Typically, coals of the Witbank coalfield possesSIHalues ranging between 40 and 66 (Falcon
and Falcon, 1987). Table 5 reports both Al and M&ues of the coal samples obtained using

the abrasion index tester pot and Hardgrove macksgectively.

Table 5: Grinding properties of coal

Coal name Al (mg/kg) HGI
Coal A 87.35 61
Coal B 115.58 50
Coal C 28.63 51
Coal D 85.70 52
Coal E 51.15 50

The results in Table 5 suggest that Coal A was($t®I>60); implying it ground with ease, and

can be utilised for power generation (Tichanek,808our other coals are equally hard. Table 5
suggest that Coal A is both soft and abrasive. Baatd Coal D are hard and abrasive; Coal B is
most abrasive, and Coal E is hard and medium alera€ioal C is hard and not abrasive. A

general trend acceptable between Al and HGI woedhat a coal should be both hard and
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abrasive. Coal B and Coal D are in support of theegal statement, while Coal C and Coal A
are contradictive to the general statements. Fabwh Falcon (1987) have addressed these
anomalies. What can only be said is: these behes/iem@ known to exist with Southern African
coals (Falcon and Falcon, 1987). In short Tabledgests that coals can be hard and abrasive,

hard and not abrasive, or soft and abrasive.

In 1996 Sciezska analysed similar coals as usekdisnstudy. Scieszka (1996) reported Al and
HGI of the coals to be 67.2 and 68.2 and 54.0 ahdl. 7t is evident from Sciezska's results and
the results in Table 5 that coals can be soft widdium abrasion, and soft and abrasive. Spero
(1990) using coals from Australia, which can be pamed to typical South African coals, found
the same trend of HGI values as reported by thislyst Spero (1990) also showed that
grindability, like moisture, is equally importam establishing abrasion of coals. Al and HGI

correlation is given by Figure 11.
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Figure 11: Correlation between Al and HGI

Figure 11 illustrates an experimental correlatioatween Al and HGI; no significant
mathematical behaviour between these two indicesvident. This is because points on the
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graph are scattered. The scattered points miglgestighat the two indices are independent of
each other. As Al values increase HGI values renfenty consistent within the same range,

except for Coal A. This observation makes it hare@stablish any distinct relationship between
Al and HGI. Terchicket al (1963) found the same results using Pittsburghscoal

It can be concluded from both Table 5 and Figureghit Al and HGI empirical correlations
might behave outside what is seen with experimeaetallts. This means, these two indices must
be tested separately when a coal sample is testedsf grinding properties. It can also be
concluded that these indices are affected by @iffeproperties of coals; therefore they will
measure different properties of coal samples umdastigation. This may be supported by the
fact that Al as described by Scieszka (1985) dat<iapend only on HGI, but also depends on
the tribological properties of grinding system (¥€bapter 1). These tribological properties
include resistance of grinding elements to wear fantion which are not properties of the coal

samples itself.

To further establish the relationship between Ad diGl, the factors that influence them

individually according to Falcon and Falcon (19&r¢ highlighted. Falcon and Falcon (1987)
concluded that abrasion is mostly affected by hightents of mineral matter, the presence of
hard minerals such as quartz and pyrite, the natfiréhe minerals, types of associated
microlithotypes and large coal particles. Meint{@865) concluded that ash content can affect
Al (particularly when soft mineral like clays make-the most of the the ash-forming minerals).
Grindability of coals is controlled by inherent ratire, rank and organic compositions of coals
and the grinding temperatures. Both indices arectétl by coal rank, mineral composition, size

and shape. In the following sections Al is relai@dome of these coal constituents.

MSc (Eng): Chemical 62



Coal Abrasion during Grinding Chapter 4: Results and discussions

4.7. Petrographic components and impacts on Al

Minerals, and mineral distribution and their asatbon may have the greatest influence on the
abrasiveness quality of coals. Petrography is aaseopic technique capable of giving such
information. For this research, Leica DM4500P pgtaphy microscope with a magnification of

500 under oil immersion with polarised light wasddor maceral and rank analyses, mineral
distribution and microlithotypes analysis followih§O 7404-3 (1994), ISO 7404-4 (1994) and
ISO 7404-5 (1994) respectively. The abnormal coowlst of the coal samples (CAC) were also
investigated. Obtained results are given belowchviaire discussed together with the Al values

of the coal samples.

4.7.1. Macerals and vitrinite reflectance

Macerals, also known as coal organic constitues#ns, be grouped into three groups, namely:
vitrinite, liptinite and inertinite. Of the threeauerals groups, inertinite, then vitrinite posdéss
greatest hardness (Falcon and Falcon, 1987). Téegsh of inertinite is mostly controlled by its
dense character. Its abrasiveness is strengthenea ivis in association with hard minerals like
quartz (Falcon and Falcon, 1987). The abrasive gutigs of inertinite and vitrinite macerals
have not been confirmed independently. Liptinitkkmown to be soft. Table 6 represents the
maceral groups, %, total mineral matter (MM, %)d aeflectance of vitrinite, % of the coal

samples. Full set of results are reported in AppeAdA.2.2, Tables A4-A9.

It can be seen From Table 6 that all coals comgrisainly of inertinite macerals, typically
being inertodetrinite, low to moderate vitrinitedaliptinite macerals. These values are typical of
Witbank Coalfield ROM coals (Falcon, 1989). Higloportions of mineral matter are reported
for Coal D and low values for Coal C. Coals D antidve low CAC values when compared to
the rest of the coals. Results in Table 6 and Eidg2r may infer that Coal C is oxidised. Any coal
that is oxidised is friable. Friable coals are fiifead with these characteristics: macro-porous,
uncompacted semi-fusinite and fusinite, cracking mxinor fissuring (Falcon and Falcon, 1985).
Coal C was highly discoloured; was the only coahwntense cracks, prominent fissures and
highly leached (see Table A8, Appendix A and Figl2®
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Table 6: Summary of macerals, reflectance of vitrinite and CAC

Rank CAC
Al Maceral, Vol % (Rovmr)

Coal (mg/kg) Vitrinite Liptinite Inertinite MM Vol% Vol %
name
Coal A 87.35 15.2 4.8 63.2 16.8 0.6 32.4
Coal B 115.58 31.0 4.4 43.8 20.8 | 0.62 31.2
Coal C 28.63 7.0 5.0 74.4 13.6 0.73 32.2
Coal D 85.70 9.4 2.8 57.0 30.8 |0.70 20.0
Coal E 51.15 14.2 1.6 64.2 20.0 0.72 19.7

MM=mineral matter, CAC=coal abnormal conditions d&wVmr= Reflectance cvitrinite macere.

Figure 12: Micrographs ot Coal C (iresh and oxidisd coal particles
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Figure 12 represent the micrographs of Coal C talgimg petrography microscope. The
micrograph on the left presents a fresh coal whlist one on the right is indicative of an
oxidised coal particle. The redish-brown colourtbe micrograph on the right is an oxidised
pyrite mineral. It appears that only Coal C displhysome degree of heat effects. Using
petrographic microscope, Coal C was not effectislgwn to be weathered, but realising that
this coal had intense cracks, intense fissures, dissoloured, possibly rich in inert semi-
fusinite, highly leached, all this can infer thiaistcoal was friable. It might be due to friabilay
CAC that this Coal was not abrasive. The recommig@an the CAC of Coal C is that this
analysis needed to be carried out on particle#i2850-1475 pum instead of -1000 pum.

Reflectance Rovmr %) analyses were also conducted on the coal sampleffecRnce of
vitrinite is used to infer the rank of coals; tinas done following on ISO 7404-5 (1994). Results
show that the selected coals are medium rank G ¢dalpendix A, Table A6). From Table 6 it
can be said that Coal B had highest proportionstahite, lowest inertinite and it was the most
abrasive. Coal C had high inertinite, least vitenand was not abrasive. Coals A and D have
equivalent amounts of both inertinite and vitrinaaed are equivalently abrasive. A general
conclusion drawn from Table 6 is: any coal withthigtrinite and low inertinite appears to be
abrasive. In addition Table 6 indicates that equalportions of both vitrinite and inertinite

(together) can lead to an abrasive coal. Figureenti3l4 were generated from results in Table 6.
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Figure 13: Influence of inertinite and on Al Figure 14: Influence of vitrinite on Al

Figure 13 illustrates the effects of the inertinde abrasion. It appears that a decrease in
inertinite macerals results in an increase in AuggR=-0.92 and SD = 14.89). This might be
true realising the fact that, even though ineming hard, its effects on coal’'s abrasion are

prominent only when it is in association with higbrtions of hard minerals such as quartz.

Figure 14 illustrates the effects of vitrinite dorasion of coal samples. It is evident from Figure
14 that an increase in vitrinite content causemarease in Al values (R0.78 and SD=24.95).
Both figures give positive results. A probable exgtion for the relationship given by both
figures may be linked to residence time of grindiiMcintosh, 1976; Stamboliadis, 2007).
Vitrinite, which is sticky, can stick to grindindeenents for longer period, unlike inertinite which

is dry and can quickly pulverise thereby not impgssevere wear.

