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D. Technique to Investigate

Pulverizing and Abrasive

Performance of Coals in Mineral

Processing Systems. Energies 2021, 14,

7300. https://doi.org/10.3390/

en14217300

Academic Editor:

Nikolaos Koukouzas

Received: 15 October 2021

Accepted: 29 October 2021

Published: 4 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Mining, Safety Engineering and Industrial Automation, Silesian University of Technology,
44-100 Gliwice, Poland; daniel.adamecki@polsl.pl (D.A.); grzegorz.gluszek@polsl.pl (G.G.)

2 KOMAG Institute of Mining Technology, 44-100 Gliwice, Poland; alutynski@komag.eu (A.L.);
dkowol@komag.eu (D.K.)

* Correspondence: wojciech.grzegorzek@polsl.pl

Abstract: The operating costs of breaking coal particles into fine powder, to achieve optimum
combustion for the boilers in a power plant, are made up of power input to carry on an energy
intensive comminution mechanism and to overcome friction losses within pulverising machines. The
operating costs also include the cost of the replacement of the processing system’s components due to
wear. This study presents the development and application of an attrition test machine that enables
an investigation of the factors that influence pulverizing efficiency. The attrition tester simulates
grinding conditions in real vertical spindle mills. In this kind of mill, as with the tester, the size
reduction process results from a shearing action during the redistribution of the coal particles. The
redistribution and attrition within the coal bed are forced by movement of the rollers (or by a disc
rotation, in the case of the tester). The testing method was oriented toward mechanical properties,
i.e., internal friction shear strength, abrasiveness and grindability. This method enables facilitated
testing procedures and a more exact simulation of grinding in vertical spindle coal mills. Ball-race
mills and Loesche roller mills were used.

Keywords: attrition test machine; coal mechanical properties; abrasiveness and grindability; internal
friction; coal bed breakage test

1. Introduction

The crushing and grinding of materials is an important component of many technolog-
ical processes in the mining, energy and pharmaceutical industries, hence the development
of new and more efficient and accurate methods of testing these processes is still required.
Today’s technologies used in coal grinding are changing dynamically, devices built in
accordance with the idea of the industrial internet of things (IoT) are increasingly used for
control, which increases the reliability, efficiency, and effectiveness of this process [1]. The
study presented in this paper is limited to the specificity of coal grinding for the needs of
its industrial combustion. The total cost of crushing raw coal to the size of dust required by
state-of-the-art coal-fired boilers consists of the cost of energy required for the crushing
process in dust mills [2,3], the cost of energy required to overcome internal resistance in
grinding plants, and the cost of replacing plant components used as a result of the high
abrasive aggressiveness of certain types of coal [4,5]. The amount of energy required to
crush the coal depends on the grain size of the raw material and the required degree of
grain grinding. The use of fine coal grains obtained for this purpose, for example from
mine waste landfills or settling tanks, will reduce the costs of the grinding process. In
this case, the ecological aspect is also important, resulting from the elimination of the
negative effects of waste storage and limiting the negative impact on human health and
the environment [6–9]. An extremely important element in terms of costs also seems to be
the appropriate selection of a shredding machine—adapted to the physical properties of
the material to be shredded, which can significantly reduce the investment costs, especially
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the operating costs (electricity costs) of the system [10,11]. Thus, the properties of coal that
determine the first and the last of these cost components of the grinding process are impor-
tant to designers of these machines. A perfect understanding of powder behaviour is very
important for optimization processes. Due different mechanical and physical properties
of a wide scale of particulate materials it is very hard to design appropriate technologies
for both carbon and other materials [10,12–16]. The currently used methods for testing
coal allow only for a separate determination of each coal property. There is no method
that would integrate the crushing process with the abrasive wear process of the crushing
elements for strictly determined conditions of the process, determined by the unit pressure,
the relative speed and average temperature of the coal layer. Therefore, an attempt was
made in this paper to create a static crushing process on a laboratory scale, including a total
abrasive interaction between the coal layer and the crushing elements, as well as mutual
attrition of coal particles leading to its crushing [17–19]. Despite the high technological
importance of the crushing process, there is no satisfactory mathematical relationship
describing the main values of the process, i.e., input energy versus the effect of the crushing
process. There are descriptions of mechanical crushing hypotheses formulated by Rittinger,
Kick and Bond [2]. However, it is difficult to create a mathematical relationship for the
specific conditions of the crushing process and for a specific mineral, and in particular
for coal. Coal is not consistent, but rather a mixture of combustible material. It contains
products of different physical and chemical composition. Coal is an easily broken material
(as fine coal particles may flow instead of shattering) for a random distribution of internal
defects. The internal surface area of microcracks is several times greater than the external
surface of crushed coal of the same mass [20]. During the grinding process, the existing
pores create a new surface. Fractures propagate along the pores and cracks that appear
between the phases.

