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Abstract: A very important aspect of proper preparation of the coal mixture for the coking process is
its appropriate grinding. One of the parameters describing the energy input required for grinding is
the Hardgrove index. This research was undertaken to determine the dependence of the Hardgrove
grindability index on selected physicochemical properties of coal. The Hardgrove grindability index
was determined using the available methods described in the standards, and the dependence on
selected parameters was examined. A clear positive correlation with calorific value and smaller (also
positive) correlations with moisture content and free swelling index was obtained. A slight negative
correlation was also obtained with sulfur content.
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1. Introduction

Due to its use in metallurgical processes, coking coal is included in the list of 30 critical
raw materials of the EU [1]. Hard coal extraction in Poland in 2020 amounted to 54.7 million
tonnes [2], including more than 12 million tonnes of coking coal [3]. A significant share of
coal imports with various technical parameters is the reason for the strict determination
of coal’s technical parameters. One of the parameters for assessing the quality of coal for
the industry is determining its grindability [4]: the energy intensity of the grinding of
energy media mixtures. Coal extraction in the world (including hard and bituminous coal)
in 2020 amounted to 159 billion tons [5], including export and import of coal amounted
to 36 billion tons—coal prices are determined by the calorific value (price related to coal
with a calorific value of 6000 kcal/ton, i.e., 25 MJ /kg, sulfur content below 1%, ash content
11-15%, moisture content 11-15%, volatile matter content 22-37%) [6]. Grindability is
an important parameter for the assessment of the suitability of coal for coking or power
generation [7].

Research on the grindability of hard coal is carried out in Poland at AGH University
of Science and Technology [8,9], at Central Mining Institute (GIG) [10] and at the Institute
for Chemical Processing of Coal (IChPW) [11].

A detailed description of the coal grinding process in various devices has been pre-
sented in several dozen publications [12-16].

The paper [11] presented the results of a study on the influence of selected parameters
of coal on the Hardgrove Grindability Index (HGI). The samples used in the investigation
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came from a Polish coking-coal mine. It was found that the mean random vitrinite re-
flectance value, a measure of the coal rank, was the parameter that had the most significant
positive effect on coal grindability.

Ambar Nath Sengupta [17] developed a correlation of HGI with the simple analytical
composition of coal. A new index named as Statistical Grindability Index (SGI) was
introduced. SGI derived from proximate analysis of coal. SGI may be used to predict HGI
with reasonable accuracy where the facility of HGI determination is not available.

In the study [18], a total of 96 hard coal samples from Zonguldak Coal Basin (Turkey)
were analyzed initially with the standard method of coal grindability (HGI values were
determined). In addition, an alternative method (ring mill with Malvern Mastersizer) was
proposed in the study.

Investigations into the effects of moisture and coal blending on the Hardgrove grind-
ability index were carried out on Collie coal from Western Australia [19].

A new method of estimation of the Hardgrove grindability index of Turkish coals by
neural networks was proposed by [20]. Data from 163 sub-bituminous coals from Turkey
were used, featuring 11 coal parameters (proximate analysis, group maceral analysis and
rank). Results indicate that a hybrid neural network gave the most accurate HGI prediction.

In the study [21], the variable importance measurements (proximate and ultimate
analysis, petrography) processed by Random Forest models were used for the prediction
of the Hardgrove grindability index based on Kentucky coal samples.

Fundamental evaluation of petrographic effects on coal grindability by seasonal
autoregressive integrated moving average (SARIMA) was done by Dindarloo et al. [22].

Investigation into the applicability of Bond Work Index (BWI) and Hardgrove Grindabil-
ity Index (HGI) tests for biomass compared to Colombian coal was done by Williams et al. [23].

The paper [24] described the prediction of coal grindability based on petrography, prox-
imate and ultimate analysis using multiple regression and artificial neural network models.

Prediction of grindability with multivariable regression and a neural network in
Chinese coal is shown in Reference [25].

In this work, research was undertaken to determine the dependence of the parameter
characterizing the grindability (the Hardgrove index) on the selected physicochemical
properties of coal.