In summary it is evident that the reported Al valugere influenced greatly by vitrinite as
oppose to inertinite. Also, oxidised or friable avill not be abrasive. That is, oxidised

condition of coals override abrasion in coals.
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4.7.2. Minerals determined using petrography microscope

High mineral matter content and hard minerals tjkartz and pyrite are reported to contribute to
the abrasive quality of coals (Raask, 1985; Wellsl, 2004, 2005; Wigley and Williamson,
2005). Quartz was established to be twice as aleras pyrite by Raask (1985). Minerals such
as alumina, orthoclass, kyanite and topaz, and didrel minerals can cause coals to be abrasive,
but their effect is low when compared to quartz pydte (Wigley and Williamson, 2005). This

is because in general quartz in coals exists ilatism (Wellset al, 2005). Carbonates, clays,
sulphates and phosphates minerals are known tofheasd hence they do not contribute to the
abrasive quality of coals. The influence of sofharals on abrasion is magnified only when they
occur together with inertinite macerals, whichhe hardest of all macerals (Falcon and Falcon,
1987). Table 7 shows the petrographically deterthiménerals in the coal samples, reported in

volume %.

Table 7: Petrographically determined minerals

Coal Al Clays Quartz Pyrite Carbonates Other minerals No VM
name (mg/kg) vol% vol% vol% vol % vol % vol%
CoalA 87.35 796 7.8 5.2 5.6 0.8 1.0
CoalB 115.58 84.6 3.6 3.2 4.4 0.4 3.8
CoalC 28.63 86.8 4.4 1.4 5.6 1.0 0.8
CoalD 85.70 74.8 6.4 1.2 0.6 0.8 16.2
CoalE 51.15 44.2 35 3.8 5.2 0.4 114

Note: No VM means no visible minerals
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Clay, quartz, pyrite and carbonates constitutetdked mineral matter in the coal samples. Total
mineral matter (% MM) is reported in Table 6. Chbahppears to have the highest total mineral
matter; Coal C had the least total mineral matitergeneral these coals had significant total
mineral matter, except probably for Coal C, whied ltotal mineral matter less than 14%. This
is not surprising since it was thought possibld thes coal might have been oxidised (Table 6)

and had most ash content (Table 1).

Table 7 reports significant amounts of clay minefal Coals B and C; followed byCoals A and
D, then Coal E. In contrast Coal E has the mogpgmteons of quartz, followed by Coals A and
D, lowest in Coal B and C. Coal A has significanbgortions of pyrite. Pyrite in other coals
occurred under less that 5%. Carbonate minerale wessent in all coals except for Coal D. In
Table 7, other minerals refer to unknown miner&gure 15 illustrates how minerals (as

determined petrographically) in the coal samplés@mced Al.
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Figure 15: Effects of different mineral on abrasionindex

Different symbols as shown on Figure 15 are useddizate different group of minerals. From

Figure 15, it appears that Al is influenced by chagerals, which gave an exponential increase
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with Al. Coal C is an outlier on a drawn correlatibetween clays and Al; this might be due to
its oxidised nature or CAC (Table 6) which will @ys results inhigh proportions of clay

minerals being reported for a coal. It is appafearh Figure 15 that quartz; pyrite and carbonate
minerals equally did not affect Al. Coal E appetrsiave high portions of quartz hence it is an
outlier, but its Al value was not that high compmhte the other coals, this shows that Al of the
coal samples was not influenced by quartz. Abragias not affected by the said minerals as
Figure 15 concludes that Al was independent of éhesnerals. The observation that clay
minerals are most contributing to abrasive quabitycoals can be due to the fact that these
minerals, unlike pyrite, are concentrated in SoAfitican coals. Separately, correlation between
silicate minerals, which is a combination of bothys and quartz, and Al was drawn. A linear

relationship with B= 0.6 was obtained (Appendix A, Figure A6).

In summary, Figure 15 together with Table 7 revéads only clay minerals appear to contribute
to the overall Al since their effects seems to hee&aponential correlation. Quartz and pyrite
were not abrasive as was anticipated. This observa supported by Coal E which had high
amounts of quartz and some pyrite contents ofadls; but had the lowest Al value; this is if
Coal C is taken to be not abrasive, owing to tleemelusive analogy that it might be oxidised.

Excluded minerals in coals were also used to astal@ffects of minerals on abrasion.
Petrographically, excluded minerals are reportedoaks during microlithotypes analysis. By
definition excluded minerals refers to mineralscmals which are not bound within the coal
macerals. Results on %, total mineral matter an@X@éluded mineral matter are given in Table
8.
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Table 8: Data on excluded minerals and total minedamatter

Coal name Al (mg/kg) Excluded minerals %| Total Total  mineral
from microlithotypes carbominerite matter % from

from macerals group
microlithotype
analysis

Coal A 87.35 8.0 10.0 16.8

Coal B 115.58 10.6 12.0 20.8

Coal C 28.63 0.6 5.8 13.6

Coal D 85.70 9.2 20.2 30.8

Coal E 51.15 7.0 10.0 20.0

Table 8 seem to suggest that excluded mineralsaappghest in Coal B followed by Coal D and
Coal A respectively. The least excluded mineraks r@aported for Coal C. Coal B was most
abrasive followed by Coals A and D, and then Codl&al C was not abrasive. This observation
corroborates the fact that excluded minerals imibeeabrasion of coals. Coal D compared to
Coal B was less abrasive but had the highest Valuetal mineral matter. Total mineral matter
is the sum of excluded and included minerals. Alsticeable is that Coals A and D have
comparable Al value, but the total mineral matgeraported much higher for Coal D (double).
These observations are ascertained by Figure 1&-igoude 17, which plot Al value against the
corresponding excluded mineral and total minerattenaCarbominerite reported above are

discussed in the next section.
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Figure 16: Effects of exclude minerals on Al Figue 17: Effects of total mineral matter on Al

Figure 16 significantly shows that Al increasesagntially with excluded minerals. Figure 17
reveals that abrasion increases with increasetah noinerals. In short it is evident from Table 8
and Figure 16 that abrasion of coal samples ineee@xponentially with excluded minerals.
High total mineral matter can cause coals to basabe, unless if that coal is oxidised (as in
Coal C).

4.7.3. Microlithotypes

The microscopic layers that form from the assoomatf both organic and inorganic components
of coal, occurring in width greater than 50 pm, &@rened microlithotypes (Falcon and Snyman,
1986). The microlithotypes groups discussed hene\aaalysed following ISO 7404-4 (1994),
reported in volume %. The full set of results om tmicrolithotypes analysis is located in
Appendix A (Table A5). Table 9 reports a summaryhaf analysed microlithotypes with the Al

values.
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Table 9: Abrasion index and Microlithotypes

Coal name Al Carbominerite Vitrite Inertite Intermediates
(mg/kg) Vol % Vol % Vol % Vol %

Coal A 87.35 10.0 9.6 35.2 11.8

Coal B 115.58 12.0 23.8 18.0 9.6

Coal C 28.63 5.8 4.0 334 9.4

Coal D 85.70 20.2 8.0 14.0 8.6

Coal E 51.15 10.0 9.6 35.2 11.8

Note: intermediates refer to bi and tri- microlityjoes.

The effects of these microlithotypes are shown welbut, with the exclusion of organic

microlithotypes or mineral free microlithotypesoRr Table 9 it is evident that Al increases with

vitrite, and decreases with inertite.
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Figure 18: Effects of carbominerites on Al Figure 9: Effects of intermediate microlithotypes on Al

Figure 18 shows that there is a clear correlatienvben Al and carbominerite. An exponential
behavior is portrait by Figure 18, which suggebtt tarbominerite did impact on the abrasive
guality of coal samples used for this study. Howetreere is an outlier (Coal D) which makes it
impossible to conclude with efficacy that carbomitgeare influential to Al in this study. In
contrast to literature, no conclusive deductionsld¢de made from Figure 19, which shows a
lack of correlation between intermediates micraliffpes to Al. This is not in support of the
literature that concluded that, bi macerals angarticular tri macerals are hard enough to induce

abrasive quality of coals.

To summarise, section 4.7, this section shows ftfeete of vitrinite and inertinite on Al in
section 4.7.1 and Table 9. It is shown here thainite did influence the Al as oppose to
inertinite which increased with a decrease in Alséction 4.7.2 it was shown that silicates in the
coal samples impacted on the reported Al values,plytite and carbonate minerals did not
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impact on the reported Al values. This is shownHiyure A5 in Appendix A and Figure 15
respectively. This section also shows that carbents might have influenced the reported Al,
and excluded minerals, not intermediates microlithes did not influence Al as well as total

minerals.

4.8. Chemical analyses

X-ray fluorescence was used here to determinesheogides of coal samples. X-ray diffraction
was used for mineral quantification using Rietvatdlysis. SEM-EDS was used to characterise
the shape and the morphology of coal particles. difemical constituents of the coal samples
determined with SEM-EDS are given in Appendix ApblEaA10-Al4. Results obtained using

these techniques are given below together withr thecussion.

4.8.1. X-ray fluorescence spectroscopy

The ash oxides reported in Table 10 were determmoed Wit-lab. What is significant from the
results reported in Table 10 is that the coal sampinalysed show a different range of the
chemical composition. Note thatCk is not reported in Table 10 as it was obtaineldet®.01%

for four coals and 0.04% for Coal C.