It is difficult to verify the reduction of energy due to complex energy balance in the
grinding process. Due to a conversion of energy, coal is broken as primary energy is
absorbed for a generation of new surfaces, plastic and elastic deformation, vibration and
noise [21,22]. Secondary energy dissipation processes cause plastic deformations. Heat is
generated as the result of external friction.

Therefore, it should be taken into account that industrial grinding processes can
require a cooling jet to control the temperature of the machinery [23,24]. Although this
paper has slot impingement techniques as its focus on the slot impingement techniques,
this is interesting because they analyze different turbulence models and thermal radiation
models showing the strengths and the weakness for each of them. Moreover, it presents
some physical methods to control temperature of the machinery.

Another difficulty in establishing energy-size reduction relationships arises in any
attempt to define the new surface created in the pulverisation process. Testing of the
grindability of coal was obstructed by the fact that the surface can only be practically
determined by the use of screens. For coal of pulverized-fuel size, most of the grain size
is smaller than the bottom limit of screening. Screen analyses give an estimation of the
required grain numbers.

The relationship between laboratory tests and operation of real pulverisers is difficult.
Apart from the coal grindability, the capacity of a pulveriser depends on the size of coal
in the feed, by its water content, by the degree of the grinding component’s wear, by the
fineness of grinding, etc. The coal crushing ability (the ease with which it may be ground
to a size enough for use as pulverized fuel) is a physical property affected by parameters of
the crushing system. The content and size of hard particles in coal has an impact on the
size reduction and wear processes [4], as with quartz and pyrites, for example, which make
it difficult to obtain the required size of pulverized coal. It should be kept in mind that
environmental parameters (moisture and active gases) also have an impact on the breaking
process [21]. The following functions represent the coal grindability and abrasiveness:

G = f1(M, ρ, q, ω, T, η), (1)
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A = f2(G, B) (2)

where G is the coal grindability within the specified system, M means the mechanical
properties of the coal, ρ is the coal porosity, q determines the hard particles mechanical
and geometrical characteristics, ω is the moisture, T is the temperature, η is the overall
efficiency of the grinding system, A is the coal abrasiveness, B is the tribological properties
of the system.

Grindability and abrasiveness of coal are not inherent but also depend on the grinding
system. That is why numerical evaluations of these properties based on the laboratory test
results may be burdened by error when applied to the real conditions [25].

2. Review of Test Methods for Grindability and Abrasion Determination in
Comminution Processes
2.1. Mechanism of Grindability and Abrasion in Comminution Processes

Tensile or shear action is almost always effective in breaking. The compressive and
shear forces acting on grains within the majority of mills dominate. Inefficiency of grinding
processes is caused by an action of compressive force [19].

The crushing mills can be classified according to different criteria, but the classifica-
tion according to purpose, and principal breaking action, is the most common [2]. The
most important criterion to compare comminution processes includes interactions among
mineral particles and grinding components, so the classification given bellow should be
taken into account (Figure 1):

(1) Static three-body interaction in static stressing-nipping machines, e.g., ball-race mills,
Loesche roller mills [26].