2. The Hardgrove Method for the Determination of Grindability

“Grindability” means the resistance of the crushed material to grinding. It depends
on the hardness, compactness (consistency), texture and structure of the material, type of
the crystal lattice, contents of minerals and other physical and chemical properties. The
grindability of coal depends on the petrographic composition of the organic mass and the
mineral composition of the non-flammable particle. It affects the grinding capacity and
efficiency in the process of preparing energy media mixtures. The higher the grindability
index, the better the performance of the process and, therefore, the less energy needed for
the grinding.

One of the standard methods for determining the grindability of coal is the Hardgrove
method. The method was developed in 1932, primarily to test the grindability of hard coals.
In 1945, it was introduced to the industry by the American Society for Testing Materials
(ASTM), designated as method “ASTM D. 409”. In 1951, this method was recognized as a
standard test used in many countries (PN/G 04530, DIN 51 742, ISO 5074) [26-28].

Assuming that the energy input on grinding is proportional to the newly formed
surface (according to Rithinger’s law), this method compares the change in the surface of
the tested coal sample with the change in the surface of the standard coal. In the Hardgrove
method, the reference material is coal from the Kittanning deposit of the St. Jerome mine
(Somerset, PA, USA), for which the Hardgrove grindability index is equal to 100.

Figure 1 shows a diagram of the Hardgrove index measuring device built in 1932 by
the author of the method.
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Figure 1. The system built in 1932 by R.M. Hardgrove to determine the grindability index. Self-

prepared based on [29].

The device built by Hardgrove is a ball-ring mill. Figure 2 schematically shows
the grinding components of this device. The Hardgrove mill consists of the following
components [12]:

An adequately shaped bowl, which is also a grinding race;
Eight steel grinding balls with a diameter of 25.4 £ 0.13 mm;
A rotating grinding ring made of steel, with an external diameter of 98.4 mm and a
weight of 1.1 kg, acting simultaneously as the element driving the balls and pressing
them to the grinding race;

e A clamping punch together with a toothed reduction gear with a total weight of 2.0 kg,
acting also as the shaft driving the grinding ring;

e  Three lead weights with a total weight of 25.9 kg (not shown in the figure).

7 Pressi h
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balls
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Figure 2. A cross-section of the Hardgrove ball-ring mill. Self-prepared based on [30].

The total weight of the grinding ring pressing the grinding balls, three weights and
the punch with the toothed wheel should be 29.0 & 0.2 kg. The rotational speed of the
upper grinding element should be between 19 and 21 rpm.

In order to carry out the test, a test sample weighing 50 & 0.01 g with a grain size
of 0.60-1.19 mm is ground in the test mill. After the rotating grinding ring has made
60 =£ 0.25 revolutions, the ground sample is sipped on a sieve with a mesh size of 0.075 mm.
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The resulting mass of G75 grains larger than the mesh size is the basis for determining the
Hardgrove grindability index.

GrH =13 + 6.93-(G75) )

where G75 is the mass (in grams) of the grain class exceeding 0.075 mm.

The above formula is valid only for the given grain class and for the test mate-
rial concerned. The Hardgrove index is determined only by one point on the grain
composition curve.

The benefits that can be obtained by using the Hardgrove test are:

e  Small amount of material needed for analysis;
e  Simplicity of the procedure;
e  Short testing time and quick result.

Coal that requires large energy inputs during grinding has a low Hardgrove index
value. The high values of the Hardgrove index testify to the ease of grinding the coal. There
is also no simple relationship between the value of the Hardgrove index and the energy
needed to grind a given coal sample. The value of the grindability index, GrH, equal to
100 does not indicate that twice less energy was used for grinding it than for grinding a
sample with a Hardgrove index value of 50.

The values of the Hardgrove index (GrH or HGI) for coal used in the power industry
range from 30 to 100, occasionally exceeding 100.

The disadvantage of the Hardgrove method is that it is not possible to determine
directly (from the measurements made) the energy that needs to be used to fragment the
tested sample. Test results can be translated into parameters relevant to the industrial
conditions is possible if certain requirements are met. Practical operating conditions
can be simulated by correlating the Hardgrove index with the Bond work index Wi by
dependency [15]:

525.8
W= Grm

@)
where GrH is the Hardgrove index.