The results in Table 10 show that $ifor all coals samples was at least 50% and highmw.
and high SiQ is reported for Coal E and Coal B respectivelymi&irly Al,Os is reported
between 23% and 35% for the coal samples. Coaldah#east 33.49% ADs, and Coal B had
23.09% of ApO3 which was the lowest. As anticipated oxides suclCa®, MgO, TiQ, and
Fe,0O; are significant, but in relatively small quant#tiéor all coal samples. The exception is
Coal C, reports relatively high content of;B6e Iron oxide is an oxidised form of pyrite. Low

sulphur is reported for Coal D only.
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Table 10: XRF Constituent Analyses: Air dry base, %

Coal name SiO, Al 03 Fe,0O3 TiO, P,Os CaO KO MgO NaS MnO SOs

Coal A 56.13 2454 6.27 460 0.16 253 036 1.05 0.28 0.02 244

Coal B 5741 23.09 529 470 020 270 048 113 0.31 0.&60

Coal C 50.08 25.83 10.01 460 111 2.61 039 133 0.09 0.05 1.60

Coal D 54.46 3349 262 5.03 046 0.74 0.27 037 0.07 0.@n44

Coal E 49.02 29.26 6.17 4.19 0.70 3.38 0.32 0.93 0.07 0.03 2.76

Looking at Table 1 and Table 10, it can be suggettat the reported ash values in Tablel were
made up mostly of SiQand ALO3, then MgO, S@CaO, FgO; and TiQ and least mounts of
N&S, MnO, KO and BOs.

4.8.2. X-ray diffraction

X-ray diffraction is one of the first techniqueshtie able to definitively identify minerals in coal
samples. The use of Rietveld methods has advaheedetermination of minerals in coals. It is
emphasised that when reporting XRD data the errust be reported as the minerals
determined using XRD are semi-quantitative owingit® limitations (Ward, 2002). XRD
patterns of the identified phases of the mineredsr@ported in Appendix A, Section A.2.3. The
results in Table 11 were determined using PAN edytX'Pert Pro powder diffractometer with
X'Celerator detector and variable divergence- ardd receiving slits with Fe filtered CoeK
radiation.
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Table 11: Mineralogy of coal samples (ROM) using ROQUANT (wt, %)

Mineral Coal A Coal B Coal C Coal D Coal E

Ankerite 3.72 1.42 0.42 3.64 4.23

Dolomite 0.89 131 0.18 0.63 0.18

Gypsum 0.00 0.00 0.00 0.00 0.69

Magnetite 0.81 1.12 0.71 1.29 0.87

Quartz 12.10 18.02 7.78 14.25 7.23

Siderite 0.00 0.00 0.16 2.60 1.58

Table 11 shows the principal minerals that weresgmé in the coal samples using XRD.
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Reported results indicate that all coal sampledatoad significant amounts of kaolinite (clay
mineral), quartz (silicon dioxide mineral) and antee(carbonate mineral). Also present in the
coal samples was calcite (carbonate mineral) excefoal C which reported 0.00% calcite.
Rutile, pyrite, magnetite, anatase, and dolomigenainor minerals reported for the coal samples.
Siderite was a minor mineral in Coals C, D, anduij was absent in Coals A and B. Siderite is
an iron-bearing mineral like pyrite and magnei@gpsum was not reported for all four coals but
it was present in Coal E in minor quantities. Gitgplvhich is a semi-quantification of all the
organic carbon (as well as other amorphous phdge®sent) represented all the amorphous

phase materials that were present in coals.

In general results in Table 11 indicate that thal @amples contained mostly of clay mineral
followed by quartz mineral then carbonate mineralsn bearing mineral particularly siderite
and pyrite were minor mineral present in the ca@ahgles.As discussed in Chapter 2, certain
minerals are responsible for the abrasive quafigoals. Minerals such as quartz and pyrite have
a great influence on Al. Carbonates are soft aastlabrasive. To indicate what Table 11 means
to this study, mineral grouping were used to ingas¢ which mineral group influence Al.

Figure 20 was generated from the results in Table 1
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Figure 20: Effects of principle minerals on Al

Figure 20 suggests that quartz certainly influertbesabrasive quality of coal samples. This is

because Al increases linearly with increasing queohtent. There appears to be an outlier in the
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correlation drawn between quartz and Al. This eutis Coal C. A general trend exists between
Al and clay minerals. Figure 20 suggests that wtlag minerals increase, Al decreased. But
this was not conclusive as only three coals aragreement with the statement and two other
coals which are Coals D and E did not conform te dbservation. Figure 20 suggests that
carbonate minerals increased linearly with decrégagd. Least amounts of carbonate minerals
were reported for Coal C which was an outlier soarelation drawn between carbonates and Al.
It appears from Figure 20 that pyrite was not iefitial tothe reported Al values. This is true
since pyrite in South African coals is least dissated compared to other minerals like clays,

and it exists in association, unlike quartz whioh present in isolation in coals.

This study looked at both ash analysis (TGA and XRmineralogy by both XRD and
petrography, it is therefore necessary that theltseshould be compared. For comparison
reasons total minerals (Table 8) as determinedetrypgraphy and XRD are used, and also XRD
results are compared to the ash analysis repartédble 1. These results are combined and are

shown in Table 12.

Table 12: Comparison between XRD, Ash and Petrogrdyy

Coal name XRD mineral Ash by TGA Petrography minera
Coal A 42.73 30.7 16.8

Coal B 54.56 38.6 20.8

Coal C 42.55 41.2 13.6

Coal D 62.09 42.0 30.8

Coal E 46.44 33.6 20.0
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Note that in Table 12, the given XRD results arly ominerals; exclusion of graphite results, and

the reported Petrography minerals are total misdram the macerals group.

Generally speaking it is known that petrographicadiported minerals are always less than the
XRD determined minerals. The difference can bebaited to the known fact that petrography is
a point count microscope; therefore its abilitygteantify minerals in coals can be influenced by
particle size, which is not a problem with XRD teifues. Also ash, which is the remains of
burnt coals, has to be less than the actual rep{BD minerals (Hutton and Mandile, 1996).
Comparison, by inspection following on Table 12fween XRD determined minerals and
petrography is somehow what was anticipated. THerdnce is attributable to PSD analysed.
Petrography reports at least 20% of minerals fal€8 and E, and XRD reports a difference of
8% for the said coals. Similarly petrography rep@%o difference of minerals between Coals A
and C while XRD reports 42% difference.

Comparison between ash and XRD is also given inellab What is obvious in the table is that
ash is less than XRD reported minerals. This staténs supported by all coals except Coal C.
At least 1.4% difference between XRD minerals astuia observable. The reasons as to why the
ash content and mineralogy quantified using XRBgsally for Coal C cannot be accounted for,
but it can be suggested that the said coal migthtsifered in-situ oxidation which can lead to
mineral transformation. It is a known fact that eri@s such as carbonates, and kaolinite can
dehydrate. Kaolinite can be influenced by low terapge hydrothermal alteration thereby
reporting high aluminium silicate; which is the mpary ash forming constituent together with
silicon dioxide (Matjie and van Alphen, 2008). XRRd XRD report at least 34% of aluminium
silicate and kaolinite respectively for Coal D &% difference of the said constituents for Coal
E. But, in the same sequence these techniquestsefidr, 5%, and 6% difference of the said

constituents for Coals A, C and B respectively.

The other thing prominent between XRD and XRF rieggbdata is the iron content, which in

XRD is reported as hematite, pyrite and sideritel #r XRF is reported as iron oxide (Fe203).
Low contents of iron bearing minerals are repoligéKRD, but XRF has reported an enormous
increase in iron, particularly for Coal C which hatdeast 2% of iron bearing minerals, and had
reported 10% of iron oxides. What can be said logkit XRF and XRD data is that the disparity
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in the results is transparent, the differences igiannot be accounted for, the only thing that
can be said is that, it must be realised that XRRan elemental technique and XRD is a
guantification technique. The results producedhasée techniques can be influenced by both the

analytical procedures for analysis and also thpgragion methods.

In summary, this study made the observation thattguaffects the abrasive quality of coals as
reported by XRD. Carbonates and clays did not teambals being abrasive. Abrasion of the coal
samples was not influenced by pyrite as anticipatéderals determined using petrography and
XRD concluded different effects to Al. Petrographitalysis indicated that only clays did affect
Al of coals. XRD analysis concluded that quartz hrghly abrasive, and that the abrasive
quality of coals decreases with increase in clagd aarbonates. Equally though, these
techniques showed that pyrite in South African RObdAls is not abrasive. TGA results and
XRD reports ambiguous results for Coal C only. @iféerence in results reported by both XRD

and XRF can be attributed to sample preparatiomagttiods of analysis (analytical errors).

4.8.3. Energy dispersive scanning electron microscope

Coal samples were analysed for their shape andhuolmgy using SEM technique. Digital back
scattered images were captured at 500 magnificateordomly across the coal sample surface
area. Using energy dispersive X-ray spectrometBIS)Ethe chemical analyses of the samples
were obtained. They are included in Appendix A,.A.&s they were used to compare with the
XRF results obtained from Witlab. Results were wigd, which were interpreted based on the
shape, size and morphology. Figure 20 shows thepmotwgy of the coal samples. It is well
established that sharp coal particle together witherals are far abrasive than round particles;
this is due to indentation effects. Non round péet are able to indent on any metal surface they
come into contact with. Discussion on these miapgs will be used in connection with the

reported Al values to illustrate the effects of ptarlogy on wear.
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Figure 21: SEM micrographs of the coal samples (CtaA-E)

The micrographs of Coal A aboveshows that this dwa mixed particles. The mixture is
comprised of particles that are laminar with almlgsint edges, and round edge particles. The
micrograph of Coal B micrograph shows that thisl dwal fine grains mixed with very edged
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and sharp particles. No round particles are obslenrthin this coal sample. Coal C micrograph
indicates that this coal had predominantly roureBst edged, non sharp particles, which
appeared to be enclosed by round particles. Coalidbograph indicates that this coal sample
had particles that were not round, edged, but Iparticles. Coal E had particles that were round
with edges, and laminar. Described morphologiesllafoal samples may indicate that Coal B is
likely to be abrasive, Coal C unlikely to be abvasat all, Coal E may be a medium hard or
abrasive coal, with Coal A and D being almost elgusthrasive. The Al values reported in Table

3 follow a similar trend.