(2) Low speed three-body interaction by inertial forces in the presence of grinding media,
produced by gravity-tumbling machines, e.g., ball and rod mills.

(3) High speed direct impact interaction by inertial forces produced by mechanical
impacting machines, e.g., hammer and beater mills [2].
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sion and grinding parameters similar in both the laboratory and the industrial conditions. 
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A review of test methods [27–29] shows (Figure 2) that there are several different 
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jaw crusher gouging wear tester, the British Coal Utilisation Research Association -roll 
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ing abrasion tester, the Yancey, Geer and Price (YGP) abrasion tester, the hammer impact 

Figure 1. Three types of interactions between mineral particles and grinding components, Fn—normal
force, Ft—tangential force, m—mass, v—speed.

In all three classes of equipment of different mechanics, the tribological conditions are
represented by the pressure distribution, peak pressure, gradient of sliding speed, impact
speed, temperature inside the grinding zone, and many other factors.

For modelling the reliability of a coal grinding system, it is required to keep the abra-
sion and grinding parameters similar in both the laboratory and the industrial conditions.

2.2. Test Methods for Grindability and Abrasion Testing

A review of test methods [27–29] shows (Figure 2) that there are several different
ones which measure wear rate during the grinding process. These methods include the
jaw crusher gouging wear tester, the British Coal Utilisation Research Association -roll
(BCURA-roll) mill—high stress wear tester, the dry-sand rubber wheel low stress scratching
abrasion tester, the Yancey, Geer and Price (YGP) abrasion tester, the hammer impact mill,
and the Bond mill. There are methods (Figure 2), based only on the size reduction process,
including the drop-weight test machine, the roller test machine, and the Hardgrove mill.
Using the attrition test machine, presented in Figure 2, is the only integrated testing method
that allows for simulation of coal behaviour during grinding and abrasion interaction inside
the nipping mills, e.g., ball-race mills or vertical spindle mills.
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Figure 2. Test methods for grindability and abrasion testing: Full scale ring and ball mill, Hardgrove
mill [30,31], BCURA-roll mill, Rotating electrode ball wear tester [32], Drop-weight test machine [28],
Dry-sand rubber wheel abrasion tester [33], Marked-ball wear test or Bond mill [34], Hammer impact
mill [35], Jaw crusher gouging wear tester [36], Yancey, Gear and Price (YGP) abrasion tester [37],
Roller-test machine [29], Attrition test machine [21,35,38], where: N—normal load, F—feed, P—product,
n—number of revolution per minute, R—roller, B—steel ball, S—specimen, J—rotating jaw.

3. Basic Mechanical Properties of Fine Coals
3.1. Shear Strength of Fine Coals

When the resistance to the shear strength of fine coals is exceeded, continuous shear
displacement takes place between two parts of the fine materials. This strength is related
to three factors:

1. Sliding friction between adjacent grains;
2. Rolling friction, as some of the grains will change position by rolling;
3. The resistance to moving individual grains generally called the effect of interlocking action.

The internal resistance causes changes in the shear strength. Particle shape and grain
size distribution have an impact of this resistance. Examples of shear test results in the case
of fine coal are shown in Figure 3.
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Figure 3. Torque diagram (a) and fine cohesive material behaviour in a shear test (b). For non-
cohesive materials component C→0 and τp = τr.

The shear stress diagram consists of peak (τp) and residual values (τr). After the peak
torque (Tp) is reached at a small angular displacement, the shear strength decreases and
the torque necessary to continue the shear displacement is reduced to the final residual
torque (Tr). Shear displacement takes place across a shear zone. Stress σ acting at any point
within the plane of shear action can be resolved into two components: σn and τ, as shown
in Figure 4.
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Figure 4. Schematic diagram of coal grain arrangement inside the testing device (fine coal versus
disc-bar assembly) and interpretation of interaction between the particulate coal and the bar within
shear zone, where: 1—driving shaft, 2—disc-bar assembly, 3—cylindrical container, 4—particulate
coal-abradant (feed).