3. Results of the Investigation

The research was carried out on 21 samples of coal obtained from various sources to
determine their Hardgrove grindability index values (Figure 3), ash contents, moisture
contents, sulfur contents, coking properties, free swelling index (FSI) values, dilatation,
phosphorus contents and calorific values. The results are presented in Figures 4-7.
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Figure 3. Comparison of Hardgrove index values calculated based on PN-ISO 5074 and PN-G-04530
standards.
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Figure 4. The value of the Hardgrove index depending on the results of proximate analysis of the tested coals: (a) ash

content and (b) moisture content.
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Figure 5. The value of the Hardgrove index as a function of the content of selected elements in the coals studied: (a) sulfur

and (b) phosphorus.
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Figure 6. The value of Hardgrove index as a function of coking parameters of the coals studied: (a) Roga index, (b) free

swelling index and (c) dilation.
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Figure 7. Hardgrove index values versus caloric values of tested coals.

Calculation of Hardgrove index values using the method presented in PN-G-04530 [26]
standard gives results about 5-8% higher than when using ISO 5074 standard [27].

4. The Determination of the Correlation of Selected Physicochemical Parameters of
Coal with the Value of the Hardgrove Index

The research was carried out on 21 samples of coal obtained from Poland, Czech
Republic and Russia and on mixtures of these coals.

The correlation between the parameters studied and the Hardgrove index was deter-
mined using Pearson’s correlation coefficient determined by the following equation:

= 1r'l=1 (xi - f) (]/l - y) (3)
—\2 —\2
VI (- 2 - 9)

where x; and y; are the values of the tested parameter and the Hardgrove index for the i-th
coal sample, respectively, while ¥ and ¥ are the average values of the tested parameter and
the Hardgrove index calculated for all samples, respectively; n is the number of samples.

Table 1 shows the results of the correlation calculation between selected parameters
and the Hardgrove index.
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Table 1. Pearson correlation coefficient between selected parameter and Hardgrove index.

Parameter Pearson Correlation Coefficient
Ash content 0.165
Moisture content 0.322

Sulfur content —0.208

Phosphorus content 0.010
Roga index 0.013
Free swelling index (FSI) 0.422
Dilatation 0.083
Caloric value 0.800

For the proximate analysis results, a slight positive correlation can be observed for
moisture content. The ash content does not correlate with the Hardgrove index. There is a
very weak negative correlation for sulfur content analysis results. Phosphorus content does
not correlate with the Hardgrove index. Analyzing the influence of coking indices, one can
observe a significant influence of free swelling index (higher Hardgrove index value with
higher free swelling indices). Dilatation and Roga indices do not show any correlation. The
only parameter that correlated very clearly with the Hardgrove index is the calorific value.
At higher calorific values, we observe higher Hardgrove index values, i.e., more calorific
coals require less grinding effort.

5. Conclusions

Determining the properties of coal, in particular, the grindability, is of great importance
because coal graining plays a huge role in each use of coal: combustion, gasification,
enrichment and pyrolysis. The energy consumption for breaking up (grinding) coal is
significant and amounts to 5-15 kWh/t.

The mechanical properties of coal, such as the modulus of elasticity, compressibility,
strength and microhardness, are not sufficient to determine the grindability. The heteroge-
neous nature of coal makes it difficult to predict HGI values. To determine the behavior of
different coals in the grinding process, grindability tests are used.

Low-carbon coals behave differently in the grinding process (they are harder to
comminute) than high-carbon coals. Coals with medium and low content of volatile parts
are the easiest to grind.

For proximate analysis results, we observed a slight positive correlation for moisture
content. The moisture content of 7-8.5% is correlated with a low value of the Hardgrove
index. The ash content does not correlate with the Hardgrove index.

In the final analysis of results, we observed that HGI decreases when the sulfur content
increases. Phosphorus content does not correlate with the Hardgrove index.

Analyzing the influence of coking indices, one can observe a significant influence of
the free swelling index (higher Hardgrove index value with higher free swelling indices).
Dilatation and Roga indices do not show any correlation.

The only parameter that correlated very strongly with the Hardgrove index is the
calorific value. At higher calorific values, we observe higher Hardgrove index values, i.e.,
more calorific coals require less grinding effort.

In the next stage of the study, an analysis of the influence of the petrographic composi-
tion of coal samples on the value of the Hardgrove index will be presented.
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