From both Table 3 and the micrographs of the dagidiscussed above, it may be distinct why
Coal B is the most abrasive of all coals studied why Coal C is not abrasive. It may also be

noticeable why Coals A and D are equally abrasive.

4.9. Particle size distribution

Particle size analysis (PSD) was conducted on théugt coals, after the abrasive quality of coal
samples were tested, using a sieve method. PSDisresa given in Table 13. Four class sizes
were decided on as indicated in Table 13. It iarcteat only 19% of Coal B feed material (2000
g) passed the target sieve (- 75 um), which idaést, followed by Coal A, where only 30.25%
passed the target sieve. The most material recdyEssing the target sieve is for Coals D, C
and E, which are 34.75%, 34.5 % and 32.5%, respyti

The top sizes indicate that out of the total matded into the abrasive tester pot for grinding
59.25% of Coal B and 56.75% of Coal A did not rezluthe coals that had most of the feed
material (-1475 pm) reduced are Coals C and E. a3 © feed material, only 47.75% passed
the top size mesh. These results indicated thatEwas most resistive to grinding, followed by
Coal A and D, then Coal C and E. From this is gaesto conclude that Coal B was most
abrasive followed by Coals A and D, the least abeasiere Coals C and E. Table 3 similarly

reports the same trend of abrasiveness of theseoaples.
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Table 13: Particle size distribution obtained usingsieve method after Al testing

Coal Name Al (mg/kg) Class 1 Class 2 Class 3 Class 4

-75 pm +75-150 ym  -150 +850 um  -850+1470 pm
Coal A 87.35 605.00 30.00 135.00 1135.00
Coal B 115.58 380.00 70.00 270.00 1185.00
Coal C 28.63 690.00 50.00 205.00 1030.00
Coal D 85.70 695.00 45.00 200.00 1045.00
Coal E 51.15 650.00 50.00 220.00 1030.00

PSD reported in Table 13 are indicative of thestesty of coals to grinding. PSD analyses can

be related to wear. Yancey, Geer and Price cite8pearo (1990) concluded that the greatest
abrasion sustained by blades is generally causetdrge particles. Spero (1990) concluded that
a coal that grinds with ease is quickly reduceth&ofiner sizes and exhibits less abrasion, while
a hard coal is not easily and rapidly pulverisezhde becoming abrasive over a longer period of

time. The PSD analyses conducted herein may bepipost ofthe said statements.

Figure 22 illustrates the effects of PSD on Al.$8l4, Class 2, Class 3 and Class 4 are indicative
of PSD (-75 um), (-150+75 pum), (-850+150 um), am850-1475um) respectively. These
classes of PSD are indicated in Table 13. The midiiss (class 2 and class 3) seem to have no
effects on the reported Al of the coal sampleS.vRues of 0.067 and 0.043 were obtained.
Figure 22 supports the observation that coarsécfemtare abrasive. This is indicated by Class 4
on the figure, which has?f 0.705. Class 1, which is represented by PSthest 75 pm mesh,

decreased with an increase in Al. That is, abrademreases with increasing mass recovered for
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Class 1. These results, both Table 13 and Figureo2®rm that abrasion is dependable on

coarse patrticles, and increases with decreasess reaovered for fine coals or Class 1.
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Figure 22: Effects of PSD on Al

In summary, this study has show that Coal B and 8pand Coal D are abrasive because of the
high moisture content, high vitrinite content, lavertinite content, high content of total minerals
(both included minerals and excluded minerals) uditlg quartz, significant amounts of

monomaceral (vitrite), and consisting mostly of fonnd particles. The same constituents of
coals that influenced the latter coals had infleehé&l of Coal E. The only difference was the

mineral quantities, which were variably less in CBaCoal C was thought to be oxidised, it

therefore was not abrasive.

The results indicate that coals can be soft andsal® or hard and not abrasive. Regression
analysis produced using experimental results caedithat HGI and Al are independent. This
study showed that excluded minerals and includederals are equally abrasive. This study

therefore has succeeded, using analytical techsidgu@ were chosen, in revealing the key
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characteristics of coals that lead to abrasionndugrinding. Three body abrasive wear was

found to be the resulting wear, when coal were iggan an abrasion index tester pot.

4.10.Abrasiveness, Grindability and Energy

If a mill is to effectively and efficiently grindaals, coals need to be dried. This is because moist
coals grind with difficulty, which then results @nhancing power or energy consumption. The
understanding of how much energy a mill uses tacedeed coal of particular size to pulverised
size is of importance. The importance of this isgbucost and maintenance related. An abrasion
index tester pot used in this study ground coalmgns of the impact mechanism, revolving at
1470 rpm for 12000 revolutions. To determine tataergy utilised by the pot during grinding,
equations for rotational bodies were used. Theggrnimrmula for YGP mills is given in Scieszka
(1985) without derivation.

For this study the said formula was first deriviedrt used. It was derived from first principles of
rotational motions (mechanics). The nature ofthik and the blades, the revolutions the pot
will complete at a particular speed to completadjng, and the feed masses of coals are given.
For the derivation of the energy equation fromtfpenciples, only the revolutions and angular
speed are of importance. The derivation is givenAppendix B. Here the derivation is

summarised and used.

4.10.1.Calculations using an energy-time derived formula

4.10.1. (a) Conversion factors:

0 = 12000 revs or 6 = 12000 * 211 = 75398.22 rad 4)
N = 1470 £ 30 rpm, @ = = = 153.94 rad s~ (5)

By definition energy input is the product of torquember of revolutions and angle of rotation;

E =01 (6)
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Wheref and t are angle of rotation and torque respectively
E = Riw?* (7)
WhereR2andw? arerotorradiusandangularvelocityrespectively

Equation (7) is brought here to calculate the enefghe mill at full speed. That is, the energy
of the mill at steady state. The formula is givemikolov (2002; 2004).

4.10.1. (b) Energy calculations:

To arrive at the determination of energy inputgter must be calculated. Torque is defined as
the tendency force (F) to rotate an object. Faatrabal motion’s, Newton’s second law can best
be used to describe the relationship between toagaeacceleration. Torque is the product of

mass [) moment of inertia and the angular acceleratignNlathematically expressed as:
T=la (8)

I used in this study was calculated and used asnatai@. As for the determination af

rotational motion equation was considered.
Angular acceleration for rotating bodies is defirasdwfc = w? + 2a6 (9)
Where wj? and w? are final and initial angulaur velocities respectively

When equation (9) is rearranged makimgsubject of the formula, angular acceleration is
obtainable. Since the grinding component of abragiolex tester pot is stationary at first, the
first term on the right hand of equation (9) ispdnt This term is the initial rotational speed. By
substituting the values obtained in equation (4) €) into equation (9)x was obtained to be
0.157 rad/3 Substituting this value into equation (8), torqwewas obtained to be 0.314 kg
rad/€. In this study torque is calculated in order takklsh how much energy is utilised when 2

kg of coal is rotated. By substituting 0.314 kg/sadnto equation (6) and multiplying by
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rotational angle which was taken to bef@r a single completed revolution, E was obtaiteede
1.973 Kg rad sP. This is the energy used by a mill when chargeat. $teady state using
equation (8), energy was calculated to be 148.764Tke latter energy values will be used to
calculate the energy a mill use at the initial sgagf mill where abrasion is assumed to be very

intensive.

Five ROM coals were used in this study. It was dfee important to understand how much
energy was needed to grind a particular coal ursti@ndard conditions assuming the total
moisture reported in Table 2. To calculate energies for every coal, an equation relating
torque to time was to be established. This torgque-equation is termed the integral torque as

described in Scieszka (1985). Mathematically iraetprque is expressed as:
T= %fot Tdt (10)

Wherert is an average integral torque, Nm

To describe the effects of time on torque duringding or milling, consider Figure 22and see a
study by Rabinowicet al (1961). Let Figure 22represent a hypotheticatttayry path depicting
power consumption by a mill during comminution.rAark the starting point or initial grinding
point were power is still minimum; B, the pointwahich the mill has reached maximum speed
(steady state); C, is a steady state region. PAaBeshows the power consumption with an
increase in time, which is exponential. At thisystat can be assumed that, the mill is not at full
speed, therefore energy consumption will increasle time hence abrasion will be maximum.
Phase B-C is a steady state, so to speak. Herenithes assumed to be at full speed. At this
stage power is no longer dependent on the speédeahill as well as time, as it is stated in
Austin (2004) that power of any mill is proportidria the speed during milling. At this stage
residence time of particles cling on the bladesiiisimum, hence least abrasive. Most work on
the understanding of how particles abrade bladesetisas power models has been centred on

the steady state stage conditions.
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Power at max

Steady state

Power (J)

Time (s)
Figure 23: Diagram showing how power is consumed i time during milling

A study by Misra and Finnie (1981) explained tlatsteady state there is no time for the heat
(energy) to be transferred into the material beibhgaded, and because of this, the stress of the
surface of the blades induced through grinding dibp, thereby reducing the abrasion effect
(residence time dependent). In short abrasion gh kit phase A-B and drops (or remains
constant) significant at steady state, and willseaa deceleration when a mill comes to the stop

after trajectory BC.