Test results in the suggested device (Figures 5 and 6, and Table 1) are given in Figure 7.
The resistance can be calculated from the following Coulomb’s Equation:

τp = C + σntanϕ =
3Tp

2πR3 ·10−6, (3)

and
τp = σntanϕ =

3Tr

2πR3 ·10−6, (4)

where τp is a peak of shear strength (MPa), τr is the residual shear strength (MPa), Tp is
the torque peak (Nm), C is the apparent cohesion (MPa), Tr is the residual torque (Nm),
R is the radius of cylinder (m), Fn is the normal force (N), σn = Fn (πR2)−1 is the normal
stress (MPa).



Energies 2021, 14, 7300 6 of 15

Energies 2021, 14, x FOR PEER REVIEW 6 of 16 
 

 

where τp is a peak of shear strength (MPa), τr is the residual shear strength (MPa), Tp is the 
torque peak (Nm), C is the apparent cohesion (MPa), Tr is the residual torque (Nm), R is 
the radius of cylinder (m), Fn is the normal force (N), σn = Fn (πR2)−1 is the normal stress 
(MPa). 

 
Figure 5. The testing device designed and constructed by the Institute for Sustainable Technology 
in Radom with cylindrical attrition tribotester (1), loading pulley (2), load and torque indicators (3) 
and drive (4). 

 
Figure 6. Cylindrical attrition tribotester (a), and bar-specimen (b) with square cross-section, where: 
1—specimen, 2—disc-specimen holder, 3—driving shaft, 4—cylindrical container. 

Figure 5. The testing device designed and constructed by the Institute for Sustainable Technology in
Radom with cylindrical attrition tribotester (1), loading pulley (2), load and torque indicators (3) and
drive (4).

Energies 2021, 14, x FOR PEER REVIEW 6 of 16 
 

 

where τp is a peak of shear strength (MPa), τr is the residual shear strength (MPa), Tp is the 
torque peak (Nm), C is the apparent cohesion (MPa), Tr is the residual torque (Nm), R is 
the radius of cylinder (m), Fn is the normal force (N), σn = Fn (πR2)−1 is the normal stress 
(MPa). 

 
Figure 5. The testing device designed and constructed by the Institute for Sustainable Technology 
in Radom with cylindrical attrition tribotester (1), loading pulley (2), load and torque indicators (3) 
and drive (4). 

 
Figure 6. Cylindrical attrition tribotester (a), and bar-specimen (b) with square cross-section, where: 
1—specimen, 2—disc-specimen holder, 3—driving shaft, 4—cylindrical container. 

Figure 6. Cylindrical attrition tribotester (a), and bar-specimen (b) with square cross-section, where:
1—specimen, 2—disc-specimen holder, 3—driving shaft, 4—cylindrical container.



Energies 2021, 14, 7300 7 of 15

Table 1. Specification of the apparatus and experimental details.

No. Name Apparatus—Tribotester

1 Load used (N) 1000
2 Normal pressure (MPa) 2.4
3 Drive shaft Speed (rpm) 30
4 Test duration (rev) from 1 to 200
5 Mean sliding distance (m) 0.05 and 6.0
6 Particulate material Coal, SiO2, Al2O3, and SiC (300–1200 µm)
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Figure 7. Shear strength of fine coal in a function of normal stress, and Coulomb’s parameters φ and
C (Equation (3)).

The shearing stress necessary for displacement is approximately reduced by apparent
cohesion (Figure 3 and Equation (3)). The decrease in the degree of interlocking is the
result of particles crushing and breaking as well as by particle redistribution. The internal
resistance in shearing, i.e., the internal angle of friction depends on the grain hardness and
environmental parameters, e.g., humidity

ϕ = arctan
τr

σn
= arctan

3Tr

2RFn
·10−6(deg) (5)

3.2. Grinding and Abrasion of Fine Coal

Grindability and abrasiveness of coal not only depends on its properties but also on
the crushing system parameters. Thus, using the results of numerical evaluation of the size
reduction process based on coal properties obtained in the laboratory may result in errors
when applied to real industrial conditions.

To overcome these difficulties in the development of a mathematical model of the size
reduction process, a practical engineering application maybe used to develop a simple form
of the relationship. This is based on Rittinger’s hypothesis and can be stated as follows:

Work input = K (new specific surface)1−c, (6)

Or

W =

(
1
P
− 1

F

)1−c
(7)

where W = EI·m−1 is the input of unit work per mass of coal reduced from its feed size to a
the size in the final product, K is the constant, depending mainly on the parameters and
efficiency of the coal crushing process, c is the constant, which depends on the discrepancies
between the theoretical Rittinger model of breaking and size reduction of a real coal sample
with weaknesses in internal structure. It is related to the probability that new surface
originates from pre-existing pores, c varies depending on coal type and method of grinding,
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F is the feed size modulus—width of the square opening that will pass 80% of the feed, P is
the product size modulus—width of the square opening that will pass 80% of the product.

Tests of the selected coals proved that an average regression coefficient 1−c is 0.5. To
determine the relative reduction in coal resistance in the tested size range as well as the
relative efficiencies of different machines and different processes, the work index, Wi, after
Bond (Berkowitz 1979) was introduced. Wi is the calculated work input in J·g−1 applied in
reducing the coal particles to the final size of 80% passing 75 µm. For any values of F and
P, work input W is proportional to (1/P–1/F)0.5:

W(
1
P −

1
F

)0.5 =
W(

F−P
P·F

)0.5 =
Wi(
1

75

)0.5 (8)

Hence:

W = Wi

(
F− P
P·F

)0.5(75
1

)0.5
(9)

When the work index, Wi, is known, the work input required to break coal particles
from any feed size F to any product size P with the same efficiency may be calculated.

The shear process is accompanied by wear of the bar-specimen (Figures 4 and 6).
The grains of coal become ground to a greater or lesser degree than what is specified by
the index of comminution (IC), which characterises the coal’s ability to be crushed. IC is
expressed in mg of pulverized coal (fraction <75 µm particle size) per joule of energy input.

Relative displacement between the fine coal particles and the steel bar surface (Figure 4)
causes a significant abrasion wear of the bar surface as the coal particles slide on the surface.
They may also move against each other and may rotate while sliding on the surface. In
industrial conditions, as well as in a laboratory testing device, high abrasion stress is observed.
Under the high abrasion stress, coal particles or abradant particles are intensively crushed,
increasing the abrasion process. Correlation between comminution and abrasion wear was
given by Scieszka and Jadi [25].

The abrasion property of solids is characterized by the abrasion factor (AF) and the
intensity of abrasion (IA). The intensity of abrasion is expressed in mg of metal lost within
1 s from m2 of the metal bar surface exposed to abrasion wear. Relative wear resistance (ε)
is the ratio between the wear resistance of the tested material and the wear resistance of
the reference material.

The above properties can be expressed as:

IC = PC/EI—index of comminution (mg·J−1),
AF = ∆ W/PC—abrasion factor (mg· kg−1),
IA = ∆ W/S td—intensity of abrasion (mg·m−2·s−1),
WR = (EI/∆ W)·10−6—wear resistance of bar material (MJ·g−1),
ε = WR (specimen tested)/WR (reference material)—relative wear resistance,

where PC is the weight of coal pulverized fraction <75 µm (g), EI is the energy input
(J), ∆W is the wear of metal bar (g), S is the surface area exposed to abrasion (m2), td is the
duration of test (s).

The standard methods of testing the comminution and abrasive properties of coal were
compared with the new method. The method given by Yancey, Geer and Price (Figure 2)
and described more precisely in British Standard Method [37] was used for determination
of the Abrasion Index (AI) of coal.

The standard Hardgrove machine method [30] was used for the determination of the
Hardgrove Grindability Index (HGI). The testing procedure including the preparation of
test sample was followed according to the Standard Test Method Specification.