Equation (10) is used to calculate the averageutof the mill which is used into calculating
the energy used by a mill during comminution. Théues are tabulated in Table14 below. Also
included is the difference in energies between #aB and Phase B-C as shown by Figure 23.
This energy difference tells one the energy used byill to produce heat (friction between
material and coal particles) which in turn leadshi® blades being abraded, or simply the energy

is used in creating the new surface area of a paliticle.

Energy values reported in Tablel4 are the enetbesnill consumed to create a new particle
during comminution. This energy is for the wholetimo until the rotor came to rest. That is, the
energy from initial velocities until steady stamergy of about 74.35 kJ was obtained using the
steady state formula given in Nikolov (2002). Frthis energy value and the tabulated energies,
the difference in energy representing the energyl uisto create a new surface can be known.
This is the energy a mill will consume before reagtsteady state. This energy is important in a
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sense that it can be used to calculate the powersred during early stages of grinding from
which it is believed to be proportional to velocit this stage heat is known to result which is
transferred into the material surface thereby legdo material wear off. By calculating these

powers, it can be ascertained at what stage wasiabrhighest on the grinding elements.

Table 14: Torque, Energy and Power values

Coal Name Torque (Nm) Energy (kJ) Energy difference Power (kJ/s)
(kJ)

Coal A 0.121 760 685.65 1.63

Coal B 0.118 741 666.65 1.55

Coal C 0.117 735 660.65 1.52

Coal D 0.118 741 666.65 1.55

Coal E 0.116 729 654.65 1.50

Energy and power values tabulated in Table1l4 sugbes Coals B and D can be of same
strength even though their Al values are of grafier@nce (namely 115.6 mg/kg and 85.7
mg/kg respectively). A similar observation is giviey Coals C and E which have Al values of
28.63 mg/kg and 51.15 mg/kg respectively. The gneitference illustrates plainly that apart
from Coals B and D, and Coals C and E showing saraakage, Coal A utilised most power,

which could mean it was most resistive to breakargl hence is abrasive.

One can ask why one would go to such extremes ¢erstand how torque is influenced by
time? The real sense is that, apart from energythvaugh calculations that involve energy, the
abrasion properties of coals can be evaluated. eiep of coals such as abrasion factor,

intensity of abrasion, wear resistance and comnanubdex can be determined empirically. The

MSc (Eng): Chemical 89



Coal Abrasion during Grinding Chapter 4: Results and discussions

latter is directly related not only to the coal pedies but also to the properties of the grinding
system. This coal property is the quantity that lbarused to evaluate the ease at which coal was
ground or can be crushed (grindability), which éturn can be directly related to abrasion. The
intensity of abrasion is an important inherent ey of coal since it is used to evaluate the coal
bed moisture (Spero, 1990).

The most important property of coal that is realjdeased on the energy with which the machine
pulverise coal, is the work index (W This quantity, introduced by Bond (1952) cited i
(Warren Spring Laboratory, 1962),and (Scieszkap),98 used to evaluate the relative residence
of coal consisting of different small coal massdm), the efficiency of machine and other
different process during tests (Spero, 1990). Tidex is used to calculate the definite energy
applied in reducing coal of infinite particle site at least 80% that will pass the W& mesh
(Scieszka, 1985). The values are given in Table 15.

Tablel5 shows the statistical values of abrasioensity, abrasion factor, wear resistance and
work index respectively. Aland AF together represent the abrasion property of cead,are
also used to establish through predictions theduwitg of the blades, with WiRbeing indicative
of the materials resistance to wear. IC is indi@abf the ease with which coals can be ground.

Wi only indicates the energy inputs that a milllwiéed to achieve a pulverised coal.

Tablel5 indicates that Coal B has high values ofafB Al followed by Coal A, D, E then C
respectively. IC indicates that Coal B and A grownth difficulty. Wear resistance (WRis low
for Coals B, A and D respectively, least for Coati@l medium for Coal E. High energy input
was used by the abrasion tester pot to grind dasd A, which was then equivalent for the

other coals.

MSc (Eng): Chemical 90



Coal Abrasion during Grinding Chapter 4: Results and discussions

Table 15: Abrasion intensity (Al;), abrasion factor (AF), wear resistance (WR and work

index (WI;) values

Coal Name Al (mgm?s)  AFi(mgkg!) WR, WI; (kJ/g) IC(mg/kg)*1E06
(kJ/mg)

Coal A 873.50 288.76 4.35 4.29 796.05

Coal B 1216.58 608.29 3.21 4.88 512.82

Coal C 286.25 82.97 12.84 4.02 931.17

Coal D 857.00 246.62 4.32 4.04 937.92

Coal E 511.50 157.38 7.13 4.02 891.63

Table 15 and Table 3 together tabulate the mechlproperties of coal samples used here.
From both tables it is evident that when &hd AF are high Al is high, and when; Ahd AF are

low Al is low. This is shown by Coal B and Coal €spectively. Coal E has the smallest AF and
Al; values, this holds since this coal is least abea@Boal C is not abrasive, indicated by the Al
values). Tables 3 and 15 also indicate that whervallies are high, wear resistance is low,
indicated by Coal B, A and D respectively. The reeeholds, indicated by Coal C and E

respectively.

From Table 15 it is clear that abrasion intensiswncreasing from Coals C, E, D, A to Coal B
respectively. This was anticipated since Al is acfion of coal bed moisture (Spero, 1990),
which varies logarithmically with temperature (Spefi990; Coldham, 1989). The moisture
content of this coals is reported in Table 2, whishhigh for Coal B and A respectively.
Sengupta (2002) using Indian coals, has shown tlwhen wear resistance decrease the
grindability values will increase. Looking at thalwes of WRi and IC reported in Tablel5, this
becomes apparent.
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In summary, it can be said with certainty that @&id AF are coal mechanical properties that are
closely related to abrasion index. When wear rasc is low, it would mean coals are abrasive
and vice versa, similarly for index of communitidrhe study corroborates the fact that abrasive
coals are power intensive. This is ascertainechbytork index values reported, which are high

for abrasive coals and low for less or non abrasoads.

4.11. Addition section on Multilinear analysis (required by the examiner)

Multilinear regression analysis is applied to expental data when researchers want to
investigate the relationship between independenabi@s and dependent variables. Multilinear
regression analysis can be performed using compn#thematical software’s. Typical excel
add-in functions are there as tools used to solvkilmear regression equations; equally so are
Matlab computer mathematical software’s. These doftware’s, Matlab and excel-Linest, were
used (for comparison reason) to give coefficiert€Equation 11 such that a general linear
equation describing Al as a function of coal cdnstits is known. The equation was used to
indicate, conclusively which of the coal constitutgudied and discussed above are the key

factors which influenced abrasion index of the gaahples.

Yi = M1X1 + MZXZ + M3X3 + -+ Man (11)

Equation 11 is a general linear equation of fisét of data used to fit experimental data such
that meaning is given to the data. For this stad$, X 13 matrix (see Table C1, Appendix C)
need to be solve such that only those coal coesitituthat strongly correlates with Al be
concluded. From the spread sheet obtained (ANOMU &4 ias attached in Appendix C, Table
C3) which showed the estimated coefficients ofitisependent variables the following equation

was generated:

Ycomp == 2.45 XZ + 1.33X3 - 1.53X4 + 1.68X6 - 0.24’X11 (12)

Where in equation (12): Ycomp refers to the Y valoéthe computer fitted function;
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Xa, X3 X4, Xg, and X, refer to HGI, vitrinite, inertinite, carbomineri{@cluded minerals), and

guartz respectively. By substituting all the X v@dufrom the experimental data into equation
(12) we are able to determine Ycomp values, whidh reported in Table 16. Note that a
coefficient of total moisture ((X1) and total miaématter (X7) are zero, this is true since basic

excel gave an exponential behaviour and here arliimee was fit through data points.

To understand or give meaning to this equatiomesed experimental variance’)Ssum of the
square residual (SSR: Difference between experahefaiue of the response and a computer
value), R, and adjusted Rwere calculated using the following equations eesipely; data

which is reported in Table 16:

SSR = X(Y; ~ Yeomp)® (13)

g2 = Z(i~Yeomp)® (14)
N—P

Y (Exp mean) = Yi/5 (15)

R?=1- (22 (16)

Adjusted R? = (-2 (17)

1-R?

Where N=number of experiments, and P=number officteits of the computer produced
model.

Typically, regression analysis is said to give goesults when a Ris close to 1, and SSR is
small. Table 16 indicate that the input Y (or exmental Y values) is not that far when
comparing to computed Y values. Given the undedstgnthat when SSR and R”2 are small
results are good, then it may be concluded thard¢kelts as shown in the Table 16 are good,

indicating that the experimental data was not thiabut from the computed results.
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Table 16: Multilinear regression data

Yi Y comp SSR SN2 Y (Exp Adjusted R"2

(Exp) Mean) RA2

87.4 87.90 0.25 0.05 737 187.69 0.998678651
115.6 116.00 0.17 0.03 73.7 1755.61 0.999903313
28.6 29.10 0.27 0.05 737 2034.01 0.999869098
85.7 86.10 0.16 0.03 73.7 144.00 0.998888889
51.2 51.60 0.12 0.03 737 506.25 0.999744

In comparison, results obtained using basic exaelecfitting concluded that total moisture,
excluded and included mineral or carbomineritestinge and vitrinite will influence abrasion of
coals. On the contrary basic excel did not find sigyificant relationship between Al and HGI,
but Linest and Matlab concluded, in addition to theasic excel revealed to being the
constituent of coals that influences Al (excludiotal moisture and excluded minerals), HGI to
have a linear influence on Al of coal samples. kiner Matlab would not find a linear trend
between Al and total moisture and Al and excludeidenals respectively since they were
exponentially impact on Al. In conclusion, it woute said here that even though basic excel
work for data point fitting it has limitations; asdicated by relationship between Al and HGI,
which therefore means multilinear regression amalysust be used for as a primary tool in
statistical analysis for experimental data analgaish that valuable information is extracted from

the obtained experimental data.
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CHAPTER 5: CONCLUSIONS

At the begin of this work it was stated that this study serves as part of a larger project that will
aim at devising a standard method acceptable for testing coals for abrasion in South Africa.
Currently in South Africa there is no acceptable standard method for testing coals for the
abrasion index. The technique referred to as YGP (Yancey, Geer and Price) proposed and
accepted in 1951 is most commonly used for test coals for the abrasion index. Over the years
there have been some modifications to this method both by mining houses and coal users (such
as Eskom) which have resulted in inconsistent and conflicting results. This study primarily

sought to establish the key characteristics of coals that influence abrasion during grinding.

In this study five South African ROM coals were characterised both chemically and physically
using techniques and methodologies that are discussed in Chapter 3. For chemical analysis X-ray
Fluorescence and FEI Quanta 200 scanning electron microscope fitted with Oxford INCA 400
energy dispersive X-ray were used. For the organic and inorganic matter analysis, a Leica
DM4500P petrography microscope, X-ray diffraction (PANalytical X’Pert Pro powder
diffractometer with X’Celerator detector and variable divergence- and fixed receiving slits with

Fe filtered Co-Ka radiation) were used.

Hardgrove machine, Abrasion index tester pot and the sieve method were used to determine the
grinding properties of the coal samples. These grinding properties are referred to as HGI, Al, and
PSD respectively. Perkin-Elmer simultaneous thermogravimetric analyser (STA 6000) equipped
with Pyris Manager Software was used for proximate analysis. A Labcon moisture oven was
used to analyse for the inherent moisture of the coal samples. FEI Quanta 200 SEM fitted with an
Oxford INCA 400 EDS was used primarily for the characterisation of the blades surface
topography, particle shape and particle morphology. The energy utilised by the grinding machine
was calculated using energy models, this help to further establish the grinding properties of coal.
Abrasion factor, abrasion intensity, wear resistance, and work index were calculated using

energy and PSD results.
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The results obtained from all the listed analytical techniques indicate that moisture was the only
chemical constituent that affected abrasion of the coal samples. Ash content did not appear to
influence Al of coal samples. Coal physical properties that have influenced abrasion were
included minerals (carbominerite), vitrinite and vitrinite rich microlithotypes, and excluded
minerals including clay and quartz. The results on rank and abnormal conditions indicate that all
coal samples were Medium rank C type coals (Iso-rank) and only Coal C might have been
weathered. Weathered coals were identified to be soft and not abrasive when compared to
unweathered coals. Al; and AF appear to influence abrasion of the coal samples. It was shown by
this study that abrasion index increased with increasing AF and Alj; together. Also demonstrated
is the fact that work index values are proportional to Al values. The higher is the working index
of coals, the higher is the resulting AL. PSD analysis concluded that coarse particles are very
abrasive, and SEM morphology analysis indicated that non round and sharp coal particles are

abrasive.

In addition to the stated primary goal, this study specifically sought to address the points given

below together with their findings.

(1) Determine if the Abrasion Index (Al) and Hardgrove Grindability Index (HGI), empirical
correlations as developed by Scieszka (1985), can be verified using experimental results. It
transpired from this study that AI and HGI are independent of one another. This therefore might

suggest that grindability alone cannot be used to establish abrasion property of the coal samples.

(2) Determine if excluded minerals and included minerals are equally abrasive. It was shown that
excluded minerals are as highly abrasive as minerals contained in coal’s organic matter
(carbominerite). This was ascertained by correlating the petrographically identified mineral
constituents to the AI values obtained for all the coal samples. See Figure 15 and Figure 17
respectively. This therefore means it is equally important that included mineral be considered
when wear is studied as oppose to only reporting wear as a function of excluded minerals such as

pyrite and quartz.

(3) Establish the type of abrasive wear that occurred during coal grinding. Three body abrasive
wear was established to be the main wear during grinding in an abrasion index tester pot. This

was established from the surface topography of the blades obtained using SEM (see Figure 9).
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This might infer that predominantly three-body abrasive wear will result when coals are ground,

even in mills used at the industry to reduce coals.

Literature stated that moisture and ash content, inertinite rich coals, and minerals constituents
such as pyrite and quartz, and bimaceral and trimaceral microlithotypes amongst other coal
constituents have an influence on abrasion index of coals. In contrast, this study demonstrated
that ash content appears to have no influence on coal’s abrasiveness, and vitrinite rich coals have
an impact on the coals’ abrasiveness. In addition vitrite, a monomaceral comprising of 95% of
vitrinite macerals, was noted as one of the constituents that has an influence on Al of coals. This
study further showed that clays and quartz, and not pyrite, did influence the reported Al values of
the coal samples. This study supports the observation that moisture, and quartz influence
abrasive quality of coals. Also corroborated is the observation that excluded minerals, and
carbominerite contribute greatly to the abrasive quality of coals. Minerals reported for this study
were determined using petrography (point count method) and XRD with Siroquant software

capable of doing Rietveld analyses (qualitative method).

Thus the overall factors affecting the abrasive quality of coals are divided below into sub-classes:

the chemical and physical properties.
5.1. Chemical constituents influencing abrasive quality of coal is:
a. Total moisture
5.2. Physical constituents of coals influencing abrasive quality were:

a. Minerals such as clays and quartz (silicates)

b. excluded minerals, included minerals, inertinite and vitrinite
5.3. Grinding (or abrasion) properties affecting abrasive quality of coals were:

a. Particle size (coarse) and morphology (non-round)
b. Abrasion intensity and abrasion factor (together)

c. HGI (confirmed by multilinear regression analysis)
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CHAPTER 6: BENEFITS, RECOMMENDATIONS AND FUTURE WORK

The results reported for this research can be used as a guideline for the selection of materials that
can be used into making the blades such that wear on mills is reduced. Not only the results of this
research can be used for material selection, but they can also be used to understand how long the
new developed cutting blades can last when used in a large scale pulverising machine. This
therefore will help improve maintenance, and reduce cost related to wear. That is, the results
herein may act as a control to maintenance, and help in choosing of materials that will potentially
be resistive to wearing from which mill cutting blades and components can be made or

constructed.
Recommendations that arise during this work are:

1. Results found here have to be compared to the full scale comminution results using a
mill fitted to the actual boiler. This helps by understanding if abrasion index study on a
laboratory scale can be used to predict what will happen at full scale.

2. Abrasion index tester pot needs to be designed such that an energy measuring device
can be fitted to it; this eliminates errors and the approximations in calculation done
here-in using empirical formula. This is said owing to the fact that power utilised in
every engineering process is of importance therefore it has to be thoroughly studied.

3. Corrosion-abrasion phenomena should be studied during comminution. This is because
water or residue that formed on the coal container and lid during comminution using an
abrasion index tester pot could have been contained and analysed for the pH, which can
be used in determining corrosion mechanism.

4. Many coal samples need to be tested to see if the results are reproducible thereby
adopting the abrasion index method used here towards formulating a South African

abrasion index standard method. That is, formulating SABS for testing Al of coals.

Future work can embrace the making of the blades following these results, thereby using them to
study abrasion index, when the study seeking to establish the South African abrasion index

standard method is undertaken.
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Appendix A: Raw Data and Spectrum
A.1: Moisture

Table Al: Free moisture values (Air dry basis)

Coal Buckets Initial Final Free Free Moisture
name masses mass mass Moisture (%)

Coal A 820 15630 15285 0.0 2.2

Coal B 820 16410 15485 0.1 5.9

Coal C 820 18325 18000 0.0 1.9

Coal D 815 20600 20295 0.0 15

Coal E 810 20100 19745 0.0 1.8

Table A2: Inherent moisture values (Air dry basis)

Coal name Trial 1 (%) Trial 2 (%) Trial 3 (%) Inher ent moisture (%)
Coal A 4.0 4.4 4.5 4.3

Coal B 54 4.7 4.5 4.9

Coal C 2.4 2.5 2.7 2.5

Coal D 2.3 2.5 2.7 2.5

Coal E 2.9 2.6 3.4 3.0

Results in Table A2 were determined using a maestwen following method described in
Lenahan and Murray-Smith (1986). This method calesl moisture of coals as function of
change in weight. The initial weight (weight befdreating at a range of 105°C- 110°C) is
subtracted from the resulting weight after 1hr 3@utes of heating. As indicated in Table A2,
three trials were taken. The reported results weesl with confidence after being confirmed by
an accredited laboratory called Witlab, which read the same results. Using Formula B2 it was

possible to calculate the reported total moistidit® coal samples.

Table A3: Inherent moisture (Witlab results)

Sample ldentity H,0 (%)
COAL A 4.3
COAL B 3.9
COALC 2.9
COALD 2.3
COAL E 2.5
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Table A2 and Table A3 report results obtained usig different techniques. It is evident from

the tables that results are comparable with sicpnifi difference shown by Coal B only.