For determination of the Abrasion Potential (AP), the Hardgrove machine modified
by the ESCOM Research and Development Department was applied. Eight radioactive
balls were used and the radioactivity of worn particles after each test was counted. The
procedure for AP determination is described in the literature [21,36].
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4. Comparative Analysis of the Test Results of Ten Types of Coal

The comparison of different current methods and the suggested method for testing
the coal grindability and abrasiveness was the objective of the testing. Ten types of coal,
representing a wide range of Polish and South African coals, were tested to determine
changes in the parameters of coal grinding. The test results are given in Table 2.

Table 2. Basic mechanical properties of ten bituminous coals, where bar No. 1 is made of carbon steel (0.08% C—standard
steel) and bar No. 2 is made of cast iron (2.7% C, 22% Cr and 2% Mo).

Coal Blade No. 1 Blade No. 2

No.
Quartz

101
(%)

Pyrite
200
(%)

τr
(MPa)

C
(MPa)

φ
(deg) HGI AP

(µg)
AI

(mg/ kg)
IC

(mg/J)
Wi

(J/g)
AF

(mg/kg)
IA

(mg/m2·s)
AF

(mg/kg)
IA

(mg/m2·s)

1 2.6 2.5 1.707 0.849 31.1 64.6 202 16.1 0.452 1416 206 68 22.5 74
2 6.5 1.5 1.921 1.078 34.1 60.4 543 98.9 0.631 1343 2209 1175 152.0 102.0
3 2.7 1.5 2.610 0.801 42.6 62.2 473 57.6 0.806 1350 1621 1463 168.0 152.0
4 1.7 0.0 2.091 0.900 36.4 55.8 118 10.8 0.704 1602 92 66 13.2 9.4
5 4.3 0.0 1.981 0.952 34.7 73.5 327 46.0 0.816 1264 1557 1424 80.4 73.6
6 2.2 5.5 1.941 0.852 34.3 62.5 326 38.5 0.700 1469 440 328 28.5 28.0
7 6.0 1.2 1.864 0.906 33.3 68.2 512 67.2 0.776 1297 2027 1684 47.2 34.0
8 5.7 0.0 2.259 0.912 38.4 66.4 496 48.1 0.759 1452 1153 840 45.0 47.4
9 7.0 0.5 2.019 1.163 35.5 68.1 527 31.5 0.844 1255 719 679 66.6 48.9
10 8.0 0.5 2.251 0.622 38.4 49.0 295 18.8 0.747 1522 135 110 10.7 9.1

Table 2 presents the weight percentage of quartz and pyrite, the Hardgrove Grindabil-
ity Index (HGI), the Abrasion Index (AI), the Abrasion Potential (AP), and all the results
from the suggested new testing method.

The results from this method are given for two different materials of the bar. The
standard material according to BS 1016: Part 19: 1980 [37] and the material which is
currently used for rings in ball-and-race pulverisers (Cast iron 2.7% C, 22.0% Cr, 2.0% Mo)
were used for the bars manufacture. The standard errors in the determination of the index
of comminution (IC), the work index (Wi), and the abrasion factor (AF) were below 5%
for the most coal samples. The results of the shear strength, apparent cohesion and final
frictional angle measurements indicated considerable differences among the coal tested. It
is expected that this difference will result in different torque requirements in the pulveriser.
This is because of the clear relationship between the shear strength of coal, the rolling
resistance of balls on the coal layer, and the torque requirement.

Correlations between the work index (Wi) and the Hardgrove grindability index (HGI)
for the ten tested coals (Figure 8), and between the abrasion factor (AF) and abrasion index
(AI) (Figure 9) were found. Figures 10–12 present the correlations between various methods
for testing the abrasiveness of the coal.

The results indicate that the standard method can be replaced by the new one sug-
gested by the authors. The suggested new method has several advantages compared to the
standard method, such as easiness of testing, higher accuracy and better defined abrasion
conditions. The standard abrasion test method does not recreate the conditions of the
wear process in a ball-on-race type of coal mill. The relative sliding speed between the
coal particles and the bar, as well as the stress conditions in the coal-bar contact layer,
differ significantly from those found in industrial pulverisers. The wear conditions in the
standard method [37] are erosive, not abrasive; loose coal particles act on the bar’s surface
with a speed of about 15.4 m·s−1.

The new suggested method allows for much better recreation of wear conditions in a
real mill. The method also allows for a fast and cheap determination of coal abrasiveness at
any condition (viz pressure, sliding speed and temperature) and with different co-operating
materials (viz material of metal bar and type of coal sample). The standard method requires
a bigger coal sample i.e., 2000 g than the suggested method, where only about 20 g of coal
sample is enough. The metal bar sample (Figures 4 and 6) is smaller and easier to machine
than four standard blades. This advantage of the new method is especially important when
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used to determine the wear resistance of various materials. The new method requires about
three minutes for one test, which is less than it takes with the standard method.
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Figure 8. Scatter diagram of the results showing the relationship between Work Index (Wi) and
Hardgrove Grindability Index (HGI), where 1 is the regression line Wi upon HGI (R2 = 0.5878).
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Figure 9. Scatter diagram of results showing the relationship between Abrasion Factor (AF) and
Abrasion Index (AI), where 1 is regression line AF upon AI (R2 = 0.8723).
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Figure 10. Scatter diagram of results showing the relationship between Abrasion Factor (AF) and
Abrasion Index (AI), where 1 is regression line AF upon AI (R2 = 0.5732).
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Figure 11. Scatter diagram of results showing the relationship between Abrasion Potential (AP) and
Abrasion Index (AI), where 1 is regression line AP upon AI (R2 = 0.601).
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Figure 12. Scatter diagram of the results showing the relationship between Abrasion Potential (AP)
and Abrasion Factor (AF), where 1 is regression line AP upon AF (R2 = 0.5741).

The coal abrasiveness (AF—Abrasion Factor and IA—Intensity of Abrasion) tested in
various material configurations (blade No. 1 and blade No. 2) showed relatively different
results. The abrasive property of coal should be tested with blades made of the materials
currently used for the mill balls and the races. Only the results of tests conducted in the
precisely recreated operational and material conditions found in the industrial pulverisers
can be directly used in calculations.

Figure 13 shows that there is no correlation (coefficient of correlation R2 = 0.0279)
between the quartz and pyrite content and the abrasiveness of coals described by the
abrasion factor. The same lack of correlation is between percentage of quartz and pyrite
and other factors describing the coal abrasiveness, such as the Abrasion Potential and the
Abrasion Index. This can be explained by the fact that the content of hard particles in coal
does not determine coal abrasiveness but rather their size distribution. Quartz and pyrite
particle size distribution was not tested.

Comparative measurements were taken on the selected coal, the coal water slurry, and
three abrasives frequently used in different tribotests. The results are given in Table 3. The
results show that water decreases the abrasiveness and grindability of coal, which might
be partly related to the lower internal friction for water slurry. All three abrasives have
much higher abrasiveness than the selected coal.
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Figure 13. Scatter diagram of the results showing the relationship between Abrasion Factor (AF),
tested with blade No. 1, and combined weight percentage of quartz and pyrite (R2 = 0.0279).

Table 3. Basic mechanical properties of selected coal, coal water slurry and abradants.

No. Properties Coal Coal Water
Slurry

SiO2
99%

Al2O3
99%

SiC
99%

1 Vicker’s hardness, HV ~65 - ~970 ~1500 ~2500
2 Shear strength, τ = τr (MPa) 1.707 0.833 2.58 2.99 2.97
3 Apparent cohesion, C (MPa) 0.849 1.49 ~0 ~0 ~0
4 Internal friction angle, φ (deg) 31.1 19.1 53.1 55.8 55.4
5 Index of comminution, IC (mg·J−1) 0.452 0.399 2.030 1.792 1.858
6 Abrasion factor, AF (mg·kg−1) 22.5 12.9 140 437 2655
7 Intensity of abrasion, IA (mg·m−2·s−1) 7.4 6.1 111 403 2253

5. Conclusions

1. The suggested method is less stringent than the methods used so far; it recreates wear
conditions that occur in coal processing systems (Appendix A).