A.2: raw data obtained using analytical techniques

A.2.1. Proximate analysis profiles
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A.2.2: Petrography
Table A4: Macerals analyses
TABLE 1: MACERAL GROUP ANALYSIS % (ISO 7404 - 3, 1994)
Maceral Group Maceral Sub Group Coal name
CoalA CoalB CoalC CoalD CoalE
VITRINITE Collinite 15.2 30.2 7.0 9.4 14
Pseudovitrinite 0.0 0.8 0.0 0.0 0.2
% Total Vitnite 15.2 31.0 7.0 9.4 14.2
LIPTINITE S/RIC 4.8 4.4 5.0 2.8 1.6
Alginite
% Total Liptiite 4.8 4.4 5.0 2.8 1.6
INERTINITE RSF 4.6 14 2.6 0.4 6.2
ISF 29.6 16.6 30.2 24.0 17.2
F/SEC 3.0 4.0 3.0 2.0 6.0
MIC 0.8 0.0 0.8 0.2 1.4
RINT 14 0.6 2.4 0.2 14
[INT 23.8 21.2 35.4 30.2 32.0
% Total Inenite 63.2 43.8 74.4 57.0 64.2
% TOTAL REACTIVE MACERALS 48.4 37.4 17.0 12.8 23.4
Mineral Matter clays & quartz
pyrite
carbonates
% TOTAL MINERAL MATTER 16.8 20.8 13.6 30.8 20.0
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Table A5: Microlithotype Group Analysis (ISO 7404-4 1994)

Group f.o.v. Microlithotype Coal name
CoalE CoalB CoalD CoalC Coal A
Monomaceral >95% Vitrite 9.6 23.8 8 4 11.6
Inertite Semi-Fusite(SF) 26 15.4 11 33.2 28.8
Fusite (F) 9.2 2.6 3 0.2 2.4
Inertodetrite 264 26 40 46.8 28
Liptite 0 0 0 0 0
Bimaceral <95% Vitrite+SF/ F 2.8 1.6 1.2 2.4 0.8
Vitrite + Inertodetrite 2.4 2.4 14 2.6 2.2
SF+ Inertodetrite 2.2 0.2 0.6 0.8 1.2
Clarite Vitrite + Liptite 0.4 0.8 0.2 0.4 0.6
Durite Inertite + Liptite 2 2.4 3.4 2.4 2
Trimaceral Each >5% Vitrite + Inertite + Liptite 2 2.2 1.8 0.8 2.4
Carbominerite 20-60%  Carboargilite 2.2 4.4 9.2 4.4 4.6
5-20% Carbopyrite 1.8 1.6 0.2 0.6 2.6
Carboankerite 14 1.6 14 0.2 2.6
Carbosilicate 4.6 4.4 9.2 0.6 2.2
Carbopolymineral 0 0 0.2 0 0
Rock >60%MM Rock 7 10.6 9.2 0.6 8
Key Values f.o.v. CoalE CoalB CoalD Coal C Coal A
>95% Vitrite 9.6 23.8 8.0 4.0 11.6
BI & TRl Intermediate 11.8 9.6 8.6 9.4 9.2
>95% Semi-Fusite/ Fusite 35.2 18.0 14.0 334 231
>95% Inertodetrite 26.4  26.0 40.0 46.8 280
Sapropelic 0.0 0.0 0.0 0.0 0.0
5-60% Carbominerite 10.0 12.0 20.2 58 12.0
>60% Rock 7.0 10.6 9.2 0.6 8.0
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Table A6: Rank analyses (1ISO7404 - 5, 1994)

Coal E Coal B Coal D Coal C Coal A

RoVmr% 0.72 0.62 0.70 0.73 0.63
Standard deviation 0.092 0.072 0.08 0.13 0.08
Range low 0.54 0.47 0.51 0.54 0.51

hig 0.91 0.85 0.96 1.04 0.96

h
RANK med Rank med rank Med Rank med Rank med rank
CATEGORY C C C C C

Table A6 presents coal rank analyses. The coals i8errank. Coal C was possibly weathered.

Table A7: Key variables

f.o.v field of view carboargilite = Clays

Sf Semifusite carbopyrite = Pyrite

F Fusite carboankerite = Carbonates

Mm mineral matter carbosilicate = Quartz
carbopolyminerals = mixed

Table A8: Coal Abnormal Condition (CAC) analysis

GROUP CONDITION CoalA CoalB CoalC CoalD CoalE
Fresh total fresh 68 69 68 80 80.5
Fissures Few 10.3 14.3 10.5 5.8 5.3
Intense 23 2.0 15 0.5 0.8
Cracks Few 6.3 5.8 2.5 3.3 4.3
Intense 0.0 0.0 15 0.0 0.0
Desiccated 0.0 0.0 0.0 0.0 0.5
Holes Leached 28 0.8 3.8 0.5 0.5
Inherent 51 2.5 2.8 3.8 5.5
porous fusinite 4.3 2.8 3.8 2.8 2.0
Heat affected Organic 0.0 0.0 0.0 0.0 0.0
inorganic / minerals g o 0.0 0.0 0.0 0.0
Discolouration  whole particle 1.3 3.0 5.3 3.5 0.8
dark zones 0.0 0.0 0.5 0.0 0.0
light zones 0.0 0.0 0.0 0.0 0.0
Total abnormal condition 324 31.2 32.2 20.2 19.7
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Table A9: Mineral Distribution Analysis

GROUP f.o.v.% Coal name

CoalE CoalB CoalD Coal C Coal A

20 -60 4 9.2 24.8 2.6 2.4

TOTAL 44.2 84.6 86.8 74.8 79.6
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A.2.4: SEM-EDS raw data

Table A10: Coal A SEM- EDS results

Element | Weight (%) Atomic (%) Compound (%) Formula
C 25.07 31.38 91.87 CO2
Mg 0.08 0.05 0.13 MgO
Al 1.32 0.73 2.49 Al203
Si 2.08 1.11 4.44 Sio2
S 0.10 0.05 0.26 SO3
K 0.08 0.03 0.10 K20
Ca 0.30 0.11 0.43 CaO
Ti 0.06 0.02 0.11 TiO2
Fe 0.14 0.04 0.18 FeO
O 70.76 66.48
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Table A11l: Coal B SEM- EDS results

Element | Weight (%) Atomic (%) Compound (%) Formula
C 24.17 30.54 88.55 CO2
Mg 0.11 0.07 0.19 MgO
Al 1.81 1.02 3.42 Al203
Si 2.98 161 6.37 Si02
S 0.18 0.09 0.45 SO3
K 0.10 0.04 0.12 K20
Ca 0.37 0.14 0.52 CaO
Ti 0.09 0.03 0.15 TiO2
Fe 0.18 0.05 0.23 FeO
@) 70.01 66.42

MSc (Eng): Chemical 117
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Table A12: Coal C SEM- EDS results

Element | Weight (%) Atomic (%) Compound (%frormula
C 25.66 31.94 94.04 CO2
Al 0.98 0.54 1.85 Al203
Si 1.36 0.72 291 SiO2
S 0.13 0.06 0.33 SO3
Ca 0.07 0.02 0.09 CaO
Ti 0.09 0.03 0.15 TiO2
Fe 0.49 0.13 0.63 FeO
@) 71.22 66.55

MSc (Eng): Chemical 118
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Table A13: Coal D SEM- EDS results

Element | Weight (%) Atomic (%) Compound (%) Formula
C 23.89 30.31 87.53 CcOo2
Mg 0.11 0.07 0.18 MgO
Al 2.12 1.20 4.01 Al203
Si 3.06 1.66 6.54 Sio2
P 0.07 0.04 0.16 P205
S 0.07 0.03 0.18 SO3
K 0.13 0.05 0.15 K20
Ca 0.48 0.18 0.67 CaO
Ti 0.14 0.04 0.23 TiO2
Fe 0.27 0.07 0.35 FeO
@) 69.67 66.35
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Table A14: Coal E SEM- EDS results

Element | Weight (%) Atomic (%) Compound (%) Formula

C 25.80 32.04 94.53 CcOo2

Mg 0.05 0.03 0.08 MgO

Al 0.93 0.52 1.77 Al203

Si 1.24 0.66 2.66 Sio2

S 0.13 0.06 0.31 SO3

Ca 0.24 0.09 0.33 CaO

Ti 0.06 0.02 0.09 TiO2

Fe 0.17 0.05 0.22 FeO

@) 71.38 66.55
MSc (Eng): Chemical 120



Coal Abrasion during Grinding Appendices

Appendix B: Equations used in this study

B.1: Formulas used to calculating results:

Moisture:

%Free moisture = % x 100% (B1)
371

% Total Moisture = X + M, (1 - %) * 100 (B2)

Abrasive index: Wear of blade

W=M; -M, (B3)

Al = W (B4)
Feed mass

Al = f(HGI,B) (BS)

Where B is the tribological properties of grindimgchine

Energy consumption:
1 ,td
T= Efo 7(t) dt (B6)

Where:t (1) is torque that is time dependents average integral value of torque (Nm), anid t
the time it takes a grinder to complete 12000 natvohs

El=2Ih (B7)
El energy input (J) by a mill when 2kg of coal sdnp rotated at one complete revolution

Mechanical properties of coals:

Abrasion factor of coal:

i\ 74
AF =22 (B8)

I ntensity of abrasion:

AW

Where: S=area of blade surface exposed to wear (m)
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Work index:

F
F-P

we=w(5)" & (810)

I ndex of comminution of coal:

_PC

IC =— (B11)

Wear resistance of material:

WR = 2L (B12)

AW

B.2. Prove of integral-torque formula:

E=2["7(t) dt (B13)
tY0

where t, T and dt are time, torque and change in time respectively

From laws of motion, we know by definition that:

T=1Ia (B14)

where 1,1 and a are torque, mass moment inertia and angular accelation respectively.