2. This method enables a quick and inexpensive determination of the abrasiveness and
grindability of coal.

3. Coal abrasiveness should be tested with bars made of the currently used materials.
4. Comparison between the industrial and the laboratory results shows a good corre-

lation between coal abrasiveness obtained by the new suggested method and the
maximum and average life of the bottom ring in Babcock vertical mills.

5. The intensity of coal abrasion enables the calculation of the maximum and average
life of rings (Appendix B).

6. In this project, ten bituminous coals (Table 2) were tested, but this testing procedure
and the attrition test machine (Figures 5 and 6) can be used for testing other different
minerals.

7. An important advantage of the presented attrition test machine (Figures 5 and 6) is
its ability to determine not only the pulverizing and abrasive properties of various
different minerals, but the abrasion resistance and the fracture toughness of the
materials as well (e.g., mining tools). All the tests were performed on the same test
machine, but with the inverted test procedure as presented by [39].
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Appendix A

Identification of tribological conditions in ball-race coal pulverisers.
In ball-race mills, which now have a significant number of pulverisers for coal grinding,

the shearing and attrition mechanisms dominate. In Figure A1, the tribological conditions
of the system are described by the pressure distribution, the gradient of sliding speed and
the temperature inside the coal grinding zone and in the contact surface between the coal
and the grinding components. The ball-race system geometry changes as the wear process
progresses. To identify the pressure condition at the interface between the ball and the
bed of fine coal, the model shown in Figure A1 was applied. Loading and geometrical
data were taken from the Babcock 12.9 E-type mill as follows: load per ball L = 120 kN;
2r = d = 0.98 m; b = 0.32 m; β = 16◦, d1 = 0.742 m. Since s = r sin β and s1 = r1 sin β then
s = 0.135 m and s1 = 0.102 m (Figure A1).

The area of contact A was calculated using Equation (A1):

A = b·s1 + r·s·arcsin
(

b
r

)
= 0.08 (m2) (A1)

Then the average pressure on the interface between the ball and the coal layer
p = L·A−1 = 1.5MPa was obtain. Similar pressure conditions were created in the lab-
oratory test rig by a normal force F = 1000 N which results in p = 2.4 MPa.
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Figure A1. Simplified diagram of the contact area between the ball, the upper race and the coal layer,
where 1 is the area of contact and 2 is the pressure distribution at the interface between the ball and
the coal layer.

The average pressure on the interface between the grinding component and the coal
bed (p = 1.5 MPa) was found to be 20 to 30 times lower than the compressive strength of
the coal being pulverized [38]. This confirms that crashing and fracturing of each particle
takes place on the real contact areas (Figure 4) between coal particles which are forced to
move one against another by the rolling components (the balls or the rollers).
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Appendix B

Correlation between the mill grinding component life and the coals abrasiveness
determined in the laboratory.

Industrial data from the power station performance monitoring services and the
laboratory results for the five coals (Table A1) were compared. Good correlation was
found between tribotest results from simulations and the results from industrial mill
operation (Figure A2). The correlations can be presented in the form of the following
regression equations:

1. MSL = 27,064−137 IA, r = −0.923
2. ASL = 19,976−140 IA, r = −0.988

Table A1. Comparison between mill grinding component life and abrasiveness of selected coals.

Coal
Number

MSL
(h)

ASL
(h)

IA
(mg·m−2·s−1)

A 13,260 5700 99.0
B 20,000 15,300 32.3
C 25,435 16,009 22.6
D 22,000 14,000 49.1
E 22,000 15,500 34.4
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