Also,a =22 (B15)
dt

dw
where s is change in angular velocity

Substituting (B15) into (B14), equation (B14) islueed to:

dw
T=122 (B16)

When equation (B16) is re-arranged and the integkadn, it reduces to:

MSc (Eng): Chemical 122
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t w
Jyrdt=1[dw

(B17)

Comparing equation (B13) and (B17), when equat®I3] is re-arranging, the right-hand side

of equation (B13) is the same as the left-hand sfdsquation (B17) and can be equated. After

the two equations are equated the results are:

Tt= Ifow dw, which will reduce to

Tt=1w (B18)
The boundary conditions used are:
_ (-t x<0 _(wg, x <0
T(t)_{t,th andd(w)_{w,xzw
Thereforet (t) = IT“) This completes the proof.
MSc (Eng): Chemical 123
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B.3: Abrasion index data

Table B1: Raw data used to calculate Al and tempetare readings

Coal A

Mass of Blades loss Sample 1 Sample 2 Extra turns Temperature Analysi:

M1(g) 91.8992 91.7206 11 T1 2121
M2(g) 91.7206 91.5498 11 T2 51 52
AM 0.1786 0.1708 AT(°C) 30 31
AM(mQ) 178.6 170.8

Al(mg/KQ) 89.3 85.4

AI(mg/Kg) 87.35

Coal B

Mass of Blades loss Sample 1 Sample 2 Extra turns Temperature Analysi:

M1(g) 91.5517 91.3231 11 T1(°C) 223
M2(g) 91.3231 91.0894 11 T2(°C) 59 58
AM 0.2286 0.2337 AT(°C) 36 35
AM(mgQ) 228.6 233.7

Al(mg/Kg) 114.3 116.85

AI(mg/Kg) 115.575

Coal C

Mass of Blades loss Sample 1 Sample 2 Extra turns Temperature Analysi:

M1(g) 90.7251 90.6658 12 T1 2@2
M2(g) 90.665 90.6114 12 T2 60 63
AM 0.0601 0.0544 AT 40 41
AM(mQ) 60.1 54.4

Al(mg/Kg) 30.05 27.2

AI(mg/Kg) 28.625

Coal D

Mass of Blades loss Sample 1 Sample 2 Extra turns Temperature Analysi:

M1(g) 90.8946 91.1144 10 T1 2120
M2(g) 90.7251 90.9411 10 T2 65 58
AM 0.1695 0.1733 AT 44 38
AM(mQ) 169.5 173.3

Al(mg/Kg) 84.75 86.65

AI(mg/Kg) 85.7

Coal E

Mass of Blades loss Sample 1 sample 2  Extra turns Temperature analysis
M1(g) 91.3149 91.2168 11 T1 21 21
M2(g) 91.2168 91.1103 11 T2 5%1
AM 0.0981 0.1065 AT 38 40
AM(mg) 98.1 106.5

Al(mg/Kg) 49.05 53.25

AI(mg/Kg) 51.15

MSc (Eng): Chemical 124
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B.4: Data used to calculate Torque, Enerqy and Power values

Area of the blades (S) was calculated to be 4.180-
What we know before actually doing the Al test is:

Diameter (2r) of the pot is of 203 mm and lengdhofl 229 mm respectively. Abrasion index

tester pot will revolve for 12000 revolutiorty,(at 1470 revolution per minute (rpm) (N).
©=25x 1470 = 153.94 rad s (B19)

6 = 12000 x 21 rad (B20)

In order calculate the utilized power, torque hatdé calculated. This is done by first calculating

[, which is given by:

T=Fr (B21)
Where F and r are force and radius respectively

By definition force is mass multiplied by perpendar acceleration, given by:

F=ma, (B22)
Substituting B22 into B21, B21 reduces to:

T=ma,r (B23)
2kg of coal size to -1470+850 micron was used @stasample.

a, =a, Xr=0.273ms? (B24)
By substituting 2kg and A6 torque) fvas calculated to be 0.058.

Another formula used to calculate torque is:

T=la (B25)

Comparing B 25 and B23, it is evident that | carob&ined, which was found to be 21 k§ m
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This meaning gyration radius (k) equal 10.5 m, eat#d usingl = mk? (B26)

Using Formula B6, it is evident that by integrati@mehniques average integral value of torque
(Nm) can be obtained. The values reported in TaBlePp. 76 was found using the following
times (s) recorded using a stop watch:

Table B2: Time intervals

Coal name Time (s)
Coal A 479
Coal B 465
Coal C 483
Coal D 477
Coal E 486

Table B2 reports time intervals used to calculbgedverage integral value of torque (Nm). Stop
watch was used to record the time intervals. A caline to rest far quicker when Coal B was

ground; it took it long when Coal C was ground.

B.5. Data used to calculate values reported in Table 15

Intensity of abrasion (IA was calculated using Formula B9 and data reparnetiable B1;
average values ofM values, Table B2 and the S value. Wear resistéywfe) was calculated
using data in Table 14 (Energy values) and TableaB&rage values @M values. Work index
(W) was calculated using energy values in Table Id Bable 13 (-75 micron weight), which
was substituted into B10 to get;Wsimilarly index of comminution (IC) was calculdtelata

reported in Table’s 13 (-75 micron) and 14.

MSc (Eng): Chemical 126
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Appendix C: Multilinear regression analysis

Table C1: Matrix table used to code in Matlab and Linest

Al X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12  X13
v)

MT HG \Vitri  Inert EM IM ™ Inter Carbo  X- P-QM X-Py P-Py

I QM

874 64 61 152 632 8 10 20 11.8 5.6 12 7.8 1.3 5.2
115.6 105 50 31 43.8 106 12 308 9.6 4.4 18.0 3.6 11 .2 3
286 43 51 7 74.4 0.6 5.8 136 94 5.6 7.8 4.4 0.9 1.4
857 4 52 9.4 57 9.2 208 208 8.6 0.6 143 6.4 0.5 1.2
512 48 50 142 642 7 10 16.8 118 5.2 7.2 35 1.6 3.8

Note: MT=total moisture, HGI=Hardgrove Grindabilitgdex, Vitri=vitrinite, Inert=inertinite,

EM=excluded minerals, IM=included minerals, TM=lotaminerals, Inter=intermediate
microlithotypes, Carbo=Carbominerite, X-QM=X-rayfftaction quantified quartz minerals, P-
QM=Petrography reported minerals, X-Py=X-ray ditian quantified pyrite mineral, and P-

Py=Petrography reported minerals

The matrix table was used in Matlab to solve fa tbefficients of equation (1). Note that same

results (coefficient estimates) were obtained whath Matlab and Linest were used.
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Matlab coding

x1=[6.4 10.5 4.3 4.0 4.8];

x2=[61.0 50.0 51.0 52.0 50.0]’;

x3=[15.2 31.0 7.0 9.4 14.2]

x4=[63.2 43.8 74.4 57.0 64.2]',

x5=[8.0 10.6 0.6 9.2 7.0]’,

x6=[10.0 12.0 5.8 20.8 10.0]’;

x8=[11.8 9.6 9.4 8.6 11.8];

x9=[5.6 4.4 5.6 0.6 5.2]

x10=[12.0 18.0 7.8 14.3 7.2];

x11=[7.8 3.6 4.4 6.4 35];

x12=[1.3 1.1 0.9 0.5 1.6];

x13=[5.2 3.2 1.4 1.2 3.8];

y=[87.4 115.6 28.6 85.7 51.2];

X=[ones(size(x1)) X1 x2 x3 x4 x5 X6 x7 x8 x9 x10xd12 x13];

a=X\y
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X is a matrix of independent variables matrix, ;_3) are independent variables, y are

dependent known variables, and “a” are the coefiiis we are trying to evaluate such that a

general linear equation is defined.

Table C2: Statistical results of Linest regressiomnalysis

ANOVA-LINEST

df S MS
Regression 13 31786.01 2445.077692
Residual 4294967295 0 0
Total 4294967308 31786.01 2445.077692

Note: df=degree of freedom and ss=sum of the squfaniegression.

Table C2 shows the statistical information on hanelt program got to solving the general
equation as defined in Chapter 4, Section 4.11.

MSc (Eng): Chemical 129



Coal Abrasion during Grinding Appendices

Table C3: Anova Linest Data generated by computer

Coefficients Lower 95% Upper 95% Lower 97.0% Upper 97.0%

X1 ™ 0 0 0 0 0

X3 (Vitrinite) 1.327852189  1.327852189 1.327852189 1.327852189 27852189

X5 (EM) 0 0 0 0 0

X7 (T Mine) 0 0 0 0 0

X9 (Carbonates) 0 0 0 0 0

X11(P-QM) -0.236387212 -0.236387212 -0.236387212 -0.236387202236387212

MSc (Eng): Chemical
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X13(P-Py) 0 0 0 0 0

Table C4: Linest data output

RESIDUAL OUTPUT

Observation Predicted Al (Y-Axis) Residuals Standard Residuals
1 87.4 -1.42109E-14 -19703.94966

2 115.6 0 0

3 28.6 3.19744E-14 44333.88674

4 85.7 2.84217E-14 39407.89933

5 51.2 1.42109E-14 19703.94966

Standard error refers to the amount by which armes! value differs from the expected value.
Residuals are deviations of the dependent varidhbes the fitted function. Residual or fitting
error is an observable estimate of the observahtestics. What the data in Table C4, which is
the statistical output data of Linest, is showiagthe difference between the experimental data

and computer generated Y values are so close batkhe difference may be in significant.
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